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Dear friends and colleagues, those who read these lines in Biotechnologia Acta!

Please trust me that I am writing them with special feelings. 70 years is a wonderful oppor-
tunity to stop, at least for a moment, in the middle of every day «whatever activities» and to
recall in the memory the most important and most pleasant events that had happened during the
life. And meetings with colleagues members of the scientific community are indeed among the
most enjoyable of these memories.

This year we had a set of meetings where I met many friends. In particular, it was during
FEBS Congress-2013 in Saint Petersburg, at Parnas Conference in Jerusalem, in October 2013
and, certainly, during our «Jubilee» Conference «Biochemistry and Biotechnology for Modern
Medicine» in Kyiv, on September 19–20. While organizing the Kyiv Conference, the Conference
Organizing Committee in Kyiv has collected articles from possible lecturers (participants of the
Conference) and decided to publish them in a book under the Conference title. Because the arti-
cles published in the book might not be widely available for the scientific community, it was also
decided to divide these articles in two sets and to publish them in Palladin Institute’s two scien -
tific periodicals, Biotechnologia Acta and Ukrainian Biochemical Journal depending on the con-
tent. And here is the result — you hold the Journal

I know personally well all the authors (or principal authors, if they are several per article).
With some of them, we are friends for over 40 years, with others not for so long, but in any case
we all are united by the wonderful feeling of a friendly scientific community, by respect to each
other and by our common cause to which we have devoted our lives ѕ to Biomedical sciences,
though among contributors one may find biologists, chemists, and medical doctors. So, I take
this opportunity to express my most sincere thanks to my friends scientists from abroad (working
in 10 countries!), to my Ukrainian colleagues and to the coworkers from our Institute of Bio che -
mistry who were so kind to find time and opportunity and write articles in my honour. Neither
the Conference nor the book or journal issues could happen without everybody’s good will.

Most of the articles in this issue are devoted to scientific themes on which I was either working
myself with my coworkers or which were in the scope of my scientific interests. Besides, it is
pleasant to note that there are very young but talented scientists among the authors being most-
ly very famous scientists and members of academies of sciences all over the world. I am confi-
dent that they will become well known to the world scientific community pretty soon, and I may
only wish them (and myself as well) to follow my good friend former President of the Weizmann
Institute, professor Michael Sela as an example of dedication to Science and of active scientific
longevity. He took part in FEBS Congress-2013, in our Conference «Biochemistry and
Biotechnology for Modern Medicine» in Kyiv on September 19–20, in Parnas Conference in
Jerusalem. His article has been published both, in the book and in this issue of Biotechnologia Acta.

And the last but not at all the least. My special and deepest gratitude to the team from
Palladin Institute of Biochemistry, Dr. Valentina Danilova, head of the team, Mrs. Alyona
Vinogradova, and Dr. Evgeniy Levitzky (Biotechnologia Acta) who did all the job for this jour-
nal to become a reality. Thanks to all of you!

S. Komisarenko

From the Editor-in-chief
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Шановні друзі та колеги, хто читає ці рядки в «Biotechnologia Acta»!

Повірте, я пишу їх з особливими почуттями. 70 років — це чудова нагода зупинитися,
хоч не надовго, у вирі повсякденної діяльності й переглянути у пам’яті найбільш важливі
та приємні події, що трапились у твоєму житті. І саме зустрічі з колегами по науковому
товариству є чи не найприємнішими серед цих спогадів. 

Цього року було декілька нагод зустрітися з багатьма друзями-вченими. Зокрема,
в липні у Санкт-Петербурзі під час Конгресу FEBS-2013, на Парнасівській конференції
в Єрусалимі (у жовтні) та, звичайно, на нашій «ювілейній» конференції «Біохімія і біотех-
нологія — сучасній медицині», 19–20 вересня у Києві. У період підготовки конференції в
Києві Організаційний комітет зібрав статті можливих лекторів-учасників і вирішив опуб-
лікувати їх у книзі під назвою цієї конференції. З огляду на те, що видана в Україні книга
може бути малодоступною для наукового загалу, було вирішено розділити статті за змістом
на дві частини і надрукувати їх відповідно у двох наукових часописах Інституту біохімії
ім. О. В. Палладіна — у «Biotechnologia Acta» та в «Українському біохімічному журналі».
А ось і результат — Ви тримаєте в руках журнал.

Я особисто добре знайомий з усіма авторами чи співавторами (якщо їх декілька у стат-
ті). З деякими із них товаришую понад 40 років, із деякими — не так довго, однак усіх нас
об’єднує чудове почуття дружньої колегіальності, повага один до одного й те, що ми при-
святили своє життя спільній справі — медико-біологічним наукам, хоча в авторському
колективі є і біологи, й хіміки, і медики. Тож я користуюсь нагодою, аби висловити щиру
подяку — моїм друзям-ученим з-за кордону (які працюють у 10 країнах світу!), моїм укра-
їнським колегам та співробітникам нашого Інституту, які були настільки ласкаві, що
знайшли час і можливість написати статті на мою честь, і за це я їм щиро вдячний. Без
доброї волі кожного з них не було б ані цього журналу, ані книги.

Переважну більшість статей моїх колег присвячено науковим темам, якими я безпосе-
редньо займався зі своїми співробітниками в Інституті біохімії чи які були у колі моїх
наукових інтересів. Приємно також відзначити, що серед авторів, де переважають відомі
вчені, більшість яких — члени академій наук різних країн, є зовсім молоді, але талановиті
вчені, які, на моє переконання, невдовзі стануть відомими науковому світові. І тут я їм
(а також і собі) можу тільки побажати брати приклад з мого давнього друга — колишнього
Президента Вайцманівського інституту, професора Майкла Села, який є зразком відданос-
ті Науці та активного наукового довголіття. Він брав участь і в Конгресі FEBS-2013, і є учас-
ником нашої конференції в Києві, і Парнасівської — в Єрусалимі, а його статтю надрукова-
но і в книзі, і в цьому номері «Biotechnologia Acta».

І нарешті останнє, але вкрай важливе. Моя особлива та щира подяка «команді»
Інституту біохімії ім. О. В. Палладіна НАН України — лідеру «команди» к. б. н. В. М. Дани -
ловій, а також А. С. Виноградовій, Г. М. Шевченко і д. б. н. Є. Л. Левицькому («Biotechno -
logia Acta»), які доклали чимало зусиль аби цей часопис став реальністю. Дякую їм усім!

С. Комісаренко

Від Головного редактора
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ВІТАЄМО

СЕРГІЮСЕРГІЮ ВАСИЛЬОВИЧУВАСИЛЬОВИЧУ КОМІСАРЕНКУКОМІСАРЕНКУ — 70!— 70!

9 липня 2013 р. виповнилося 70 років від дня народження видатного українського вченого
в галузі біохімії та молекулярної імунології Сергія Васильовича Комісаренка — академіка
Національної академії наук України та академіка Національної академії медичних наук
України, академіка-секретаря Відділення біохімії, фізіології і молекулярної біології НАН
України, директора Інституту біохімії ім. О. В. Палладіна НАН України (1989–1992 та з 1998
дотепер), головного редактора наукового журналу «Biotechnologia Acta».

Народився С.В. Комісаренко в м. Уфа (Російська Федерація) в сім’ї відомого українського
вченого-патофізіолога, згодом академіка, засновника і першого директора Інституту ендокри-
нології та обміну речовин АН УРСР Василя Павловича Комісаренка, ім’ям якого названо цей
Інститут. Мати — кандидат економічних наук, була дуже доброю, вірною і люблячою
дружиною, зуміла створити в родині атмосферу, сприятливу для роботи свого чоловіка, з яким
прожила разом у любові та злагоді понад 60 років. Батьки приділяли багато часу вихованню
дітей, з раннього дитинства прищеплювали їм інтерес до знань та культурної спадщини, вчили,
що потрібно багато й наполегливо трудитися, не нав’язували своїх поглядів, а пояснювали, що
обирати життєвий шлях доведеться їм самим, і шлях цей довгий, на якому вони зустрінуть не
тільки радощі, а й перешкоди, певні труднощі, які потрібно буде здолати. Частими гостями
в їхній домівці були видатні особистості, вчені, відомі діячі науки і культури. Високо інте лек -
туаль ні бесіди поважних людей стосовно досягнень у різноманітних галузях науки і техніки,
культури, політики, мистецтва безумовно вплинули на формування світогляду і подальший
життєвий та професійний вибір дітей.

Старший брат став лікарем. Нині він — доктор медичних наук, член-кореспондент Націо -
наль ної академії медичних наук України, двічі лауреат Державної премії УРСР, лідер хірур-
гічної ендокринології у країні.

А молодший, Сергій Васильович, якого, під впливом, за його словами, атмосфери «високої»
медицини, що панувала в батьківському домі, цікавили механізми життєдіяльності живих
істот, прислухався до поради батька і після закінчення школи вступив на лікувальний факуль-
тет Київського медичного інституту (нині Національний медичний університет імені О. О. Бого -
мольця). 

На третьому курсі, аби опанувати практичну медицину, майбутній учений протягом року
працював ночами на Київській міській станції швидкої допомоги фельдшером. 1966 року закін-
чив із відзнакою Київський медичний інститут, 1969 року — аспірантуру Інституту біохімії
АН УРСР, з яким пов’язано усе творче життя ювіляра. Саме тут він пройшов усі щаблі науко-
вої кар’єри — від аспіранта, молодшого і старшого наукового співробітника, вченого секретаря,
завідувача лабораторії, завідувача відділу до директора цього Інституту. 



Уже з молодих років Сергій Васильович намагався одержати якомога більше знань у різних
галузях науки. Одночасно з аспірантурою навчався на механіко-математичному факультеті
Київського державного університету ім. Т. Г. Шевченка й поглиблював свої знання з англій-
ської і французької мов, ніби передчуваючи, що в подальшому житті вони стануть йому у вели-
кій пригоді. 

Для істинного науковця обов’язковою умовою наукового зростання є тривале стажування
у провідних науково-дослідницьких центрах світу. Окрім численних короткострокових закор-
донних наукових відряджень, С.В. Комісаренко працював в Інституті Пастера у Парижі (1974−
1975 рр.) та в Нью-Йоркському протираковому центрі ім. Слоан Кеттерінг (1981 р.). Йому нале-
жить ідея встановлення від імені Академії наук УРСР пам’ятника Іллі Мечникову в Інституті
Пастера в Парижі (1986 р.). 

Наукові інтереси Сергія Васильовича охоплюють різні галузі науки. Це — біотехнологія
та біохімія, молекулярна імунологія і фармакологія, медична та біоорганічна хімія, фізіологія
і молекулярна біологія тощо.

С.В. Комісаренка заслужено вважають засновником молекулярної імунології в Україні.
Головні напрями його наукової діяльності пов’язані з імунохімічним дослідженням антигенної
структури протеїнів та пептидів. Першим у колишньому СРСР він розпочав вивчення імуно -
хімічної структури пептидів і протеїнів, упровадив методи імуноензимології і проточної цито -
флуориметрії та одним із перших увів у дослідження гібридомну техніку одержання монокло-
нальних антитіл. Велику увагу приділяв вивченню біологічної дії фосфорорганічних
комплексонів — бісфосфонатів. З використанням фосфонатів, цитотоксичних антибіотиків та
антитіл (або їхніх фрагментів) проти мембранних антигенів було створено імуновекторні моле-
кули для вибіркового лізису пухлинних клітин, встановлено антигенну структуру нейротокси-
ну апаміну, цитохрому с та деяких інших протеїнів і пептидів, зокрема протеїнів системи зсі-
дання крові, антигенів мікобактерій, збудників кашлюка й дифтерії. С.В. Комісаренко
є засновником лабораторії імунохімії (1975), яку 1982 року перетворено на відділ молекулярної
імунології Інституту біохімії АН УРСР. За результатами здійснених у відділі під керівництвом
С.В. Комісаренка фундаментальних досліджень було створено сучасні діагностичні методи для
моніторингу стану системи зсідання крові та оцінки небезпеки тромбоутворення, а також діа -
гностичні набори для виявлення туберкульозу і дифтерії, визначено протипухлинну та імуно-
модулювальну активність метиленбісфосфонової кислоти, на основі якої створено препарат
«Мебіфон» для лікування пухлин передміхурової та молочної залоз, який успішно пройшов клі-
нічні випробування і впроваджений у практику онкологічних клінік України (випускає фарм -
об’єднання «ФАРМАК»). Запропоновано й терапевтичні чинники для запобігання тромбоутво-
ренню. За ініціативою С.В. Комісаренка розроблена і вже готова до впровадження технологія
отримання високоочищених і вірусобезпечних антигемофілійних препаратів із крові людини,
створено унікальний препарат «Мебівід» для лікування остеопорозу. Також тут уперше
в Україні було створено бібліотеку рекомбінантних одноланцюгових антитіл людини (потуж-
ністю 10 млрд. антигенних специфічностей). 

Важливим етапом у житті С.В. Комісаренка були дослідження, пов’язані з аналізом наслід-
ків аварії на Чорнобильській АЕС. Під його керівництвом проведено унікальне обстеження
людей, які працювали там після цієї катастрофи, і вже наприкінці 1986 року вперше було вста-
новлено і доведено (всупереч офіційній думці, яка існувала в ті роки), що низькі дози радіації
суттєво пригнічують систему природного імунітету, зокрема знижують кількість та актив ність
природних клітин-кілерів, які відповідають за протипухлинний та противірусний імунітет
у людини. Є підстави вважати, що зростання кількості онкологічних захворювань після аварії
на Чорнобильській АЕС зумовлено не лише безпосереднім мутагенним впливом випроміню -
вання, але й значною мірою саме імуносупресивною дією іонізуючого випромінювання.
У цьому зв’язку С.В. Комісаренко вперше застосував термін «Чорнобильський СНІД». За робо-
ти з екології, присвячені дослідженню Чорнобильської катастрофи, Рада Кінгстонського уні-
верситету у Великій Британії обрала 1997 року С.В. Комісаренка почесним доктором свого 
університету.

Водночас із науковою роботою Сергій Васильович проводить також науково-організаційну
та педагогічну діяльність, приділяючи велику увагу професійній підготовці молодих науковців.
У 1978–1986 рр. він успішно керував республіканською міжвідомчою науковою програмою
з імунології «Механізми імуностимуляції», був організатором республіканських шкіл з моле-
кулярної імунології, упродовж багатьох років читав курс лекцій з імунохімії в Київському дер-
жавному університеті імені Тараса Шевченка та з молекулярної імунології — у Київському від-
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діленні МФТІ. Зараз очолює Відділення «Біотехнологія» кафедри біохімії Київського націо-
нального університету імені Тараса Шевченка. 

Залишається лише дивуватися вмінню С.В. Комісаренка поєднувати професійну наукову
роботу з державною і громадською діяльністю. 1990 року Верховна Рада УРСР обрала його
заступником Голови Ради Міністрів УРСР. За час перебування на посаді заступника Прем’єр-
міністра України з гуманітарних питань (до квітня 1992 року) С.В. Комісаренко брав активну
участь у розробленні перших законів України з гуманітарних питань, зокрема про освіту, націо-
нальні меншини, свободу совісті, пресу і засоби масової інформації, соціальне забезпечення
тощо. Глибоко розуміючи серйозність ситуації з поширення ВІЛ/СНІДу в Україні, ініціював
підготовку та прийняття Закону України про боротьбу зі СНІДом, створив та очолив урядову
комісію боротьби зі СНІДом, організував Державний комітет боротьби із цією патологією.
Сергій Васильович був головою низки урядових комітетів і комісій, зокрема з відзначення тра-
гедії у Бабиному Яру (1990–1991 рр.), із проведення Конгресу українців (1991–1992 рр.),
з гуманітарної допомоги (1992 р.), урядової протиепідемічної комісії та ін. 

Важливою віхою в діяльності С.В. Комісаренка була його робота на посаді першого Посла
України у Сполученому Королівстві Великобританії та Північної Ірландії (із травня 1992 до
квітня 1998 року). С.В. Комісаренко не лише максимально сприяв розвиткові двосторонніх
українсько-британських стосунків, але й ініціював вступ України до директорату Євро пей сь -
кого банку реконструкції та розвитку (1993 р.), до Міжнародної морської організації (1995 р.)
та інших важливих міжнародних організацій, розташованих у Британії, заснував у Лондоні
благодійний фонд допомоги постраждалим від аварії на Чорнобильській АЕС (1993 р.), а також
Британо-Українську торговельну палату (1997 р.). Посол С.В. Комісаренко успішно лобіював
підтримку Британською делегацією прийняття України до Ради Європи, ратифікацію
Британським парламентом Угоди про співробітництво між Україною та Європейським Союзом.
Завдяки його активній діяльності як Посла Україна одержала у власність чотири будинки (три
у Лондоні і один — в Единбурзі), чим було заощаджено декілька мільйонів фунтів стерлінгів.
Назавжди залишиться у пам’яті громадян України той факт, що він домігся безкоштовної пере-
дачі Україні у 1995 році Британської Антарктичної станції «Фарадей» (зараз станція
«Академік Вернадський»), відвідати яку Сергію Васильовичу пощастило тільки через 15 років.
Діяльність Посла України у Британії високо оцінено в обох країнах. 1996 року С.В. Коміса рен -
ка було нагороджено відзнакою Президента України «За заслуги» ІІІ ступеня та номіновано
кращим дипломатом року. У Британії у 1997 році його було обрано Почесним доктором двох
університетів: за вагомі, саме наукові, досягнення — Почесним доктором Кінгстонського уні-
верситету, а за дипломатичну діяльність — Почесним доктором Північно-Лондонського універ-
ситету.

Після завершення дипломатичної місії та повернення до Києва у квітні 1998 року Сергія
Васильовича було знову обрано директором Інституту біохімії ім. О. В. Палладіна НАН Украї -
ни, а у квітні 2004 року — членом Президії Національної академії наук України та академіком-
секретарем Відділення біохімії, фізіології і молекулярної біології НАН України. Широким
є спектр його громадської діяльності: перший заступник Голови Української ради миру (1999),
Президент Українського біохімічного товариства (1999), Президент Українського Інституту
миру і демократії (2000), член Ради міжнародного журналу «Європа» (Польща), Голова
Наглядової ради Міжнародного фонду Національної пам’яті України (2007), Почесний член та
член Ради директорів Британо-Української торговельної палати, Президент благодійної органі-
зації інвалідів «Спеціальна Олімпіада України» (2002). Пропозиція очолити Спеціальну
Олімпіаду України виявилася повною несподіванкою для академіка. Цей рух було засновано
родиною Президента США Дж. Ф. Кеннеді з метою підтримки і соціальної адаптації людей
з проблемами розумового розвитку. І знову Сергій Васильович проявив себе як чуйна, порядна
людина, адже прийти на допомогу кожному, хто потребує його підтримки та доброго слова, то
є для нього справою честі. 

Останнім часом учений здійснює наукове керівництво дослідженнями, пов’язаними з проб -
ле мами біологічних загроз для людства і, зокрема, обґрунтуванням шляхів зменшення їх
в Україні. Він організував низку міжнародних конференцій і семінарів із проблем біобезпеки
і біозахисту, а з 2005 року очолює делегацію України на зустрічах експертів держав-учасниць
Конвенції із заборони біологічної і токсичної зброї. Указами Президента України у вересні
2007 року і червні 2009 року С.В. Комісаренка призначено Головою Комісії з біобезпеки та біо-
логічного захисту при Раді Національної безпеки і оборони України. Зараз С.В. Комісаренко
фактично є головним експертом із питань біобезпеки в Україні. 

13



Сергій Васильович передбачив важливу роль Парнасівських конференцій з проблем біохімії
як шляху до встановлення широкомасштабних контактів українських учених-біохіміків з уче-
ними Європи, а далі — з ученими США та інших високорозвинених країн світу.

С.В. Комісаренко започаткував видання в Україні нового наукового журналу
«Біотехнологія» (зараз «Biotechnologia Acta»), який сприяє активізації розвитку цього розділу
біологічної науки в нашій країні. Він є також головним редактором «Українського біохімічно-
го журналу», членом редколегій міжнародного журналу «Європа» (Польща) та журналу з іму-
нофармакології (Італія), членом Ради Міжнародного союзу біохіміків і молекулярних біологів
(IUBMB), Федерації європейських біохімічних товариств (FEBS) і Міжнародного товариства
імунофармакологів (США). 

Важко перелічити всі титули і відзнаки С.В. Комісаренка. Він — академік Національної
академії наук України та академік Національної академії медичних наук України, а також
член Президії цих академій, лауреат Державної премії України (1979 р.) і премій НАН України
імені О. В. Палладіна (2003 р.) та імені І. І. Мечникова (2011 р.). Удостоєний Почесних відзнак
Президента України: орденів «За заслуги» III ступеня (1996 р.), II ступеня (1998 р.) і І ступеня
(2013 р.), ордена князя Ярослава Мудрого V ступеня (2005 р.), Почесної Грамоти Верховної Ради
України (2003 р.), а також ордена «Дружба» Китайської Народної Республіки (2012 р.); має
почесне звання «Заслужений діяч науки і техніки України» (2008 р.). 

С.В. Комісаренко — почесний член Польського біохімічного товариства (2011 р.). Має дип-
ломатичний ранг Надзвичайного і Повноважного Посла України (1992 р.). 

З нагоди ювілею ми, співробітники Інституту біохімії ім. О. В. Палладіна НАН України,
з радістю відзначаємо, що маємо щастя працювати з такою Людиною, яка випромінює доброту,
невичерпний ентузіазм, творчу активність, яскраву наукову ерудицію, виявляє наполегливість
у досягненні поставленої мети і, водночас, є глибоко порядним, скромним, уважним і толеран-
тним до наукового та іншого інакомислення. До цього слід додати іскристий гумор, такт,
уміння вислухати й зрозуміти проблеми кожного працівника.

Можна тільки дивуватися, як за такого щільного графіка роботи Сергію Васильовичу
вдається віднаходити час, що залишається від наукової діяльностіч, адміністративних та
громадських обов’язків, для сім’ї, занять спортом, насолоджуватися звуками музики,
милуватися живописом, спілкуватися з друзями…

Вельмишановний і дорогий наш Сергію Васильовичу!

Редакційна рада, редакційна колегія та редакція журналу «Biotechnologia Acta» щиро
вітають Вас, дорога наша Людино, з ювілеєм. Бажаємо міцного здоров’я, невичерпної енер-
гії, довгих, плідних років життя, сповнених добрими справами і вагомими творчими здо-
бутками, наснаги, радості від звершеного, талановитих учнів і нових успіхів в ім’я роз-
витку вітчизняної науки на благо усього людства!

Бажаємо жити у силі й здоров’ї ще многії літа! 

Щасливої долі!
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““A MAN OF FOUR” — A MAN OF FOUR” — 
MR. KOMISARENKO IN MY EYESMR. KOMISARENKO IN MY EYES

HUANMING YANG
BGI-China

It is difficult for a man to be both a good professor and a good diplomat.
It is very difficult for a man to be both a good researcher and a good politician.
It is very very difficult to be a man of all the four, a good professor and a good researcher, a good

politician and a good diplomat.

Even it is very rare, I have found such one, a man of the four, the only man I have ever met in my
life until now in this world, Mr. Serhiy Komisarenko, in Ukraine.

I have just met Serhiy a few times, in Beijing and in Seville, in my institute and at an interna-
tional meeting. I quickly recognized him comprehensive and could not but admit his great. I was not
only impressed by his professional knowledge and visions, but also by his professional manner or
style, a style of a general professor or a researcher. 

It is well known that he has been one of the most versatile researchers in the field of immuno-
chemistry at the international level, and has contributed to the field extensively. Also, it is all
known to us that he is prolific researcher and has multiple research directions, mainly in immuno-
chemical analysis of proteins and peptides, in molecular mechanisms of lymphocyte activation and
in interrelation between protein immunochemical structure and their biological function. His con-
tribution to biosafety is widely acknowledged that, under his guidance, it was found for the first
time that low doses of radiation depressing the natural immunity in human, when Chornobyl
Nuclear Plant exploded in 1986. His books, his hundreds of scientific papers in international jour-
nals and hundreds of lectures at international meetings, as well as his numerous awards including
the most prestigious one for non-Chinese by the Chinese Central Government, have enhanced his
global reputation in the international scientific community as somebody like me (even far worse), so
called a researcher, or a scientist. 

It is also all known that he has been teaching for decades in Kyiv State University and many other
universities, on many subjects in the wide fields of life science and biotechnology. His students, of
bachelor, master, and Ph. D.s, now «at every corner under the heaven» in Ukraine and many other
countries, would all acknowledge that he has shaped, at least helped shape, their life and careers as
somebody like me, a professor or a «teacher» as it is called in Chinese.  

It is usual for a researcher and/or a scientist to hold some administrative positions, like Serhiy’s
numerous titles as secretary, head, or director of a department, institute, or a university. It is also
not that unusual for some of them to be at high leveler, as a secretary of an academy who is respon-
sible for many divisions or Institutes, like some of my friends. However, it was a really nice surprise
to me when I was told that he is one of the most important statesmen in Ukraine. He is the former
Deputy Chairman of Council of Ministers, Deputy Prime Minister responsible for humanitarian sec-
tor including health care, culture, education, science, social security, etc. almost everything I know
and am interested in. He was even elected as a candidate to the post of the President of Ukraine. I can
promise now that I had had voted for him if I had been a voter.

It is the general impression of scientists to the public that they are always thinking, or preten -
ding to be thinking, in other words, not so social. It is known that not every politician is a qualified
diplomat. Again, Serhiy is both. I was more surprised that he is a professional diplomat, the former
Ambassador of Ukraine to several important countries such as UK and Ireland.

If you are also one of his friends, after listening to his stories about his deeply loved nation, after
reading his articles on Ukrainian culture and politics, you would understand why he is the right per-
son to be born in the right country and live in the right time in its history, and has chosen the right
professions to have made the right contribution to his great nation, as well as to the whole world, and
why only he can be such “a man of four”.

It is indeed a privilege to be a friend and a colleague of Mr. Komisarenko, a real «man of four».
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Efforts to initiate a specific approach to
immunotherapy of cancer started with the
attachment of chemotherapeutic drugs by a
weak covalent link to antitumor antibodies, at
that stage still polyclonal [1–3]. Spacers such
as dextran or polyglutamic acid were used to
allow high drug load. At a later stage the anti-
bodies were biotinylated, whereas the drug
was attached to avidin, allowing a two stage
drug targeting to the tumor [4]. During these
experiments we noted that there was no need
to covalently attach the drug to the antibody,
which by itself had some antitumor activity.
For example, when monoclonal antibodies
(mAbs) to epidermal growth factor receptor
(EGFR) were injected together with cisplatin [5]
they exerted a strong synergistic effect on the
ability to reduce the size of tumors (KB human
epidermal carcinoma). This early observation,
of a synergistic effect on cancer between an
antibody and a chemotherapeutic drug, has
paved the way for an extensively used clinical
protocol [6] .

To further explore ways to enhance thera-
peutic efficacy, we addressed the mechanism
underlying tumor inhibition by mAbs to recep-
tor tyrosine kinases such as EGFR/ErbB-1 and
HER2/ErbB-2.  One mechanism attributes
tumor growth inhibition to the ability of anti-

receptor mAbs to induce endocytosis and
degradation of the receptors. The mAbs down-
regulate the receptor leading to attenuated
ligand-induced signaling potency and dura-
tion. To enhance antibody-mediated endocyto-
sis of these cancer-causing receptors we intro-
duced combinations of mAbs and found that
epitope-distinct mAbs to the same receptor
(homo-combination) can significantly enhance
the rate of receptor breakdown in KB cells
over-expressing EGFR [7]. Further, when com-
bined, the mAbs synergize in terms of growth
inhibition of N87 human gastric carcinoma
over-expressing HER2 [8]. The combinations act
in synergy if they are directed against distinct
epitopes, i.e. sufficiently remote from each
other on the receptor. The mAbs then cross-
link the receptors and efficacy of immuno -
therapy is attributed to receptor cross-linking
and size of antibody-receptor clusters formed
at the cell surface. The clusters are rapidly
removed, a step which dictates the rate of
endocytic clearance, receptor down-regulation
and extent of signaling blockade [6].

A mechanistically distinct approach simul-
taneously targets two different receptors,
such as targeting both EGFR and HER2 (hete -
ro-combination) or a receptor (e.g., HER2) and
an anti-angiogenic growth factor (VEGF,
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using Avastin-bevacizumab). The extracellu-
lar domain of human ErbB presents adjacent
or over-lapping determinants harboring mul-
tiple antigenic sites.  Depending on the site, a
mAb can be dormant, propagate tumor growth
or mediate a distinct detrimental effect. It can
disturb ligand binding, interfere with he -
terodimer formation that induce signal trans-
duction, or interfere with any other pathway
not yet identified. Scientific rationale sug-
gests that combining two mAbs to two epitopes
on the same receptor, or two mAbs to the two
receptors, can target different pathways.
They may perturb the cancer cell by inducing a
collaborative damage of simultaneously
impaired functions often by differing but com-
plementary mechanisms of action of the two
mAbs.

While conducting experiments with various
combinations of antibodies to HER2, we noted
an interesting observation: an antibody which
by itself exerted no effect on tumor growth in
animals was nevertheless able to enhance the
tumor-inhibitory effect of an otherwise weak-
ly inhibitory mAb. Another interesting obser-
vation relates to the target epitopes. Our most
effective mAb combinations always included
an antibody directed to the dimerization arm
of HER2, a region permitting HER2 to form
heterodimers with EGFR and ErbB-3.
Whether these observations can be genera -
lized and applied to tumor markers other than
HER2 is an intriguing issue, the elucidation of
which requires additional investigation and
broader repertoires of mAbs to HER2. The

current challenge is to identify pathway-spe-
cific therapies and explore their potential
additive or preferably synergistic effects,
while avoiding excessive toxicities.       

Our study was recently extended to human
pancreatic carcinoma, a malignancy with
extremely poor prognosis, which is largely
considered incurable. We compared the effects
of nine homo- and hetero-combinations of
mAbs to EGFR or HER2, on the growth of
human pancreatic carcinoma BXPC3 expres -
sing moderate level of EGFR and low level of
HER2. MAbs to the two receptors inhibited
tumor growth in animals as single agents but
acted in synergy and were more effective when
paired in homo-combinations, exerting
improved inhibition. Anti-HER2 mAbs,
despite the low HER2 receptor, acted as
important partners in collaborating with
mAbs to EGFR to form highly inhibitory
pairs. These hetero-combinations acted in sy -
nergy and were the most effective in generat-
ing long-term inhibitory activity.

The low effectiveness of therapeutic
mAbs and the evolution of patient resistance
call for deeper understanding of mechanisms
that underlay immunotherapy. Because the
su periority of mAb combinations extends to
tumor cell cultures, it may be assumed that
in addition to cellular responses, non-
immunological mechanisms also contribute
to an tibody synergy. Translation of these
lessons to clinical applications may enhance
patient response and delay acquisition of
resistance. 

REFERENCES

1. Hurwitz E., Levy R., Maron R. et al. The cova-
lent binding of daunomycin to antibodies with
retention of both drug and antibody activities
// Cancer Res. — 1975. — V. 35. — 
P. 1175–1181.

2. Levy R., Hurwitz E., Maron R. et al. The spe-
cific cytotoxic effects of daunomycin conju-
gated to anti-tumor antibodies // Ibid. —
1975. — V. 35. — P. 1182–1186.

3. Tsukada Y., Hurwitz E., Kashi R. et al.
Chemotherapy by intravenous administration
of conjugates of daunomycin wih monoclonal
and conventional anti-rat α-fetoprotein anti-
bodies // Proc. Natl. Acad. Acad. Sci. USA. —
1982. — V. 79. — P. 7896–7899.

4. Schechter B., Arnon R., Wilchek M. et al.
Indirect immunotargeting of Cis-Pt to human
epidermoid carcinoma KB using the avidin-
biotin system // Intl. J. Cancer. — 1991. —
V. 48. — P. 167–172.

5. Aboud-Pirak E., Hurwitz E., Pirak M. E. et al.
Efficacy of antibodies to epidermal growth
factor receptors against KB carcinoma In vitro
and in nude mice // J. Nat. Cancer Inst. —
1988. — V. 80. — P. 1605–1611.

6. Yarden Y., Baselga J., Miles D. Molecular
approach to breast cancer treatment // Semin
Oncol. — 2004. — V. 31. — P. 6–13. Review.

7. Friedman L. M,. Rinon A., Schechter B. et al.
Synergistic down-regulation of receptor tyro-
sine kinases by combinations of monoclonal
antibodies: implications for cancer
immunotherapy // Proc. Natl. Acad. Sci.
USA. — 2005. — V. 102. — P. 1915–1920. 

8. Ben-Kasus T., Schechter B., Lair S. et al.
Persistent elimination of ErbB-2/HER-2-
overexpressisng tumors using combinations
of monoclonal antibodies: relevance of recep-
tor endocytosis // Ibid. — 2009. — V. 106. —
P. 3294–3299. 



BIOTECHNOLOGIA ACTA, V. 6, No 4, 2013

18

КОНЦЕПЦІЯ ВИКОРИСТАННЯ СИНЕРГІЇ
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Розглянуто історію відкриття явища син -
ергіч ності моноклональних антитіл, результа-
ти досліджень протипухлинної активності їх
різних комбінацій проти рецепторів тирозин-
кіназного EGFR/ErbB-1 і HER2/ErbB-2,
а також фактора росту VEGF. Висловлено при-
пущення про можливі молекулярні механіз-
ми, що лежать в основі явища синергічності
моноклональних антитіл (для випадків гомо-
і гетерокомбінацій антитіл, специфічних від-
повідно до антигенних детермінант одного
й того самого або двох різних рецепторів).
Обговорено напрями подальших досліджень,
необхідних для глибшого розуміння причин
цього явища, а також перспективи практично-
го застосування імунотерапевтичних препара-
тів на основі синергічних моноклональних
антитіл для лікування пухлин людини.

Ключові слова: імунотерапія пухлин,
моноклональні антитіла, синергічність,
рецептори епідермальних факторів росту
EGFR/ErbB-1 і HER2/ErbB-2, ендотелію судин
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Рассмотрены история открытия явления
синергичности моноклональных антител,
результаты исследований противоопухолевой
активности их различных комбинаций против
рецепторов тирозинкиназных EGFR/ErbB-1
и HER2/ErbB-2, а также фактора роста VEGF.
Высказаны предположения о возможных
молекулярных механизмах, лежащих в основе
явления синергичности моноклональных
антител (для случаев гомо- и гетерокомбина-
ций антител, специфичных соответственно
к антигенным детерминантам одного и того же
либо двух различных рецепторов). Обсуждены
направления дальнейших исследований,
необходимых для более глубокого понимания
причин этого явления, а также перспективы
практического применения иммунотерапевти-
ческих препаратов на основе синергических
моноклональных антител для лечения опухо-
лей человека.

Ключевые слова: иммунотерапия опухолей,
моноклональные антитела, синергичность,
рецепторы эпидермальных факторов роста
EGFR/ErbB-1 и HER2/ErbB-2, эндотелия
сосудов (VEGF).
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Интенсивное развитие международной
экономической деятельности, открытие гра-
ниц, усиливающаяся миграция населения,
расширение сообщения и торговли привели
к быстрому распространению инфекцион-
ных болезней. В современных условиях
в любое время может начаться эпидемия,
возбудителями которой могут быть новые
или уже хорошо известные, занесенные из
эндемических очагов, микроорганизмы.
К основным современным источникам био-
логической опасности, представляющим
наибольшую угрозу для населения, относят
патогенные микроорганизмы, микроскопи-
ческие грибы и продукты их жизнедеятель-
ности. Токсические продукты микроорга-
низмов обладают высокой активностью

и чрезвычайно токсичны для человека.
В России имеется большой организацион-
ный опыт в области противодействия инфек-
ционным заболеваниям, однако дальнейшее
совершенствование методов диагностики
и профилактики опасных инфекций на
сегод няшний день остается важнейшей про-
блемой. 

Бактериальные токсины — это секрети-
руемые микробные протеины, обычно энзи-
мы, которые повреждают и убивают клетки
хозяина в исключительно низких концент-
рациях. Исходя из механизма действия ток-
сины группируют следующим образом:
порообразующие токсины (альфа-токсин
St. aureus, гемолизин E. coli), ингибиторы
синтеза протеина (дифтерийный токсин,
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Получены моноклональные антитела к холерному токсину и термолабильному энтеротоксину
E. coli, перекрестно не взаимодействующие с родственным токсином. Подобраны пары антител для
количественного определения этих токсинов в «сэндвич»-варианте иммуноэнзимного анализа
и биплексном иммунофлуоресцентном анализе с применением технологии хМАР (Luminex).
Минимальные детектируемые концентрации холерного токсина и термолабильного энтеротоксина
E. coli, определенные в формате «сэндвич»-иммуноэнзимного анализа, — 0,2 и 0,4 нг/мл, зна чи -
тельно выше соответствующих величин в формате биплексного анализа — 0,01 нг/мл и 0,08 нг/мл.
Присутствие в пробах молока, бульона и воды из открытого водоема, а также носоглоточных смывов
не оказывает влияния на минимально детектируемые величины концентраций холерного токсина,
определенные обоими методами. В аналогичных пробах, содержащих термолабильный энтеро -
токсин, они возрастали по сравнению с соответствующими для контрольного буфера.
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шига-токсин), генераторы образования вто-
ричных мессенджеров (холерный токсин
и термолабильный энтеротоксин E. coli),
протеолитические токсины (ботулиниче-
ские, столбнячный), активаторы иммунного
ответа (стафилококковые энтеротоксины),
трехсоставные токсины (сибиреязвенный
токсин) [1].

Холерный токсин (СТ), продуцируемый
Vibrio cholerae и отвечающий за развитие
симптомов такого смертельно опасного забо-
левания, как холера, и термолабильный
энтеротоксин, продуцируемый энтеротокси-
генными штаммами E. coli (LT), обусловли-
вающий развитие симптомов менее опасно-
го, чем холера, но более распространенного
заболевания под названием «диарея путеше-
ственников», являются родственными ток-
синами. Они имеют большое сходство по
структуре, функциональному действию,
иммунохимическим характеристикам.
В част ности, сходство аминокислотной по -
сле довательности молекул токсинов состав-
ляет более 80% [2]. Поэтому большинство
методов детекции не позволяют дифферен-
цированно определять СТ и LT в исследуемых
образцах. Поскольку холера по сравнению
с диареей путешественников при отсутствии
лечения в 50% случаев заканчивается
летальным исходом, большое значение
в диагностике этих заболеваний имеет диф-
ференцированное определение токсинов. 

Холерный токсин, продуцируемый
V. cholerae, относится к группе токсинов,
генерирующих образование вторичных мес-
сенджеров, способных в значительной степе-
ни усиливать и искажать клеточную реак-
цию на различные сигналы. Холерный
токсин обладает АДФ-рибозилтрансфераз-
ной активностью по отношению к ГТФ-азе
клеток млекопитающих. После АДФ-рибо-
зилирования ГТФ-аза вызывает пролонги-
рованную активацию аденилатциклазы
и резкое увеличение цАМФ в энтероцитах.
Увеличение концентрации цАМФ приводит
к выведению ионов хлора, бикарбоната
и воды из клеток, обусловливая тем самым
потерю электролитов и сильное обезвожива-
ние [3].

Указанные токсины традиционно детек-
тируют биологическим методом, наблюдая
их патогенное действие на одноклеточных
организмах, культурах клеток, куриных
эмбрионах, а также на лабораторных живот-
ных. Эти методы трудоемки, длительны
(около 2–6 сут) и характеризуются высокой
себестоимостью. Для тестирования одной
пробы используют несколько животных,

тесты проводят только в лабораториях,
имеющих специальный сертификат [4, 5].
Для детекции и количественного определе-
ния токсинов используют также инструмен-
тальные методы, основанные на применении
оборудования с высокой чувствительностью
детекции: масс-спектрометрию, высоко-
эффективную жидкостную хроматографию,
капиллярный электрофорез и т. д. По чув-
ствительности эти методы сравнимы с био-
логическими, но их использование ограни -
чено кругом специально оборудованных
лабораторий, имеющих в своем распоряже-
нии дорогостоящую аппаратуру и высоко-
квалифицированные кадры, что делает
использование этих методов недоступным
широкому кругу специалистов [6].

В настоящее время наиболее широкое рас-
пространение в практике диагностирования
бактериальных токсинов получили методы
иммуноанализа. Ключевым компонентом в
иммуноаналитических системах являются
антитела. Для иммунохимического анализа
токсинов используют три основных типа
антител: моноспецифические поликлональ-
ные, моноклональные и рекомбинантные
антитела или фрагменты антител [7].

Цель настоящего исследования — полу-
чение методом гибридомной техники моно-
клональных антител к холерному токсину
и термолабильному энтеротоксину E. coli, не
обладающим перекрестной активностью;
определение их иммунохимических харак-
теристик и создание биплексной тест-систе-
мы на основе мультиплексного иммунофлуо -
ресцентного анализа с применением
мик росфер (МИА) для одновременной коли-
чественной детекции холерного токсина
и термолабильного энтеротоксина E. coli
в одной анализируемой пробе.

Экспериментальная часть

В работе использовали следующие реак-
тивы: среда Игла в модификации Дульбекко
(DMEM), фетальная телячья сыворотка
(FCS), глутамин, раствор гипоксантин-ами-
ноптерин-тимидин (HAT) — (GIBCO-Invitro -
gen, США); неполный адъювант Фрейнда,
пристан, BSA,  DMSO, 4-хлор-1-нафтол, 3,3-
диаминобензидин, OPD (ортофенилендиа-
мин), N-оксисукцинимидный эфир биотина,
Твин-20, метилизотиазолона гидрохлорид
(MIT) и холерный токсин (Vibrio cholerae) —
Sigma (США), SDS — Serva (Германия),
полиакриламид — Amresco (США); нитро-
целлюлозная мембрана BA 85 — Schleicher &
Schuell (Германия); протеин–А — сефароза —
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GE-Healthcare (США), поликлональные
козьи антитела, меченные пероксидазой
хрена, к мышиным иммуноглобулинам,
меченный пероксидазой хрена стрептави-
дин и набор для изотипирования иммуно -
глобулинов (mouse immunoglobulin isoty -
ping ELISA kit) — BD Biosciences Phar mingen
(США); культуральный пластик и планше-
ты для ИЭА — Costar (США); карбоксилиро-
ванные xMAP микросферы — Luminex
Corporation (США), 1-этил-3-(3-диметила-
минопропил)-карбодиимид гидро хлорид
(EDC), N-гидроксисульфосульфосукцини-
мид (sulfo-NHS) — Pierce (США); стрептави-
дин, меченный фикоэритрином (SA-PE) —
One Lambda (США), поликлональные анти-
тела, меченные фикоэритрином, к мыши-
ным иммуноглобулинам — Dako (Швеция),
снятое сухое молоко — Fluka (Германия).
Стафи лококковый эн теротоксин А (SEA),
стафилококковый энтеротоксин В (SEB),
термолабильный энтеротоксин E. coli (LT)
были предоставлены д. б. н. Ю. В. Вертие -
вым (Институт эпидемиологии и микробио-
логии им. Гамалеи РАМН, Москва).

Получение гибридом
Гибридомы, продуцирующие монокло-

нальные антитела к холерному токсину
и термолабильному энтеротоксину E. coli,
получали согласно общепринятому методу
гибридомной технологии, предложенному
Келлером и Мильштейном [8]. Для имму -
низации использовали мышей (самки весом
18 г) линии BALB/c категории SPF и кон-
венциональной категории. Животных
иммунизировали в подушечки задних лапок
препаратом токсина в присутствии неполно-
го адъюванта Фрейнда. 

Мышей категории SPF иммунизировали
СТ или LT в дозе 10 мкг/мышь дважды
с интервалом 2 недели. Мышей конвенцио-
нальной категории иммунизировали СТ или
LT трижды с интервалом 2 нед дозами ток-
сина от 2,5, 5 и 20 мкг/мышь. На 4-й день
после 2-й иммунизации в сыворотке крови
мышей обеих категорий определяли мето-
дом непрямого твердофазного ИЭА титр спе-
цифических антител к СТ и LT. 

Через 6 сут после последней иммуниза-
ции у мышей забирали подколенные лимфо-
узлы, из которых выделяли лимфоциты для
гибридизации с клетками миеломы SP2/0.
Гибридизацию проводили при соотношении
клеток 5:1 в 45%-м растворе ПЭГ-4000с,
10% DMCO в среде DMEM в течение 1 мин
при совместной инкубации. После гибриди-
зации клетки разносили по 96-луночным

планшетам, в которые за 24 ч до этого поме-
щали мышиные макрофаги. Культиви ро -
вали клетки в селективной среде следующего
состава: DMEM c 20% FCS, 4 мМ L-глутами-
ном, 5 мМ меркаптоэтанолом, 0,1 мМ гипо -
ксантином, 1,6·10–5 М тимидином, 4·10–7 М
аминоптерином. 

После завершения этапа селекции гиб-
ридных клеток от родительской миеломы их
культивировали в среде, не содержащей
аминоптерин. Через 7–10 сут после гибриди-
зации из лунок с активно растущими клет-
ками отбирали культуральную среду
и тестировали ее непрямым твердофазным
ИЭА на наличие антител к холерному токси-
ну и термолабильному энтеротоксину E. coli.
Из лунок, в культуральной среде которых
регистрировали достоверно положительную
реакцию с токсинами, отбирали клетки и
клонировали их трижды методом предель-
ных разведений в НТ-среде роста. После
двух последних клонирований число положи-
тельных клонов обычно составляло 100%.

Продукция антител в асцитной жид-
кости мышей

Мышам линии Balb/С (самки) вводили
внутрибрюшинно 0,5 мл пристана. Через 10
дней животным вводили суспензию клеток
гибридом в количестве (0,5–1)·107 клеток.
После формирования асцита мышей декапи-
тировали, забирали асцитную жидкость,
содержащую моноклональные антитела, и
центрифугировали на 300 g в течение 10 мин
при комнатной температуре. Клеточный
осадок подвергали процедуре заморажива-
ния при –70 °С, а из супернатанта выделяли
моноклональные антитела.

Очистка моноклональных антител из
асцитной жидкости аффинной хромато-
графией на протеин А-сефарозе

На колонку, содержащую протеин А-
сефарозу, объемом 3 мл, уравновешенную
5 объемами стартового буфера (1,5 М гли-
цин, 0,15 мМ NaCl, pH 8,9), наносили обра-
зец — асцитную жидкость (3 мл), разведен-
ную тремя объемами стартового буфера.
Колонку промывали стартовым буфером,
собирая в отдельную пробирку не связав-
шиеся с сорбентом протеины. Затем элюиро-
вали протеины буфером для элюции (0,1 М
цитрат Na) с уменьшением градиента рН от
6,0 до 4,0. Наличие протеинов в элюатах
регистрировали на проточном спектрофото-
метре при длине волны 280 нм. Регенерацию
колонки проводили в 0,1 М цитратном буфе-
ре, рН 3,0. 
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Все образцы, элюированные с колонки
отдельными фракциями, диализовали про-
тив PBS с добавлением 0,02% азида натрия
при 4 °С в течение ночи. Препарат антител,
полученных после хроматографии на проте-
ин А-сефарозе, концентрировали методом
ультрафильтрации с использованием ячеек
для ультрафильтрации (Amicon, США)
и мембран, отсекающих протеины с молеку-
лярной массой более 10 кДа, до достижения
концентрации антител в растворе 1–1,5 мг/мл.
Концентрацию выделенного протеина опре-
деляли спектрофотометрически при длине
волны 280 нм.

Электрофорез в полиакриламидном
геле

Чистоту полученных препаратов антител
оценивали электрофоретически. Электро -
форез проводили в восстанавливающих
условиях в 12,5% ПААГ по методу Лэммли
[9]. К анализируемому препарату антител
добавляли равный объем 2-кратного разде-
ляющего буфера, рН 6,8, содержащего 0,125 M
Tris-HCl, 4% SDS и 20%-й глицерол, 10%-й
2-меркаптоэтанол. Образцы нагревали на
водяной бане в течение 3 мин. В каждый
образец добавляли по 1 мкл 0,2%-го раство-
ра бромфенолового синего и вносили в лунки
полиакриламидной пластинки, состоящей
из концентрирующего 4%-го геля и разде-
ляющего 12,5%-го геля. В качестве марке-
ров использовали смесь очищенных стан-
дартных протеинов: фосфорилаза В (97кДа),
альбумин (66 кДа), овальбумин (45 кДа),
карбоангидраза (30 кДа), ингибитор трипси-
на (20,1 кДа) и α-лактальбумин (14,4 кДа).
Электрофорез проводили при силе тока 10 мА
до полного введения бромфенолового синего
в гель, а затем при 20 мА. После окончания
процесса (1,5–2 ч) гель окрашивали в тече-
ние 30 мин в 0,125%-м растворе Кумасси 
R-250 с последующим отмыванием геля
в обесцвечивающем растворе до полного
исчезновения фоновой окраски.

Тестирование специфической активно-
сти антител к холерному токсину и тер-
молабильному энтеротоксину E. coli
методом непрямого твердофазного ИЭА

Для тестирования использовали коммер-
ческий препарат СТ с исходной концентра-
цией 2 мг/мл, препарат LT с исходной кон-
центрацией 0,32 мг/мл. Аликвоту исходных
препаратов разводили в 0,1 М бикарбонат-
ном буфере, рН 9,0, до концентрации
1 мкг/мл. Приготовленные растворы по
100 мкл вносили в лунки ИЭА-планшетов

с высокой степенью связывания. Планшеты
инкубировали в течение ночи при 4 °С.
После инкубации свободные центры связы-
вания на пластике планшетов блокировали
1%-м раствором BSA при 37 °С в течение 1 ч.
Лунки планшетов промывали 3 раза PBS
с 0,05%-м Твин-20 (PBST) и 3 раза — PBS.
После промывания вносили 100 мкл культу-
ральной среды или препаратов очищенных
антител и планшеты инкубировали в тече-
ние 1 ч при 37 °С. По окончании времени
инкубации поверхность лунок планшета
отмывали (как описано выше), вносили
пероксидазный конъюгат кроличьих анти-
тел против иммуноглобулинов мыши, инку-
бировали 40 мин при комнатной температуре,
отмывали и добавляли субстрат пероксида-
зы — OPD в концентрации 1 мг/мл в 50 мМ
цитратном буфере, рН 4,5, содержащем
0,015% пероксида водорода. После развития
окраски реакцию останавливали добавлени-
ем 50 мкл 10%-й серной кислоты.
Интенсивность окраски регистрировали
спектрофотометрически, определяя оптиче-
ское поглощение при длине волны 492 нм.

Определение константы аффинности
антител к холерному токсину и термо-
лабильному энтеротоксину E. coli

Константу аффинности моноклональных
антител при связывании с холерным токси-
ном или с термолабильным энтеротоксином
E. coli определяли по методу Битти непря-
мым твердофазным ИЭА [10]. 

Токсины сорбировали на поверхности
лунок ИЭА-планшета с высокой степенью
связывания из растворов, взятых в двух кон-
центрациях 0,5 мкг/мл и 1 мкг/мл, в объе ме
100 мкл на лунку. Далее проводили непря-
мой твердофазный ИЭА, как описано выше.
Препараты анализируемых антител титро-
вали от 40 мкг/мл до 40 пг/мл с шагом 2.
Строили графики зависимости оптического
поглощения при длине волны 492 нм от кон-
центрации МА. Константу аффинности
определяли по формуле:

Kафф = 1/(4[АТ′] — 2[АТ]) ± 3·SD,

где [АТ′] — концентрация антител, соответ-
ствующая 50%-му связыванию при внесе-
нии в лунку планшета токсина в концентра-
ции 0,5 мкг/мл; [АТ] — концентрация
антител, соответствующая их 50%-му свя-
зыванию при внесении в лунку токсина
в концентрации 1 мкг/мл; SD — среднее
квадратичное отклонение от среднего ариф-
метического значения An, n = 3.



Наукові статті

23

Получение конъюгатов биотина с мо -
но клональными антителами к холерно-
му токсину и термолабильному энтеро-
токсину E. coli

К препарату очищенных антител
(1 мг/мл) в 0,1 М бикарбонатном буфере, рН
9,0, добавляли раствор оксисукцинимидно-
го эфира биотина в ДМСО (1 мг/мл) из расче-
та 120 мкл реагента на 1 мг протеина. Смесь
инкубировали в темноте 3 ч при комнатной
температуре, добавляли 1 М раствор трис-
глицинового буфера, рН 8,2, в объеме 50 мкл
на 1 мл антител и диализовали против PBS.
Полученный препарат биотинилированных
антител хранили при 4 °С в PBS с 0,02% ази-
дом Na.

«Сэндвич»-вариант ИЭА в формате
планшета

В лунки ИЭА-планшета с высокой степе-
нью связывания вносили 100 мкл раствора
связывающих антител к СТ или LT в PBS
с концентрацией 10 мкг/мл и инкубировали
планшет в течение ночи при 4 °С. Свободные
центры связывания на поверхности лунок
планшета блокировали 1%-м раствором
сухого молока инкубацией в течение 1 ч при
37 °С. Далее в лунки планшета вносили ток-
син (СТ или LT) в концентрации 1мкг/мл и
делали двоичные и троичные разведения
токсина в PBST (от 1 мкг до 0,1 нг/мл),
инкубировали в течение 1 ч при 37 °С, затем
планшет отмывали 3 раза раствором PBST
и 3 раза раствором PBS. В пробу добавляли
по 100 мкл проявляющих меченных биоти-
ном МА к соответствующему токсину
(10 мкг/мл) и инкубировали в течение 1 ч
при 37 °С. После отмывки добавляли рас-
твор стрептавидина, меченного пероксида-
зой хрена, разведенного 1:1 000 в PBST,
и инкубировали 40 мин при 37 °С. В каче-
стве субстрата пероксидазы использовали
раствор OPD (1 мг/мл). После развития
окраски реакцию останавливали добавлением
50 мкл 10%-й серной кислоты. Интенсив -
ность окраски регистрировали спектрофото-
метрически, определяя оптическое погло-
щение при длине волны 492 нм. 

Минимальную детектируемую концент-
рацию токсина определяли по:

⎯Α0 + 3·SD,

где ⎯Α0 — среднее значение величин оптиче-
ской плотности в лунках, не содержащих
токсин; SD — среднее квадратичное откло-
нение от среднего арифметического значе-
ния А0.

SD вычисляли по формуле:

где ⎯Α0 — среднее арифметическое значение
оптической плотности в лунках, не содержа-
щих токсин; n — число измерений. В боль-
шинстве экспериментов n = 3.

Получение конъюгатов моноклональ-
ных антител к холерному токсину и тер-
молабильному энтеротоксину E. coli
с микросферами

Конъюгирование связывающих антител
с микросферами проводили согласно предло-
женному компанией Luminex протоколу для
конъюгации таких реагентов с помощью
sulfo-NHS/EDC. 

Для конъюгации со связывающими
антителами к CT применяли микросферы
с номером ID 29, а для конъюгации со свя-
зывающими антителами к LT — микросферы
с номером ID 36. Количество конъюгирован-
ных микросфер подсчитывали микроскопи-
чески с использованием камеры Горяева. 

Анализ эффективности конъюгации
микросфер со связывающими антитела-
ми к холерному токсину и термолабиль-
ному энтеротоксину E. coli

Эффективность конъюгации микросфер
со связывающими антителами оценивали по
величине интенсивности медианного флуо-
ресцентного сигнала, регистрируемого
в спектральной области соответствующего
ID используемых микросфер.

Препарат микросфер, конъюгированных
с различными количествами (1, 5 и 25 мкг)
антител, суспендировали и обрабатывали
ультразвуком в течение 20 с. Полученную
(стоковую) суспензию микросфер разводили
до концентрации 6·105 микросфер в 1 мл и
вно  сили в лунки планшета с фильтрующим
дном MABVIN1250 plate (Millipore, США).
Антимышиные антитела, меченные фико -
эритрином, разводили PBS-BSA до концент-
рации 6 мкг/мл. Из препарата готовили
троичные разведения, каждый разведенный
препарат вносили в лунки, содержащие
микросферы, конъюгированные с антитела-
ми. После инкубации супернатант из всех
лунок одновременно удаляли при помощи
вакуумного насоса со специальной насадкой
для планшетов с фильтрующим дном
(Millipore, США). После промывок микро-
сферы суспендировали PBS для анализа на
проточном анализаторе Luminex 200.
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Подбор оптимальных концентраций
биотинилированных (детектирующих)
антител для количественного определе-
ния холерного токсина и термолабильно-
го энтеротоксина E. coli методом хМАР-
анализа 

Препарат микросфер, конъюгированных
с различными количествами (1, 5 и 25 мкг)
связывающих антител к СТ или LT, суспен-
дировали и обрабатывали ультразвуком как
описано выше. В полученной суспензии кон-
центрацию микросфер доводили до 1,8·105

в 1 мл и помещали по 30 мкл в лунки план-
шета с фильтрующим дном. Далее в лунки
добавляли 30 мкл токсина в концентрациях
30, 300 и 3 000 пг/мл. В эти же лунки вноси-
ли по 30 мкл соответствующих биотинили-
рованных антител в концентрациях 0,5; 1,0;
2,0 и 4,0 мкг/мл. Планшет инкубировали в
течение 1 ч при постоянном перемешивании
в темноте при комнатной температуре.
После инкубации лунки планшета промыва-
ли трижды PBS-BSA. В лунки планшета
вносили по 100 мкл коммерческого препара-
та стрептавидина, меченного фикоэритри-
ном. Планшет инкубировали в течение
30 мин при постоянном перемешивании
в темноте при комнатной температуре. По
окончании времени инкубации лунки план-
шета промывали трижды PBS-BSA и одно-
кратно PBS. После промывок микросферы
суспендировали в 100 мкл PBS и анализиро-
вали на проточном лазерном анализаторе
Luminex 200.

Определение минимальной детектируе-
мой концентрации холерного токсина и
термолабильного энтеротоксина E. coli в
мультиплексном «сэндвич»-хМАР-анализе 

Препараты микросфер, конъюгирован-
ные со связывающими антителами к СТ и LT
суспендировали и обрабатывали ультразву-
ком. Суспензии микросфер, конъюгирован-
ные со связывающими антителами к СТ
и LT, смешивали таким образом, чтобы
в общем объеме концентрация микросфер
каждого типа составляла 6·105 микро-
сфер/мл. Полученную суспензию обоих
типов микросфер помещали по 50 мкл
в лунки планшета с фильтрующим дном.
Холерный токсин и термолабильный энтеро-
токсин E. coli смешивали таким образом,
чтобы в общем объеме PBS-BSA их концент-
рация составляла 320 и 800 пг/мл соответ-
ственно. Делали двоичные разведения
в круглодонном планшете и вносили соот-
ветствующие разведения токсинов по 50 мкл
в лунки, содержащие микросферы. План -

шет инкубировали при постоянном переме-
шивании в темноте в течение 1 ч при ком-
натной температуре. Далее лунки планшета
промывали трижды PBS-BSA. В лунки вноси-
ли по 100 мкл раствора, содержащего биоти-
нилированные антитела к LT и CT, разведенные
в PBS-BSA в оптимальных концентра циях
(2 мкг/мл для обоих токсинов). Планшет
инкубировали при постоянном перемешива-
нии в темноте в течение 1 ч при комнатной
температуре. По окончании времени инку-
бации лунки планшета промывали трижды
и добавляли по 100 мкл коммерческого пре-
парата стрептавидина, меченного фикоэрит-
рином. Последующие стадии инкубации,
отмывки и анализа на проточном лазерном
анализаторе проводили так же, как при под-
боре оптимальных концентраций биотини-
лированных (детектирующих) антител для
количественного определения холерного
токсина и термолабильного энтеротоксина
E. coli методом хМАР-анализа.

Минимальную детектирующую концент-
рацию определяли как самую низкую,
с флуоресцентным сигналом, превышаю-
щим более чем на три стандартных отклоне-
ния среднее значение фонового флуорес-
центного сигнала. Стандартное отклонение
среднего значения фонового сигнала вычис-
ляли по формуле: 

где ⎯Α0 — среднее арифметическое значение
медианного флуоресцентного сигнала в лун-
ках, не содержащих токсин; n — число
измерений; n = 3.

Подготовка образцов для определения
в них токсинов методом «сэндвич»-ИЭА
в формате планшета и хМАР-анализа

Для определения СТ и LT в биологиче-
ских образцах препараты токсинов разводи-
ли BSA-PBS до концентрации 1 мкг/мл.
Полученные растворы разводили образцами
молока, мясного бульона, воды, носоглоточ-
ных смывов, не содержащими токсинов, до
концентрации 1 нг/мл для СТ и 10 нг/мл для
LT. Образцы с токсинами подвергали цен-
трифугированию при 5 000 g в течение 5 мин.
Для анализа отбирали интерфазу, переноси-
ли в лунки круглодонного планшета и дела-
ли двоичные и троичные разведения (СТ —
от 1 до 0,01 нг/мл, LT — 10 до 0,1 нг/мл).
Для хМАР-анализа подготовленные образ-
цы, содержащие токсины, переносили по
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50 мкл в лунки, содержащие конъюгаты
связывающих антител с микросферами.
Далее определяли токсины согласно выше-
приведенному методу. 

Для определения СТ или LT в воде, моло-
ке и мясном бульоне методом «сэндвич»-
ИЭА в формате планшета 100 мкл токсина
в различных концентрациях (от 1 мкг до
0,1 нг/мл) вносили в лунки планшета
и инкубировали в буфере, содержащем 10%
воды из открытого водоема, коммерческого
молока или мясного бульона. Далее прово-
дили определение согласно методу «сэнд-
вич»-варианта ИЭА в формате планшета,
описанному выше. 

Для получения образца смыва со слизи-
стой носоглотки человека использовали там-
пон из синтетического негигроскопичного
материала. С помощью тампона собирали со
слизистой носоглотки биоматериал. Тампон
тщательно отмывали в 1 мл рабочего раство-
ра PBST для «сэндвич»-ИЭА или в 1 мл BSA-
PBS для МИА, центрифугировали при ком-
натной температуре при 5 000g в течение
5 мин и анализировали на содержание ток-
синов.

Результаты и обсуждение

Успех в получении гибридом — проду-
центов моноклональных антител — опреде-
ляется прежде всего эффективной схемой
иммунизации животных (обычно мышей) —
доноров иммунных лимфоцитов, являю-
щихся партнерами при слиянии с клетками
миеломы. Были выбраны короткие схемы
иммунизации, инициирующие развитие
локального иммунного ответа. Для получе-
ния гибридом, продуцирующих монокло-
нальные антитела к холерному токсину
и термолабильному энтеротоксину E. coli,
использовали клетки миеломы SP2/0 —
плазмоцитомной клеточной линии, не секре-
тирующей иммуноглобулины, и лимфоциты,
выделенные из подколенных лимфоузлов
мышей линии BALB/c конвенцио нальной
категории с естественной микрофлорой
и категории SPF (specific pathogen free),
свободных от патогенной микрофлоры [11].
Мышей иммунизировали токсином CT
(Sigma) и LT, выделенным из клеток E. coli
штамм YM107, трансформированных плаз-
мидой pLT, содержащий ген с полной после-
довательностью LT. Токсины вводили в по -
ду шечки задних лапок в присутствии
непол ного адъюванта Фрейнда (НАФ).
Основанием для такого выбора адъюванта
послужила имеющаяся в литературе инфор-

мация о том, что холерный токсин, а также
термолабильный энтеротоксин E. coli обла-
дают ярко выраженными свойствами адъ-
юванта [12, 13]. Агентом, способствующим
соматической гибридизации клеток, выбран
полиэтиленгликоль 4 000.

Такие схемы иммунизации не обеспечи-
вали очень высоких титров специфических
антител в сыворотке крови, однако форми-
рование лимфоцитов — предшественников
плазматических клеток в лимфоузлах про-
исходило в достаточной степени для получе-
ния гибридом, стабильно продуцирующих
антитела в высоких титрах в культуральной
жидкости, где титр составлял не менее
1:20 000. Отбор жизнеспособных гибридом
проводили по стандартной схеме в культу-
ральной среде, содержащий НАТ [8]

Скрининг клонов-продуцентов осуществ-
ляли методом непрямого ИЭА. Для СТ и LT
уже на первом этапе отбора целевых клонов
был осуществлен перекрестный скрининг с
целью исключения из дальнейшей работы
клонов гибридом, способных продуцировать
антитела к общим антигенным детерминан-
там этих токсинов. После проведения перво-
го скрининга клоны гибридом, продуцирую-
щие специфические антитела к СТ или LT,
подвергали клонированию методом последо-
вательных разведений и повторному скри-
нингу. Число клонов, продуцирующих
антитела, которые детектировали оба токси-
на, было значительным и составляло более
30% от общего количества. В результате
гибридизации лимфоцитов мышей конвен-
циональной категории, иммунизированных
LT, было получено 7 гибридных клонов,
а мышей категории SPF — 8 клонов, ста-
бильно продуцирующих специфические
МА, не связывающиеся с СТ. После гибри-
дизации лимфоцитов мышей конвенцио-
нальной категории, иммунизированных СТ,
получили 14 клонов, не детектирующих LT,
а вследствие гибридизации лимфоцитов
мышей категории SPF — 20 клонов [11].

Характеристика МА к СТ и LT включала
изотипирование и определение типа тяже-
лых и легких цепей иммуноглобулинов.
Изотипирование проводили в соответствии с
рекомендацией к коммерческому набору
для изотипирования мышиных иммуногло-
булинов. Результаты представлены в табл. 1
и 2. Здесь же приведены величины констант
аффинности антител Кафф, установленные
согласно методу Битти [10]. Величины кон-
стант аффинности МА к СТ варьируют от
0,11·109 М–1 до 2,9·109 М–1; МА к LT — от
0,16·109 М–1 до 2,0·109 М–1. Для определения
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констант использовали высокоочищенные
препараты антител, выделенные из асцит-
ной жидкости мышей, привитых клетками
гибридом.

Таблица 1. Характеристика моноклональных
антител к термолабильному энтеротоксину 

E. coli

Таблица 2. Характеристика моноклональных
антител к холерному токсину [8]

Как следует из приведенных в табл. 1 и 2
данных, все моноклональные антитела отно-
сятся к иммуноглобулинам класса G, под-
классам IgG1, IgG2a, IgG2b и IgG3, что обес-
печило определенные преимущества
в вы боре метода их очистки с помощью
иммуноаффинной хроматографии на протеин
А-сефарозе. Все эти антитела имели легкую
цепь κ-типа. В результате очистки выделены
электрофоретически чистые препараты анти-
тел (рис. 1), пригодные для получения их
биотинилированных производных.

Одним из методов выявления бактериа -
льных токсинов в аналитических концент-
рациях является «сэндвич»-вариант ИЭА.
В этом формате высокая чувствительность
достигается применением двух МА-связы-
вающих и детектирующих антител к раз-
личным эпитопам молекулы токсина.
Связывающие антитела иммобилизованы на
поверхности лунок планшета, а детектирую-
щие представляют собой меченые биотином
антитела. Для мечения детектирующих МА
использовали сукцинимидный эфир биотина. 

С целью подбора пары антител, позво-
ляющей в «сэндвич»-ИЭА выявлять СТ и LT
с высокой чувствительностью, все получен-
ные антитела (табл. 1 и 2) тестировали
в качестве как связывающих, так и детек -
тирующих антител. Для этого каждое из
антител было биотинилировано. Таким
образом, все антитела были представлены
в нативном виде и в виде биотинилирован-
ных производных.

Гибридный
клон

Тип тяжелой
цепи

Кафф 109 М–1

E11F4 IgG1 0,16 ±0,02

D11H11 IgG1 0,24±0,03

2F4D9 IgG1 0,4 ±0,04

G2H4 IgG1 0,27±0,02

F5G2 IgG1 1,5 ±0,04

F8F6 IgG1 1,8±0,04

1B1G6F2 IgG3 0,5±0,02

D12B9 IgG1 0,3±0,01

D2E4 IgG1 0,3±0,02

B11G11 IgG1 2,0±0,04

Клон Типы тяжелой
цепи

Кафф 109 М–1

A2B1 IgG1 0,42 ± 0,04

A6B9 IgG3 0,53 ± 0,04

A7G3 IgG3 0,21 ± 0,02

A11E3 IgG2a 0,74 ± 0,06

B1F8 IgG1 0,25 ± 0,04

C2B4 IgG3 2,2 ± 0,1

C5H10 IgG1 1,1 ± 0,1

C7F11 IgG3 2,9 ± 0,2

C10F10 IgG1 0,12 ± 0,02

D3D8 IgG2a 1,4 ± 0,1

D4D6 IgG2b 0,33 ± 0,03

D5C3 IgG3 1,2 ± 0,1

D6G7 IgG2b 0,11 ± 0,01

D7F11 IgG1 0,22 ± 0,02

E3B6 IgG1 0,13 ± 0,02

E6E10 IgG1 0,52 ± 0,03

F4F4 IgG1 1,3 ± 0,4

F5H3 IgG1 2,6 ± 0,1

G6D12 IgG1 0,62 ± 0,04

G7D8 IgG1 2,7 ± 0,15

H4B6 IgG1 0, 51 ± 0,03

H5E10 IgG1 0,35 ± 0,04

H5G8 IgG3 0,45 ± 0,05

H8F8 IgG3 0,30 ±0,02

Рис. 1. Электрофореграмма моноклональных
антител к СТ B1F8 и к LT F5G2 (дорожка 1 и 2

соответственно) в 12,5% ПААГ–SDS
в восстанавливающих условиях.

На дорожке 3 представлена электрофореграмма
смеси стандартных протеинов: фосфорилаза В

(97 кДа), альбумин (66 кДа), овальбумин 
(45 кДа), карбоангидраза (30 кДа), ингибитор

трипсина (20,1 кДа) и α-лактальбумин (14,4 кДа)

1         2         3
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Из полученных спектров антител подби-
рали пары, дающие возможность выявлять
холерный токсин или термолабильный энте-
ротоксин E. coli с МДК менее 1 нг/мл. Такая
величина МДК соответствует пределу детек-
ции коммерческой тест-системы СТ и LT
VET-RPLA detection kit (Oxoid) [14]. Ото -
бран ные пары МА в отсутствие токсина не
связывались друг с другом и, таким обра-
зом, не формировали в пробах существенно-
го неспецифического фона. Эти пары анти-
тел (табл. 3 и 4) не взаимодействовали с LT
или CT соответственно. 

Для определения чувствительности
«сэндвич»-варианта ИЭА детекции СТ или
LT в буфере использовали двоичные и троич-
ные разведения токсинов в интервале кон-
центрации от 1 мкг/мл до 0,1 нг/мл.
Минимальную детектируемую концентра-
цию (МДК) токсинов определяли как кон-
центрацию, соответствующую значению
оптического поглощения, превышающего
не менее чем на три стандартных отклоне-
ния оптическое поглощение многократно
измеренной нулевой точки (в отсутствие
токсина). Пары антител оценивали по соот-
ветствующим величинам МДК.

Таблица 3. Пары моноклональных антител, выявляющие в «сэндвич»-анализе холерный токсин 
в концентрации ниже 1 нг/мл [8]

Связывающие
антитела

Детектирующие
антитела МДК СТ, нг/мл Связывающие

антитела
Детектирующие

антитела МДК СТ, нг/мл

B1F8 B1F8biot 0,4

F5/H3

B1F8biot 0,2

D4D6
D6G7biot 0,4 E6E10biot 0,2

E6E10biot 0,4 D6G7biot 0,2

D7F11
D6G7biot 0,4

G7D8

D6G7biot 0,4

B1F8biot 0,4 B1F8biot 0,4

F4F4
E6E10biot 0,4 E6E10biot 0,4

B1F8biot 0,8
H8F8

D6G7biot 0,4

H4B6 D6G7biot 0,4 E6E10biot 0,4

Таблица 4. Пары моноклональных антител, выявляющие в формате «сэндвич»-ИЭА 
термолабильный энтеротоксин E. coli с чувствительностью ниже 1 нг/мл

Связывающие
антитела

Детектирующие
антитела

Нижний предел
детекции LT,

нг/мл 

Связывающие
антитела

Детектирующие
антитела

Нижний предел
детекции LT,

нг/мл 

E11F4

F5G2biot

0,4 E11F4

B11G11biot

1,1

2F4D9 0,4 D11H11 0,6

G2H4 0,8 G2H4 0,4

F8F6 1,1 F5G2 0,5

1B1G6F2 0,3 F8F6 0,8

D12B9 0,9 1B1G6F2 0,6

B11G11 0,4 D12B9 0,9

E11F4

1B1G6F2biot

0,4 D2E4 0,5

2F4D9 0,9 B11G11 0,5

G2H4 0,6 E11F4

G11F12biot

0,5

F5G2 0,4 2F4D9 0,4

F8F6 0,5 G2H4 0,4

1B1G6F2 0,6 F5G2 1,0

B11G11 0,5 F8F6 0,4
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Как следует из представленных в табл. 3
данных, пары антител F5H3–D6G7biot,
F5H3–E6E10biot и F5H3–B1F8biot выявляли
СТ с нижним пределом детекции 0,2 нг/мл
токсина. При использовании антител D6G7,
E6E10, B1F8 в качестве связывающих
и антител F5H3 как детектирующих МДК СТ
увеличивалась и составляла более 1 нг/мл
холерного токсина. Следует отметить, что
константа аффинности для антител F5H3
(табл. 2) была значительно выше, чем для
D6G7, E6E10 и B1F8, что, очевидно, опреде-
лило позицию МА F5H3 в качестве связы-
вающего в «сэндвич»-анализе [11]. 

По данным табл. 4, тест-система опреде-
ления LT методом «сэндвич»-ИЭА при
использовании антител F5G2, 1B1G6F2,
B11G11 и G11F12 в качестве детектирую-
щих характеризовалась наименьшими вели -
чи нами МДК. Эти антитела составляли
пары со многими связывающими антитела-
ми и определяли LT c минимальными значе-
ниями МДК (менее 1 нг/мл). Антителам
F5G2, 1B1G6F2, B11G11 и G11F12 присущи
самые высокие константы аффинности
(табл. 1) порядка 109 М–1. Минимальный пре-
дел детекции LT составил 0,4 г/мл для пар
B11G11–F5G2biot, E11F4–F5G2biot, F5G2–
B11G11biot, D2E4–B11G11biot и B11G11–
B11G11biot соответственно. В этих парах
связывающие антитела также имели высо-
кие константы аффинности. 

Разработанная тест-система позволяет
детектировать СТ и LT в меньшей концент-
рации, чем МДК коммерческой тест-систе-
мы VET-RPLA detection kit (Oxoid) [10],
используемой для детекции СТ и LT методом
непрямой пассивной латексной агглютина-
ции, позволяющий определять энтеротокси-
ны в концентрации 1–2 нг/мл. Следует
отметить отсутствие перекрестного связыва-
ния МА к CТ с термолабильным энтероток-
сином E. coli (LT), а антител к LT — с холер-
ным токсином. Значения МДК известной
иммуноэнзимной тест-системы дифферен-
цированной детекции СТ и LT с применени-
ем пар, составленных из моноклональных и
поликлональных антител, составляет
0,1 нг/мл [15]. Нами получены пары, состав-
ленные из моноклональных антител, позво-
ляющие детектировать СТ и LТ в буфере с МДК,
сравнимой с МДК вышеназванной тест-сис -
те мы — 0,2 нг/мл для СТ и 0,4 нг/мл для LT.

Полученные высокочувствительные
и моноспецифические МА к LT и СТ опреде-
лили возможность разработки биплексной
иммунофлуоресцентной тест-системы на
основе xMAP-технологии. 

Разработанная тест-система на основе
хМАР-технологии является разновид-
ностью «сэндвич»-варианта метода ИХА,
в котором связывающие антитела иммоби-
лизованы на твердом носителе — полисти-
рольных гранулах (микросферы) диаметром
5,6 мкм. Применяемые в этом методе микро-
сферы уникальны по спектральным харак-
теристикам, обусловленным комбинацией
внутренних флуорофоров. Детектирующие
антитела — вторые из подобранной пары —
мечены фикоэритрином. Детекцию флуорес-
центной метки проводили, используя ком-
пактный проточный флуоресцентный ана-
лизатор (Luminex 200) с программным
обеспечением для обработки результатов
Luminex IS 2.3. [16].

При разработке биплексной тест-систе-
мы на первом этапе работы исследовали при-
годность отобранных методом «сэндвич»-
ИЭА пар МА в хМАР-анализе. Разрабатывая
тест-систему на основе хМАР-анализа,
использовали 3 пары антител к CT (F5H3–
B1F8biot, F4F4–B1F8biot, F4F4–E6E10biot) и
5 пар антител к LT (E11F4–F5G2biot, E11F4–
1B1G6F2biot, E11F4–B11G11biot, F5G2–
1B1G6F2biot и F5G2–B11G11biot) [16]. 

Ключевой стадией в хМАР-технологии
является получение высокоэффективного
конъюгата микросфер со связывающими
антителами. Связывающие МА к токсинам
иммобилизовали на поверхности карбокси-
лированных полистирольных частиц карбо-
диимидным способом. При разработке тест-
системы для определения холерного
токсина использовали карбоксилированные
микросферы xMAP 129, имеющие спек-
тральный адрес (ID) 29. В качестве связы-
вающих CT антител применяли F5H3
и F4F4. Для определения LT использовали
карбоксилированные микросферы хМАР
136 (ID36). Связывающими LT антителами
служили МА E11F4 и F5G2. 

Для каждого МА подбирали оптималь-
ные условия конъюгации. С этой целью
конъюгацию микросфер проводили с раз-
личными количествами МА (25, 5 и 1 мкг).
Эффективность процесса конъюгации мик-
росфер с различными количествами связы-
вающих антител оценивали по интенсивно-
сти медианного флуоресцентного сигнала
полученного комплекса с поликлональными
кроличьими антимышиными иммуноглобу-
линами, меченными фикоэритрином. Каж -
дая анализируемая проба характеризова-
лась значениями интенсивности медианного
флуоресцентного сигнала (MFI), представ-
ляющего собой среднее значение интенсив-
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ности флуоресценции 100 анализированных
микросфер. Для выявления конъюгата мик-
росфер со связывающими антителами с мак-
симальной интенсивностью медианного
флуоресцентного сигнала  изучали зависи-
мость сигнала от различных концентраций
поликлональных кроличьих антимышиных
меченных фикоэритрином иммуноглобулинов.

Максимальную интенсивность флуорес-
ценции при минимальном неспецифическом
фоне наблюдали для микросфер, конъюги-
рованных с антителами F4F4 и F5H3 в коли-
честве 1 и 5 мкг, а для антител E11F4
и F5G2 — 1 мкг. 

Проведение экспериментов по определе-
нию оптимального количества связывающих
антител, конъюгированных с микросфера-
ми, является обязательным для харак -
теристики эффективности конъюгации. 

На следующем этапе работы для отобран-
ных конъюгатов связывающих антител с
микросферами осуществляли подбор опти-
мальных концентраций детектирующих
антител, меченных биотином.

В экспериментах использовали четыре кон-
центрации биотинилированных антител —
0,5; 1,0; 2,0; 4,0 мкг/мл и три концентрации
токсина — 30, 300 и 3000 пг/мл.
Максимальную интенсивность флуоресцен-

ции при минимальном неспецифическом
фоне наблюдали при концентрации детекти-
рующих антител В1F8 2 мкг/мл, для антител
E6E10 — 4 мкг/мл, F5G2 — 2 мкг/мл, а для
1B1G6F2 — 1 мкг/мл. 

В табл. 5 приведены оптимальные коли-
чества связывающих антител, использован-
ных в конъюгации с микросферами ID29
и ID36, и оптимальные концентрации
детектирующих антител, определяющие
макси мальную интенсивность медианного
флуоресцентного сигнала.

Определяли минимальную детектируе-
мую концентрацию токсинов в буфере PBS-
BSA в индивидуальном и биплексном анали-
зах. Микросферы с иммобилизованными на
них специфическими МА к CT и LT инкуби-
ровали с соответствующими токсинами в
различных концентрациях. МДК определя-
ли в соответствии с общепринятыми стан-
дартами как концентрацию, соответствую-
щую среднему уровню флуоресцентного
сигнала аналита, превышающему среднее
значение фонового сигнала флуоресценции
на три стандартных отклонения. В табл. 6
приведены величины МДК СТ и LT.

Самое низкое значение МДК для CT
(10 пг/мл) было определено с использовани-
ем следующих антител: связывающие анти-

Токсин Область ID

Связывающие антитела Детектирующие антитела

Клон
Количество антител,

иммобилизованных на
микросферах, мкг

Клон
Концентрация

биотинилированных
антител, мкг/мл

CT 36 F4F4 1 B1F8 2

5 E6E10 4

F5H3 1 B1F8 2

LT 29 E11F4 1 F5G2 2

1B1G6F2 1

F5G2 1 1B1G6F2 1

Таблица 5. Пары МА, отобранные для хМАР-анализа токсинов СТ и LT

Таблица 6. Минимальные детектируемые концентрации СТ и LT, определенные в хМАР-анализе 
с участием различных пар связывающих антител, иммобилизованных на микросферах,

и детектирующих антител

Токсин Антитела, конюгированные 
с микросферами

Детектирующие антитела, несущие
биотиновую метку МДК, пг/мл

СТ

F5F3 B1F8 10

F4F4 E6E10 20

F4F4 B1F8 10

LT

E11F4 F5G2 80

E11F4 1B1G6F2 160

F5G2 1B1G6F2 100
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тела F4F4, конъюгированные с микросфера-
ми и работающие в паре с детектирующими
антителами B1F8biot, и связывающие анти-
тела F5H3, конъюгированные с микросфера-
ми, в паре с детектирующими B1F8biot.
В дальнейшей работе использовали пару
антител F4F4 с биотинилированными B1F8.
При определении МДК термолабильного
энтеротоксина E. coli наибольшая чувстви-
тельность показана для связывающих анти-
тел Е11F4, конъюгированных с микросфера-
ми, работающими в паре с детектирующими
F5G2biot. 

Для указанных выше пар с минимальны-
ми значениями МДК СТ и LT был проведен
биплексный анализ, результаты которого
представлены на рис. 2.

Из приведенных данных следует, что
МДК СТ превышает МДК LT, что согласуется
с данными, полученными при хМАР-анали-
зе этих двух токсинов в индивидуальном ана-
лизе. В биплексном формате показатели,
соответствующие фоновому сигналу флуо-
ресценции, не превышали аналогичные
показатели, полученные при хМАР-анализе
токсинов в индивидуальном анализе.
В табл. 7 представлены значения МДК для
CT и LT, регистрируемые в тест-системах
формата хМАР-анализа и «сэндвич»-ИЭА. 

Из данных таблицы следует, что МДК
токсинов, определенные в биплексном и ин -
ди видуальном анализах, не различаются,
однако они существенно ниже величин МДК
токсинов, установленных с помощью «сэнд-
вич»-ИЭА в формате планшета.

Было проведено сравнительное определе-
ние МДК токсинов LT и СТ в модельном
буфере и в различных образцах объектов
окружающей среды, продуктах питания
и носоглоточных смывах человека метода-
ми «сэндвич»-ИЭА в формате планшета
и иммунофлуоресцентном анализе с приме-
нением хМАР-технологии. Результаты
представлены в табл. 8.

Из представленных данных следует, что
чувствительность определения холерного
токсина в молоке, бульоне, воде и в смывах
носоглотки сравнима с чувствительностью
определения токсина в  модельном буфере.
Значения МДК в биплексном анализе на два
порядка превышают аналогичные значения,
определенные в «сэндвич»-ИЭА. Для LT
наблюдается увеличение значений МДК
в молоке и в бульоне по сравнению с ве ли чи -
ной в контрольном буфере. МДК, определен-
ные в воде и в смывах со слизистой носоглотки
человека, сравнимы с МДК в контроль ном
буфере. Значения МДК LT в биплексном
анализе превышают, в основном на порядок,
соответствующие величины МДК, получен-
ные методом «сэндвич»-ИЭА. Эта мульти-
плексная тест-система позволяет опреде-
лять токсины и в различных биологических 

Рис. 2. Зависимость интенсивности медианного
флуоресцентного сигнала от концентрации CT
и LТ в хМАР-анализе, проведенном с участием

пулов микросфер, конъюгированных с F4F4
и с E11F4, и с пулами детектирующих антител

B1F8 biot и F5G2 biot.
На врезке приведен калибровочный график,

соответствующий области низких концентраций
токсинов. Пунктирной линией обозначено
значение флуоресцентного сигнала, превы шаю -
щее среднее значение флуорес центного сигнала
нулевой пробы на три стандартных отклонения.
Концентрация CT и LT при этих значениях
флуоресцентного сигнала соответствует мини -
маль ной детектируемой концентрации

Таблица 7. Минимальные концентрации холерного токсина 
и термолабильного энтеротоксина E. coli, детектируемые 

в биплексном иммунофлуоресцентном анализе с применением хМАР-технологии 
и в «сэндвич»-ИЭА в формате планшета

Токсин
МДК 

ток си на в инди ви дуа льном
анализе, нг/мл

МДК ток си на в мульти -
плексном анализе, нг/мл

МДК токсина в «сэндвич»-
ИЭА, нг/мл

CT 0,01 0,01 0,2

LT 0,08 0,08 0,4
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жидкостях, в объектах окружающей среды
и в продуктах питания. Содержание СТ в
молоке, мясном бульоне, в смывах
с носоглотки можно устанавливать с такой
же чувствительностью, как и для модельно-
го буфера. 

Таким образом, биплексная иммунофлуо -
ресцентная тест-система на основе хМАР-
технологии для одновременной детекции CT
и LT создана нами в России впервые. 

Токсин PBS-BSA Молоко Бульон Вода Носоглоточные
смывы

МДК CT
ИФА 0,2 0,2 0,2 0,2 0,30

хМАР 0,01 0,02 0,02 0,02 0,09

МДК LT
ИФА 0,4 9,6 6,8 2,0 8,0

хМАР 0,08 3,0 1,0 0,1 0,8

Таблица 8. Минимальные детектируемые концентрации (нг/мл) холерного токсина 
и термолабильного энтеротоксина E. coli в буфере, молоке, бульоне, 

смывах со слизистой носоглотки человека и в воде из открытого водоема, 
определенные методами «сэндвич»-ИЭА в формате планшета и биплексного анализа 

с применением хМАР-технологии
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ОДЕРЖАННЯ МОНОКЛОНАЛЬНИХ
АНТИТІЛ ДО ХОЛЕРНОГО ТОКСИНУ

І ТЕРМОЛАБІЛЬНОГО ЕНТЕРОТОКСИНУ
E. coli ДЛЯ РОЗРОБЛЕННЯ

БІПЛЕКСНОГО АНАЛІЗУ ТОКСИНІВ
У ОБ’ЄКТАХ НАВКОЛИШНЬОГО

СЕРЕДОВИЩА

Є. В. Гришин
Т. І. Валякіна

Федеральна державна бюджетна 
установа науки 

Інститут біоорганічної хімії ім. академіків
М. М. Шемякіна і Ю. А. Овчинникова

Російської академії наук, Москва, 
Російська Федерація

E-mail: grev@mx.ibch.ru

Отримано моноклональні антитіла до
холерного токсину і термолабільного ентеро -
токсину E. coli, які перехресно не взаємодіють
зі спорідненим токсином. Підібрано пари
антитіл для кількісного визначення цих ток-
синів у «сендвіч»-варіанті імуноензимного
аналізу і біплексному імунофлуоресцентному
аналізі із застосуванням технології хМАР
(Luminex). Мінімальні детектовані концент -
рації холерного токсину і термолабільного
ентеротоксину E. coli, що їх визначено у фор -
маті «сендвіч»-імуноензимного аналізу ⎯ 0,2
і 0,4 нг/мл, значно вищі за відповідні ве ли -
чини у форматі біплексного аналізу ⎯ 0,01 нг/мл
і 0,08 нг/мл. Присутність у пробах молока,
бульйону та води з відкритого водоймища,
а також носоглоткових змивів не справляє
впливу на величини мінімально детектованих
концентрацій холерного токсину, які визначе-
но обома методами. В аналогічних пробах, що
містять термолабільний ентеротоксин, вони
зростали порівняно з відповідними показника-
ми для контрольного буфера.

Ключові слова: імуноензимний аналіз,
сендвіч-аналіз, мультиплексний імунофлуо -
рес центний аналіз, хМАР-аналіз, монокло -
наль ні антитіла, мінімальна концентрація, що
детектується, холерний токсин, термо ла біль -
ний ентеротоксин E. coli.

OBTAINING OF MONOCLONAL 
ANTIBODIES AGAINST CHOLERA TOXIN

AND HEAT LABILE ENTEROTOXIN 
OF E. coli FOR DEVELOPMENT 

OF THE TOXINS DIPLEX ANALYSIS 
IN ENVIRONMENTAL SPECIMENS

Eu. V. Grishin
T. I. Valiakina 

Federal State Institution of Science 
Shemyakin and Ovchinnikov Institute 

of Bioorganic Chemistry 
of Russian Academy of Sciences, 

Moscow, Russian Federation

E-mail: grev@mx.ibch.ru

The present study focuses on development of
monoclonal antibodies (MAbs) which specifically
interact with cholera toxin or heat labile entero-
toxin of E. coli. Such monoclonal antibodies
MAbs are possessed of ability to identify cholera
toxin or heat labile enterotoxin in different
immunochemical assays. We obtained hybrido-
ma clones which produced monoclonal antibodies
of IgG isotypes to cholera toxin and heat labile
enterotoxin. On application of the method of se -
rial dilutions we selected the clones which pro-
duced monoclonal antibodies with specific acti -
vity against only one of the toxins. We found the
16 pairs of monoclonal antibodies to cholera
toxin and 28 ones to heat labile enterotoxin. By
means of these monoclonal antibodies it was pos-
sible to realize the quantitative analysis of theses
toxins in sandwich immunoassay ELISA and
diplex sandwich xMAP-assay. The limits of
detection of cholera toxin and heat labile entero-
toxin in ELISA in control buffer were 0.2 and
0.4 ng/ml, respectively, and in xMAP assay —
0.01 and 0.08 ng/ml, respectively. In probes of
cow milk, meat soup, pond water and nasopha-
ryngeal washes cholera toxin was detected in the
both assays with the same limits of detections,
but heat labile enterotoxin limits of detections
were above the ones in control buffers.

Key words: ELISA, sandwich assay, multiplex
immunoassay, xMAP analysis, monoclonal anti-
bodies, minimal detectable concentration,
cholera toxin, heat labile enterotoxin of E. coli.
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Fibrinogen (Fg) is a protein playing the
main role in functioning of blood coagulation
system [1]. It has a dimeric structure where
two subunits are formed by three polypeptide
chains: Aα, Bβ and γ. The fibrinogen molecule
consists of a central E, two peripheral D-
regions and two extended αC-regions.

The E-region, consisting of (Aα1-104, Bβ1-
133, γ1-72)2, is formed by the N-terminal seg-
ments of all six polypeptide chains. The two D-
regions, each comprising of Aα105-219,
Bβ134-461 and γ73-411 in the C part of the
molecule, have the globular βC232-461 and
γC170-411 nodules. The extended αC-regions
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It was shown by monoclonal antibodies that BβN-region of fibrin desA molecule (Bβ1-53) comprises
the polymerization site including the peptide bond Bβ14-15. This site participates in the second stage of
fibrin polymerization — lateral association of protofibrils. In the Bβ15-53 fragment was also found the
site called «C», which together with the site «A» participate in the first stage of polymerization — the
protofibrils formation. The model of the primary intermolecular interaction of fibrin was designed. It was
found by monoclonal antibodies II-4d the site («c») in the N-terminal half of γ chain of the fibrin D-region.
This site participates in the protofibrils formation and is complement to site «C» as we assume.

We have discovered two neoantigenic determinants. One of these determinants exposes within the coiled-
coil fragment Bβ126-135 of fibrin as a result of fibrinopeptide A splitting off from fibrinogen by thrombin.
The structural rearrangements discovered in this site of the fibrin molecule are necessary for the following
protofibrils lateral association. The second neoantigenic determinant is localized in the fragment Bβ134-190
of D-dimer formed after plasmin degradation of fibrin stabilized by FXIIIa. We have obtained the fibrin-spe-
cific monoclonal antibodie FnI-3C to the first determinant and D-dimer-specific mAb III-3b to the second one. 

Three monoclonal antibodies were obtained against the αC-region of fibrin(ogen) molecule. It has been
experimentally shown by of one of them that αC-domains is connected with the fibrinopeptides B in fib-
rinogen and fibrin desA molecules, but removes from the core of the molecules after fibrinopeptides B
splitting off by thrombin. Two other monoclonal antibodies specifically inhibit the fibrin polymerization
by blocking two unknown polymerization sites within the αC-region.

The test-systems for the soluble fibrin and D-dimer quantification in human blood plasma were
designed on the basis of monoclonal antibodies FnI-3C and III-3b as «catch»-antibodies and one II-4d as a
«tag»-antibody, respectively. The clinical trials of the test-systems were carried out in Ukraine. It was
shown that for the prediction of postoperative thrombotic complications and monitoring the efficiency of
antithrombotic therapy the simultaneous quantification of soluble fibrin and D-dimer before the opera-
tion and at different time intervals after the operation is required. Only in this case it is possible to get
information about the state of the balance between blood coagulation and fibrinolytic systems, and deter-
mine the degree of the threat of thrombosis.

Key words: fibrinogen, fibrin, monoclonal antibodies, thrombosis, diagnostic test systems.
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(Aα220-610) consist of an unstructured
flexib le αC-connector (Aα220-391) and a more
structured αC-domain (Aα392-610) [2, 3].

The peripheral D-regions are connected
with the central E-region by two long flexible
coiled-coil connectors each of which consists of
polypeptide fragments Aα48-161, Bβ79-193,
γ23-135. The N-parts of these fragments
include Aα48-104, Bβ79-133, γ23-62 and
belong to the E-region. The C-parts Aα105-
161, Bβ134-193, γ63-135 belong to the D-
region (Fig. 1).

The splitting off of fibrinopeptides A
(FpA) — Aα1-16 from fibrinogen (Fg) by
thrombin results in the formation of desA fib-
rin (Fn) with two exposed polymerization sites
called A-knobs [4]. The two A-knobs interact
with a-holes in the two D-regions of the other
Fn molecules forming protofibrils. The
protofibrils associate laterally, giving rise to
fibrils and, finally, the three-dimensional fib-
rin net. At the stage of protofibril and fibril
formation thrombin splits off of fibrinopep-
tides B (FpB) — Bβ1-14 from Fn desA mole-
cules exposing the B-knobs which are involved
in the process of protofibril lateral association
interacting with the b-holes in the D-regions
of the other molecules [5].

Two steps of fibrin polymerization —
protofibrils formation and their lateral associa -
tion — are carried out by the intermolecular
and interprotofibril binding of specific poly-
merization sites [6, 7]. Polymeric fibrin is sta-
bilized by factor XIIIa [8]. After polymeric
fibrin formation plasminogen is activated on
fibrin surface by tPA and transformed into
plasmin [9, 10]. Plasmin splits polymeric fib-
rin stabilized by factor XIIIa forming E-frag-
ment and D-dimer. 

Monoclonal antibody (mAb) can be
obtained against antigenic determinant (epi-
tope), which can coincide or be located closely
to the polymerization site of fibrin molecule.

Such a mAb presumably inhibits fibrin poly-
merization by blocking the polymerization site
or the neighboring one. MAb can also «recog-
nize» minor alterations in the epitope confor-
mation. That is why mAbs have been used as
molecular probes for localization of unknown
antigenic determinants and/or polymerization
sites [11, 12].

The tactics of our investigations was
following:

• obtaining of antigen for mice immuniza-
tion: native or slightly denaturated fib -
rin(ogen) molecules or their fragments;

• obtaining of mAbs;
• selection of mAbs and obtaining their

Fab-fragments, which both specifically inhibit
fibrin polymerization;

• electron microscopy for determination of
fibrin polymerization stage, which is inhibited
by the mAb and Fab-fragment. 

• epitope localization in fibrin(ogen) mole-
cule for  mAb — inhibitor;

• synthesis of the peptide, which imitates
the amino acid sequence of fibrin molecule in
the monAb epitope region;

• testing of the synthetic peptide inhibito-
ry action on fibrin polymerization.

Three types of monoclonal antibodies of
different specificity have been obtained
against the N-terminal disulphide knots of fib-
rinogen and fibrin. Their effects on distinct
stages of fibrin polymerization have been
studied. These antibodies were shown to be
directed against various epitopes of the Bβl-53
frag ment of the fibrinogen molecule. The
mAbs had different effects both on the rate of
protofibril lateral aggregation and on the final
turbidity of fibrin clots. The mAbs were of
three specificities: mAb 2d-2a and its Fab-
fragment inhibited the rate of lateral aggrega-
tion of proto fibrils and decreased the turbidi-
ty of the final clot; those from clone B-4C
accelerated the polymerization, but did not
affect the clot turbidity; and those from clone
D-IB did not have any effect on either fibrin
poly merization or final clot turbidity and
served as the negative control. The most inter-
esting results were obtained with mAb 2d-2a,
epitope for which was localized in fibrin desA
fragment including the peptide bond Bβ14-15
[13]. This mAb and its Fab-fragment inhibited
the lateral association of fibrin desA protofib-
rils (Fig. 2) by blocking the site comprising
amino acid residues located around the peptide
bond Bβ14-15. We suggested that N-terminal
part of fibrin desA Bβ-chain concludes one of
the active sites involved in protofibril lateral

Fig. 1. The model of fibrinogen molecule created
with graphics system PyMol on the base of X-ray
and NMR analysis of fibrin(ogen) fragments [2].

Аα-chains — blue; Вβ-chains — green; 
γ-chains — red
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association. Fibrinopeptide B does not need to
be split off for functioning of this site.
Interestingly that only one mAb molecule can
bind to one of two its epitopes in dimeric fibrin
desA molecule blocking one peptide bond
Bβ14-15 and inhibiting 60% of fibrin poly-
merization. In such a case, thrombin may split
off only one fibrinopeptide B from fibrinogen.
However, two Fab-fragments of this mAb can
bind to both epitopes in fibrin desA, blocking
them and inhibiting about 100% of polymeri -
zation. This mAb has been used as catch-anti-
body in our ELISA test-system for fibrinogen
quantification in human blood plasma after its
dilution in 200 times [14].

D-dimer of human fibrin was also used as
antigen to obtain monoclonal antibodies. We
have obtained 16 hybridomas producing mAbs
of different specificity. MAb III-3b binds D-
dimer with Kd = 1.4·10–10 M without cross-
reaction with fibrinogen and fibrin. The epi-
tope for this mAb is located in fibrin(ogen)
fragment Bβ134–190 (Fig. 3). The latter site
is buried in the coiled-coil structure of fib-
rin(ogen), but it is exposed as a neoantigenic
determinant (NAD) in D-dimer upon plasmin

hydrolysis of fibrin [15]. MAb III-3b has been
used in our ELISA immunodiagnostic test-sys-
tem as a catch-antibody for quantification of
D-dimer in human blood plasma [16].

Only two of these 16 hybridomas produced
mAbs of the IgG-class that inhibited fibrin
polymerization. MAb II-4d inhibited fibrin
polymerization to 100% at a molar ratio
mAb:fibrin = 1.0. Fab-fragments of the mAb
inhibited fibrin polymerization completely at
the same molar ratio (Fig. 4, 1). The epitopes
for the mAbs studied are situated in the NH2-
terminal part of the γ-chain in fibrin D-
domain. Electron microscopy showed that fib-
rin was in monomeric form in the presence of
these mAbs or their Fab-fragments (Fig. 4, 2).
Thus, these mAbs inhibit the initial step of
fibrin polymerization, i.e. protofibril forma-
tion. Only one site of protofibril formation
located in COOH-terminal half of the D-
domain γ-chain is known now named «a» site,
which is complementary to the «A» site in the
central E-domain of fibrin molecule. Our
experiment with immobilized GPRP showed
that the «a» site in fibrin D-fragment pre-
served its binding activity to GPRP when the
D-fragment was complexed with mAbs-inhibi -
tors of fibrin polymerization. Thus, these two
mAbs inhibit fibrin polymerization not by
blocking the sites «a», but either by blocking
another (inconsistent with «a») unknown spe-
cific site of polymerization in D-domain or by
steric hindrance of highly organized fibrin
polymerization process [17]. MAb II-4d has
been used in three our immunodiagnostic test-
systems for fibrinogen, soluble fibrin and D-
dimer quantification in human blood plasma
as the tag-antibody [14, 16, 18] 

Four mAbs of the IgG1 class to the throm-
bin-treated N-terminal disulfide knot of fib-
rin, secreted by various hybridomas, have
been selected. Epitopes for two mAbs I-3C and

Fig. 2. Dependence of the rate of protofibrils 
lateral association (V) on the concentration 

of mAb 2d-2a

Fig. 3. The scheme of epitopes localization 
for mAb I-3c and mAb III-3b in fibrin 
and D-dimer molecules, respectively

Fig. 4. 1 — Dependence of the velocity of fibrin
polymerization (V) on the molecular ratio of

mAb II-4d and it Fab-fragments to fibrin desAB.
2 — Electron microscope images of fibrin desAB
polymerizing in the presence (А, В, С) and in the

absence (D, Е, F) of mAb II-4d after 3, 5 and 
7 min, correspondingly. There were no difference

between electron microscope images obtained 
in the presence of Fab-fragments and mAb II-4d

1
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III-10d were located in human fibrin fragment
Bβ15–26, and epitopes for mAbs I-5G and I-3B
were in fragment Bβ26–36. Three of these
mAbs, I-5G, I-3B and III-10D as well as their
Fab-fragments decreased the maximum rate of
fibrin desA and desAB polymerization up to
90–95% at a molar ratio of mAb (or Fab-frag-
ment) to fibrin of 1 or 2. The fourth mAb I-3C
did not influence on fibrin desAB polymeriza-
tion and inhibited by 50% the maximum rate
of fibrin desA polymerization. These results
suggest that these mAb-inhibitors block a lon-
gitudinal fibrin polymerization site. As the
mAbs retard both fibrin desAB and fibrin
desA polymerization, one can conclude that
the polymerization site does not coincide with
polymerization site ‘B’ (Bβ15-17). To verify
this suggestion, the polymerization inhibitory
activity of synthetic peptides
B β S A R G H R P L D K K R E E A ( 1 2 – 2 6 ) ,
B β L D K K R E E A ( 1 9 – 2 6 ) ,
B β A P S L R P A P P P I ( 2 6 – 3 6 ) ,
BβAPSLRPAPPPISGGGYRARPA(26–46)
and BβGYRARPA(40–46), which imitate the
various sequences in the N-terminal region of
the fibrin Bβ-chain, have been investigated.
Peptides Bβ12–26 and Bβ26–46, but not
Bβ40–46, Bβ19–26, and Bβ26–36, proved to
be specific inhibitors of fibrin polymerization.
The IC50 values for Bβ12–26 and Bβ26–46
were 2.03·10–4 and 2.19·10–4 M, respectively.
Turbidity and electron microscopy data
showed that peptides Bβ12–26 and Bβ26–46
inhibited the fibrin protofibril formation
stage of fibrin polymerization. The conclusion
was drawn that fibrin fragment Bβ12–46,
named as the site «C», took part in fibrin
protofibril formation simultaneously with site
«A» (Aα17–19) prior to removal of fibrinopep-
tide B. A model of the intermolecular connec-
tion between fragment Bβ12–46 of one fibrin
desA molecule and the D-domain of another
has been constructed (Fig. 5)  [7]. 

While the fibrin protofibril formation
mechanism is well-studied, the protofibril late -
ral association mechanism remains elusive.
The initial interaction of fibrin monomers
leading to protofibril formation is realized
mainly by the pair of complementary centers
A:a. An additional site «C» of protofibril for-
mation is localized within the E domain [7].
The protofibril lateral association is realized
by the lateral interactions of the D-D dimers
from the neighboring protofibrils. The inter-
acting fragments were determined as γ 350-
360 and γ 370-380. The interprotofibril D-D
dimer interactions lead to formation of so
called D-tetramers [19].

However, Kollman et al [20] have disco -
vered antiparallel contacts of fibrinogen coiled-
coil fragments in the crystals of human fib-
rinogen and proposed the possibility of
intermolecular coiled-coil interactions during
the fibrin protofibril lateral association. We
obtained earlier [21] the fibrin-specific mAb
FnI-3c, which reacts with fibrin and does not
react with fibrinogen and D-dimer. The NAD
of this mAb formed during fibrinogen to fib-
rin transformation was localized preliminary
within the BβM118-V133 fragment, which is
the part of the coiled-coil connector of the fib-
rin(ogen) molecule. It was shown that mAb I-
3c and its Fab-fragment specifically inhibit
the stage of fibrin protofibril lateral associa-
tion (Fig. 6). Thus, we suggested that this
region also participates in the process of the
fibrin protofibril lateral association [21].

Fig. 5. The model of the intermolecular connec-
tion between the D-domain of one fibrin desAA

molecule (blue) and Bβ12–46 (magenta) of another.
The model was prepared with PYMOL [17] 

on the basis of the X-ray analysis data of chicken
fibrinogen [18] and human D-dimer bound with

synthetic peptide GPRP [19]

Fig. 6. The influence of mAb FnI-3C and its Fab-
fragment on polymerization of fibrin produced in
fibrinogen+thrombin reaction in turbidity analy-

sis (1). The dependence of the maximum rate of
the fibrin polymerization Vmax (A), final turbidity

of fibrin clots Δh (B) and the lag time τ (C) on
molar ratio of mAb FnI-3C or its Fab-fragment to

fibrin. (2) Electron micrographs of negatively
contrasted structures formed during polymeriza-
tion of fibrin produced in fibrinogen+thrombin

reaction in 135 s from start of the process: in the
absence mAb FnI-3C or Fab-fragment (A); in the
presence of mAb FnI-3C (B) or its Fab-fragment

(C). The bars represent 200 nm
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Turbidity analysis and electron
microscopy, showed that the synthetic peptide
imitating fibrin fragment Bβ121-138, but not
Bβ109-126, also inhibits the step of the fibrin
protofibril lateral association. SPR analysis
revealed that mAb FnI-3C interacts with the
peptide Bβ121-138. This mAb also interacts
with human, horse, and rabbit fibrins, but not
with cow and rat fibrins. Alignment of the
amino acid sequences of these fibrins allowed
us to identify the residue BβK130 as crucial
for the mAb FnI-3C epitope formation and to
propose that the epitope in human fibrin is
formed by the amino acid residues of the
Bβ126-135 fragment. With the help of elec-
trophoretic and ELISA parallel analysis we
demonstrated that the exposition of the epi-
tope is not the result of the removal of the αC-
regions from the bulk of the molecule during
the fibrinogen-fibrin transformation. SPR
analysis reveals that the exposition takes place
as the result of FpA splitting in a monomeric
fibrin [22]. The analysis of the mutations in
the of coiled-coil connector of the fibrin mole-
cule corresponding to Bβ111-141, which
impair fibrin polymerization, demonstrates
that these mutations alter the structure of this
fragment, but not its surface. Contrariwise,
the mutations in the fragment Bβ158-170 of
the coiled-coil connector alter the surface. The
comparative conformational analysis of the
fibrinogen and fibrin molecules suggests that
the fragment of the coiled-coil connector cor-
responding to Bβ126-135 is more flexible in
fibrin. The mobility of the fragments of the
molecule around this fragment is higher in
fibrin than in fibrinogen. Thus, we suppose
that FpA splitting by thrombin leads to struc-
tural rearrangements in the human fibrin
fragment of the coiled-coil connector, which
includes polypeptide fragments Aα91-103,
Bβ126-135 and γ69-77. These structural
rearrangements provide fibrin protofibrils
with a capability to associate laterally forming
fibrils. The other fragment of the coiled-coil
connector including Bβ158-170 may act as one
of interprotofibril contact sites (Fig. 7).

MAb I-3C has been used as a «catch»-one in
double-sandwich ELISA for soluble fibrin
quantification in human blood plasma [18].

Monoclonal antibodies FnII-2M [23], I-5B
and I-6B [24] to the αC-region of the human
fibrin(ogen) have been obtained. The epitope
for mAbs FnII-2M, I-5B are localized within
the fibrin fragment Aα240-491 and for mAb I-
6B — within Aα509-602 fragment. By virtue
of the monAb FnII-2M, which react only with
fibrin desAB and does not react with Fg and

fibrin desA it was found that αC-regions are
connected with FpB in the fibrinogen,
monomer and polymer fibrin desA. However,
the αC-regions move away from the core of the
fibrin desA molecules after FpB cleavage by
thrombin from fibrin desA in protofibrils,
resulting in enhancing lateral association of
protofibrils. It was been confirmed by ELISA
and method of surface plasmon resonance
(SPR) that monAb FnII-2M does not react with
fibrinogen, monomeric and polymeric fibrin
desA, but react with fibrin desAB. Thus,
accessibility of this monAb to its epitope
exists only in fibrin desAB. These results are
direct experimental evidence that αC-regions
(Aα220-610) are bound FpB in fibrinogen and
fibrin desA molecules, but move away from
the core of the molecule only after removal of

Fig. 7. A — The localization of five human fib-
rinogen mutations in Bβ 111-141 and in the

corresponding α-chain fragments that alter the
structure of this coiled-coil fragment in mutant

fibrinogens: Kyoto IV (Bβ S111del), Lyon (Bβ
M118K), Epsom (Bβ N137- E141 del) and Plzen

(Aα N106D) are shown as red sticks and Caracas
VI (Aα N80del) is shown as magenta sticks. The

suggested epitope for mAb FnI-3c (Bβ 126-135) is
in orange. B — The localization of the amino acid

residues where the structural alterations take
place in the four mutant fibrinogens: Lima (Aα

R141S), Niigata (Bβ N160S), Longmont (Bβ
R166C) and San Diego II (γ Y114H) are shown as
sticks. The novel sites Aα N139 and Bβ N158 of
oligosaccharide attachment in fibrinogens Lima
and Niigata are blue. The amino acid residue Bβ
166, where an individual cysteine from the medi-
um attaches to Bβ 166C in fibrinogen Longmont
(Bβ R166C), is blue. In fibrinogen San Diego II

the buried hydrophobic Y114 (cyan) is replaced by H.
C — The location of the SLA/NAD «structural»
site corresponding to Bβ 111-141, the «contact»

site corresponding to Bβ 158-170, and the «hinge
region» (Aα 91-103, Bβ 126-135 and γ 69-77) in

the human fibrin(ogen) molecule (PDB ID:
3GHG). The «structural» site and the hinge

region are on the border between the D- and E-
parts of the coiled-coil domain. The «contact»
site is in the C- terminal part of the coiled-coil

connector on the lateral side of the D-region 
of the molecule
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fibrinopeptides B (FpB) by thrombin. These
data and the results of the other authors let us
to design the three-dimensional structural
computer models reflecting of αC-regions spa-
tial orientation in fibrinogen, fibrin desA and
fibrin desAB molecules (Fig. 8) [23].

It was investigated that mAbs I-5B and I-6B
decreased the maximum rate of fibrin desAB
polymerization up to 90% and 76.2%, respec-
tively, at their equimolar ratio to fibrin. These
results suggest that these mAbs-inhibitors
block the sites into αC-region, which take part
in protein-protein interactions during the fib-
rin polymerization. The mAbs I-5B and I-6B
may be used as tag-antibodies together with
fibrin-specific «catch»-antibodies I- for quan-
tification of the earliest forms of soluble fibrin
in human blood plasma with the aim of early
diagnostics of thrombophilia.

Soluble fibrin and D-dimer are the most spe-
cific markers of activation of the blood coagula-
tion cascade and the threat of thrombosis. We
have designed three immunoassay test-systems
for D-dimer, soluble fibrin and fibrinogen
quantification in human blood plasma on the
basis of D-dimer-specific, fibrin-specific and
fibrinogen-specific monoclonal antibodies. The
forth test-systems was designed for simultane-
ous quantification of these molecular markers
(Fig. 9). The clinical trials of the test systems
were carried out in Ukraine. The high informa-
tivity of soluble fibrin quantification as a prog-
nostic indicator of the threat of thrombosis at
hip replacement (Fig. 10) and abdominal aorta
(Fig. 11) was shown. Independent D-dimer
quantification is uninformative. For the pre-
diction of postoperative thrombotic complica-
tions and monitoring the efficiency of
antithrombotic therapy the simultaneous quan-
tification of soluble fibrin and D-dimer before
the operation and at different time intervals
after the operation is required. Only in this case
it is possible to get information about the state
of the balance between blood coagulation and
fibrinolytic systems, and determine the degree
of the threat of thrombosis.

Fig. 8. The models of fibrinogen, fibrin desA 
and fibrin desAB were done with PyMOL 

and Modeller9v10

Fig. 9. The immunoassay test-systems 
for D-dimer, soluble fibrin and fibrinogen and its
simultaneous quantification in human blood plasma

designed by Palladin Institute of Biochemistry
of NAS of Ukraine and LLC «Diaproph»

Fig. 10. These figures show the typical combina-
tions of the soluble fibrin (Sf) and D-dimer (DD)

concentrations during aneurism of abdominal aorta
before the operation, immediately after the opera-

tion and on the third day after the operation.
Normal (B, C) or increased (A, D) concentrations of
Sf and D-dimer were observed before the operation.
After the operation in three cases (A, B, C) the sig-
nificant increase of both markers was observed. On

the third day after the operation in two of these
cases (A, B) we can see the decrease of these con-

centrations to normal level. In the case (C) the con-
centrations of these markers also decreased, but

remained above normal level, that required a fur-
ther control. In the cases (A, B, C) there is a dyna -

mic balance between blood clotting and fibrinolytic
systems. It is illustrated by correlated concentra-

tion increase and decrease of both markers.
In the case D: at once after the operation the con-

centration of Sf tended to decrease, and the concen-
tration of D-dimer remained at the same level. But

on the third day after the operation a steep increase
of Sf and the decrease of D-dimer concentrations

were observed. This suggests the disturbance of the
balance between blood clotting and fibrinolytic sys-

tems and the high threat of thrombus formation
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A hundred of mAbs against neoantigenic
determinants of fibrinogen, fibrin and their
fragments were obtained. In this review we
focused on 14 of them, that were used to obtain
the new fundamental scientific information or
to develop immunodiagnostic test-systems,
which have strategic importance for diagnos-
tics of the threat of thrombus formation.

The arrows at the Fig. 12 point at the sites
of fibrinogen and fibrin molecules, the mAbs
are directed to. Thus, mAb 2d-2a was obtained
against the epitope, which consists of amino
acid residues located around the peptide bond
Bβ14-15 cleaved by thrombin. This MAb reac -
ted with fibrinogen and fibrin desA but doesn’t
with fibrin desAB. These molecules keep the
fibrinopeptides B uncleaved. Using 2d-2a mAb
we showed for the first time the existence of
the site of fibrin protofibrils lateral associa-
tion within the BβN-domain. This site func-
tions before fibrinopeptides B cleavage off.
This work was continued and 4 other mAbs
against BβN-domain (Bβ1-64) were obtained.
Two of them were directed to site Bβ15-25, and
others to Bβ26-36. Using these mAbs we dis-
covered that there is not only the site of the
protofibrils lateral association in the region of
BbN-domain, but also the site, which takes a part
in the first stage of fibrin polymerization —
protofibrils formation.  

MAb III-3b obtained in this work reacts
only with D-dimer, but doesn’t with fibrino-
gen and fibrin. By virtue of this mAb test-sys-
tem for quantification of D-dimer in human
blood plasma was developed to diagnose the
hemostasis disorders. Other MAb II-4d
allowed us to locate the fibrin polymerization
site in the NH2-terminal part of γ-chain 
of D-region, which does not coincide with the

Fig. 11. These figures show the typical combina-
tions of the soluble fibrin (Sf) and D-dimer (DD)

concentrations during deep vein thrombosis
before the operation, immediately after the ope -
ration and on the 14 day after the operation. The

main feature of this disease is high concentra-
tions of both markers before treatment that indi-
cates the high degree of activation of blood clot-
ting and fibrinolytic systems. This suggests that

during this pathology the activation of blood clot-
ting system as a rule leads to the activation of fib-
rinolytic system. The dynamics of the concentra-

tion changes of these markers are usually
correlated: we can see simultaneous increase (C)

or decrease (A, B, D) of the concentrations of both
markers during treatment. In the case (С) the cor-

related changes of the concentrations of these
markers also takes place, but the high concentra-
tions of these markers on the 14 day after opera-

tion testify about necessity of further control

Fig. 12. The model of fibrinogen molecule, where are shown the mAbs 
and localization of epitopes for them
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polymerization site «a». MAb II-4d, which
reacts with fibrinogen, soluble fibrin and D-
dimer, has been used for the design of three
immunodiagnostic test-systems for quantifi-
cation of these molecular markers of throm-
bophilia in human blood plasma as the tag-
antibody.

By virtue of fibrin-specific mAb FnI-3C we
discovered an neoantigenic determinant in fib-
rin molecule, which is exposed after the con-
version of fibrinogen into fibrin. This deter-
minant is located in Bβ126-135 and coincides
with the epitope for mAb I-3C and with the
site, which plays functional role in the fibrin
protofibrils lateral association. Using this
mAb the functional role of coiled-coil connec-
tor of fibrin molecule in the fibrin polymeriza-
tion was showed for the first time. MAb I-3C
reacts only with fibrin, does not react with fib-
rinogen and D-dimer and can be used in 

double-sand wich ELISA test-system for solu-
ble fibrin quantification in human blood plas-
ma as a «catch»-mAb for diagnostics of the
threat of thrombus formation.

Finally, three mAbs to αC-connector of fib-
rinogen were produced. MAb II-2M of IgM
class allowed us to confirm binding of αC-con-
nector to fibrinopeptides B in fibrinogen and
fibrin desA molecules. The presence of two
polymerization sites in C-terminal parts of αC-
connector was also shown using other mAbs 
I-5B and I-6B.

Thus monoclonal antibodies proved to be
very useful for discovering unknown anti-
genic determinants and polymerization sites
within the fibrin molecule; for the study of the
three-dimensional structure of the fibrin mol-
ecule and for designing of test-systems to
diagnose the threat of the intravascular
thrombus formation.
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ПОЛІМЕРИЗАЦІЇ ФІБРИНУ 
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Із використанням моноклональних анти-
тіл було показано, що BβN-регіон молекули
фібрину desA (Bβ1-53) містить сайт полімери-
зації, що включає пептидний зв’язок Bβ14-15,
який бере участь у другій стадії полімеризації
фібрину — латеральній асоціації протофібрил. 
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C использованием моноклональных анти-
тел было показано, что BβN-регион молекулы
фибрина desA (Bβ1-53) содержит сайт полиме-
ризации, включающий пептидную связь 
Bβ14-15, которая принимает участие во 
второй стадии полимеризации фибрина —
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У фрагменті Bβ15-53 також виявлено сайт,
названий «C», який разом із сайтом «А» бере
участь у першій стадії полімеризації — утво-
ренні протофібрил. Створено модель первин-
ної міжмолекулярної взаємодії фібрину. В N-
кінцевій половині γ-ланцюга D-регіону
фібрину із застосуванням моноклональних
антитіл II-4d було виявлено сайт («с»), який
бере участь у побудові протофібрил і, за нашим
припущенням, є комплементарним сайту «C». 

Знайдено дві неоантигенні детермінанти,
одна з яких експонується в суперспіральному
фрагменті фібрину Bβ126-135 в результаті від-
щеплення фібринопептидів А від фібриногену
тромбіном. Зміна просторової структури моле-
кули фібрину, що її виявлено в цьому сайті,
є необхідною для здійснення подальшої лате-
ральної асоціації протофібрил. Друга неоанти-
генна детермінанта формується у фрагменті
Bβ134-190 D-димеру, який утворюється під
час розщеплення фібрину, стабілізованого
FXIIIa, плазміном. Проти першої детермінанти
отримано фібринспецифічне моноклональне
антитіло FnI-, а проти другої — D-димер-спе-
цифічне III-3b. 

Одержано 3 мо но клональних антитіла
проти αС-регіону молекули фібрин (оген)у. За
допомогою одного з них було експерименталь-
но показано, що αС-домен з’єднаний з фібри-
нопептидом B у фібриногені та у фібрині desA.
Цей домен відходить від остова молекули
після відщеплення фібринопептидів B тромбі-
ном. Два інших моноклональних антитіла спе-
цифічно інгібують полімеризацію фібрину
блокуванням двох невідомих сайтів полімери-
зації в αС-регіоні. 

На основі моноклональних антитіл FnI-
і III-3b, використовуваних як «catch»-
антитіла, і антитіл II-4d — як «tag»-антитіла
розроблено тест-системи для кількісного
визначення розчинного фібрину та D-димеру
в плазмі крові людини. Ці тест-системи
апробовано в клінічних випробуваннях
в Україні. Показано, що для прогнозування
післяопераційних тромботичних ускладнень,
а також для контролю ефективності антитром-
ботичної терапії є необхідним одночасне кіль-
кісне визначення розчинного фібрину та D-
димеру до операції та в різні періоди після
операції. Тільки в цьому разі можна отримати
інформацію про стан балансу між системами
зсідання крові та фібринолізу і визначити сту-
пінь загрози тромбоутворення.

Ключові слова: фібриноген, фібрин, моно кло -
наль ні антитіла, тромбоутворення, діагнос -
тич ні тест-системи.

латеральной ассоциации протофибрилл. Во
фрагменте Bβ15-53 также обнаружен сайт,
названный «C», который вместе с сайтом «А»
принимает участие в первой стадии полимери-
зации — образовании протофибрилл. Создана
модель первичного межмолекулярного взаи-
модействия фибрина. В N-концевой половине
γ-цепи D-региона фибрина с применением
моноклональных антител II-4d был обнаружен
сайт («с»), который принимает участие
в построении протофибрилл и, по нашему
предположению, комплементарен сайту «C».

Обнаружены две неоантигенные детерми-
нанты, одна из которых экспонируется
в суперспиральном фрагменте фибрина Bβ126-
135 в результате отщепления фибринопепти-
дов А от фибриногена тромбином. Изменение
пространственной структуры молекулы фиб-
рина, выявленное в этом сайте, необходимо
для осуществления последующей латеральной
ассоциации протофибрилл. Вторая неоанти-
генная детерминанта формируется во фраг-
менте Bβ134-190 D-димера, образующемся при
расщеплении фибрина, стабилизированного
FXIIIa, плазмином. Против первой детерми-
нанты получено фибринспецифическое моно-
клональное антитело FnI-, а против второй —
D-димер-специфическое III-3b.

Получены 3 моноклональных антитела
против αС-региона молекулы фибрин(оген)а.
С помощью одного из них было эксперимен-
тально показано, что αС-домен соединен с фиб-
ринопептидом B в фибриногене и в фибрине
desA. Этот домен отходит от остова молекулы
после отщепления фибринопептидов B тромби-
ном. Два других моноклональных антитела
специфически ингибируют полимеризацию
фибрина путем блокировки двух неизвестных
сайтов полимеризации в αС-регионе.

На основе моноклональных антител FnI-
и III-3b, используемых в качестве «catch»-анти-
тел, и антител II-4d — в качестве «tag»-антител
разработаны тест-системы для количественного
определения растворимого фибрина и D-димера
в плазме крови человека. Эти тест-системы
апробированы в клинических испытаниях в
Украине. Показано, что для прогнозирования
послеоперационных тромботических осложне-
ний, а также для контроля эффективности
антитромботической терапии необходимо одно-
временное количественное определение раство-
римого фибрина и D-димера до операции и в
разные периоды после операции. Только в этом
случае можно получить информацию о состоя-
нии баланса между системами свертывания
крови и фибринолиза и определить степень
угрозы тромбообразования.

Ключевые слова: фибриноген, фибрин, моно -
кло нальные антитела, тромбо образо ва ние,
диагностические тест-системы. 
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Diphtheria is an acute infectious disease
caused by the bacterium Corynebacterium
diphtheriae (also known as Klebs-Löffler bacil-
lus) [1]. Typically, diphtheria has respiratory
or cutaneous localization. Respiratory diph-
theria has various forms, usually restricted to
upper respiratory tract: nasal, pharyngeal,
tonsillar and laryngeal. As rule, main symp-
toms of respiratory diphtheria are sore throat,
low fever, and an adherent membrane at the site
of bacterial colonization [2]. Milder forms of
diphtheria are often restricted to the skin [3]. 

Long time diphtheria was considered as
well-controlled vaccine-preventable disease
because it has largely been eradicated in all
industrialized countries presumably through
broad vaccination [4–6]. However, a diphthe-
ria epidemic at the former Soviet Union terri-
tory at 1990s has again attracted the attention
to incomplete understanding of the epidemio -
logy, microbiology and especially immunobio -
logy of this infection [7–12].

Today cases of diphtheria are still occur in
Ukraine, Russia, and Latvia and also it is
endemic in India, Indonesia, Nepal, Angola
and Brazil, but only sporadic cases are repor -

ted in developed countries [11, 13–16]. Howe -
ver, the majority of the adult populations in
Europe, Australia and the United States have
no immune protection against this infection
[13, 17]. This issue draws renewed attention to
the immunology of this infection, because lowe -
red immunity levels within population can
cause outbreaks of diphtheria.

Bacterial pathogenesis

Biological properties of C. diphtheriae.
C. diphtheriae is an aerobic nonmotile, rod-
shaped gram-positive bacillus, which can form
metachromatic granules at the ends of the rod.
Bacterial cells form irregular V-shaped aggre-
gates resembling Chinese letters [1]. Species
C. diphtheriae has three biotypes: gravis, inter-
medius, and mitis, which are differ by the
colony morphology and growth characteristics
[18]. Genomic sequence of C. diphtheriae has
been recently characterized [19], but molecular
basis for differences in C. diphtheriae biotypes
is not well defined and requires further inves-
tigation [20, 21]. The most severe diseases are
often associated with the gravis biotype, but
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every strain has ability to produce toxin.
Consequently, all isolated strains of C. diph-
theriae should be tested in the laboratory for
toxigenicity [22]. 

Besides C. diphtheriae there are two other
species Corynebacterium ulcerans and Coryne -
bacterium pseudotuberculosis, which can
optionally produce diphtheria toxin and hence
can cause respiratory illness resembling classi-
cal diphtheria [23–25]. It is worth noting that
in recent years some severe infections caused
by C. ulcerans have been recorded [26, 27].
Other well-known human pathogen C. pseudo-
diphtheriticum causes respiratory disease and
is associated with high mortality in compro-
mised hosts [28], however it is little known
about the virulence factors and pathogenesis
of such infections. Some other species of
Corynebacterium are part of human normal
flora, which able to find niches in every sui -
table anatomic location of the host [29]. 

Most the clinical manifestationsof diph-
theria result from the action of an exotoxin
produced by pathogen. Consequently, diphthe-
ria toxin (DT) produced by toxigenic strains of
C. diphtheriae is considered as the main patho-
genic factor of infection. Toxigenicity of
C. diphtheriae is controlled by bacteriophage
conversion [30–32]. Thus toxin production
occurs only when the bacterium is infected by
lysogenic corynephage carrying the tox gene
encoding DT. 

Production of DT by toxinogenic C. diph-
theriae is strictly repressed by high concentra-
tions of iron ions from the extracellular envi-
ronment. The main source of the iron at site of
bacterial colonization is the red blood cells,
which appear from the bleed via damaged
mucous epithelium [33]. The chromosomally
encoded diphtheria toxin repressor DtxR
depends of iron ions as a co-repressor factor
[34]. The iron bound form of DtxR binds to
DNA sequence and prevents initiation of
trans cription of bacteriophagal tox gene.
Hence, DtxR can be considered as iron-depen-
dent transcriptional repressor [35]. In bacteri-
al cell, DtxR regulates several chromosomally
encoded genes, which encode products
involved in iron utilization and acquisition
[36, 37]. Some mutant forms of DtxR or iron-
regulated promoters could constitutively
repress the expression of diphtheria toxin
gene, and phenotypically nontoxigenic strains
may represent a potential reservoir for the
emergence of toxigenic strains [38–40].

Strains of C. diphtheriae that do not pro-
duce diphtheria toxin are still frequently con-
sidered as non-virulent. Nevertheless, the

association of nontoxigenic strains with loca -
lized disease is well known. There is an option
that nontoxigenic strains may be responsible
for pharyngitis and should be treated [22, 41,
42]. However, additional studies are still
required to obtain complete information about
the pathogenicity or co-pathogenicity of non-
toxigenic C. diphtheriae associated with cases
of infection in the respiratory tract [43].

The introduction of a toxigenic strain of
C. diphtheriae into a community may initiate
an outbreak of diphtheria by bacterial spread-
ing or by transfer of the bacteriophage to non-
toxigenic strains carried in the respiratory
tracts of susceptible human subjects. Both
toxigenic and nontoxigenic strains of C. diph-
theriae could be isolated during outbreak of
infection, but the epidemiological role of non-
toxigenic strains is under the question [44, 45].

Only toxigenic strains can cause respirato-
ry diphtheria, conversely nontoxigenic strains
can live in the organism without any clinical
manifestation or cause some other pathologic
states.

Recently, it was shown that nontoxigenic
strains are associated with cases of invasive
infection, particularly with endocarditis
[46–48]. These microorganisms also can be
associated with other invasive diseases, such
as septic arthritis and osteomyelitis [49], or
catheter-related infection [50]. 

The systemic diseases caused by C. diphthe-
riae often related to invasive clones. Invasive
diseases add new aspects to the infectious
processes caused by C. diphtheriae. Entry
of C. diphtheriae by invasive processes can be
caused by percutaneous trauma, skin and
throat colonization. Unlike classical diphthe-
ria, invasive disease caused by C. diphtheri-
ae affects both vaccinated and non-vaccinated
persons, and mostly induced by nontoxigenic
isolates.

The patterns of adherence to HEp-2 cells
(epidermoid carcinoma tissue from the larynx)
of C. diphtheriae strains can be used to predict
their invasive character [48, 51]. Invasive mic -
ro organisms yielded simultaneous expression
of localized adherence-like and aggregative-like
adherence patterns to HEp-2 cells. Microbial
adhesive properties may contribute to the
spread and outcome of invasive processes.

Diphtheria toxin. Since the discovery of
diphtheria toxin by Roux and Yersin in 1888
[52] it became one of the most extensively
studied bacterial toxins. The minimal lethal
dose of diphtheria toxin for humans and ani-
mals is below 0.1 mkg per kg of body weight
[53]. The delivery of a single molecule of diph-
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theria toxin to the cell is sufficient to kill a
eukaryotic cell [54].

Diphtheria toxin is an A-B type toxin con-
sisting of two fragments: A (active) and B
(binding) (Fig. 1). This protein consists of
three domains: catalytic C-domain, trans-
membrane T-domain and receptor-binding R-
domain. C-domain encompasses the fragment
A (SubA — subunit A), T-domain and R-
domain together constitute the fragment B
(SubB — subunit B) [55]. 

Receptor for DT (Fig. 2) is well characteri -
zed [56, 57]. Membrane-anchored precursor of
heparin-binding epidermal growth factor-like
growth factor (pro-HB-EGF) binds with toxin
with high affinity (Kd of approximately 
10–8 –10–9 M) [58]. DT is only one known nat-
ural ligand for pro-HB-EGF, which causes its
internalization.

HB-EGF is a member of the EGF family
growth factors, which has high affinity for
heparin and heparan sulfates [59]. Рro-HB-
EGF is synthesized as type I transmembrane
protein, which after processing by metallopro-
teases like ADAMs turns into soluble form
(sHB-EGF). sHB-EGF acts as ligand for the
EGF receptors of I and IV type, thus it is con-
sidered as a potent mitogen and chemoattrac-
tant for different cell types, including malig-
nant cells. 

The first step in intoxication of eukaryotic
cells by diphtheria toxin is binding of the
toxin to a specific cellular receptor pro-HB-
EGF. The fragment B of DT is responsible for
interaction with receptor on the cell surface
and translocation of the fragment A across
endosomal membrane into the cell cytosole.
Two domains of fragment B have different
functions. R-domain mediates binding of DT
to its surface receptor, which promotes endo-
cytosis of the toxin-receptor complex. T-do -
main facilitates C-domain translocation across
lipid bilayer. 

Upon endosome formation, endosomal low
pH induces conformational changes that
result in diphtheria toxin T-domain interac-
tion with the endosomal membrane [60]. 

Thereafter T-domain mediates transloca-
tion of C-domain into the cell cytosol. Mecha -
nism of C-domain translocation remains
unclear, but obvious that it depends on confor-
mational switching of T-domain and its affini-
ty to proteins in molten globule state.

After C-domain translocation across endo-
somal membrane, it restores the ability to
inactivate eukaryotic translation elongation
factor 2 (eEF2). Subunit A possesses ADP-
rybosyl transferase activity and specifically
inactivates eEF2. Accumulation of large num-
ber of inactivated eEF2 leads to inhibition of
cellular protein biosynthesis and cell death
[61].

The target  of ADP-dribosylation by diphthe-
ria toxin is unusual amino acid residue in eEF-2 -
diphthamide (a posttranslationally mo di fied
histidine). The diphthamide residue is unique
to EF-2 from eukaryotes and Archea [62].
Synthesis of diphthamide is a complex process
that requires the participation of several dif-
ferent proteins [63]. It has been suggested that
ADP ribosylation of diphthamide in EF-2 may
occur as a regulatory event in normal cellular
physiology, but evidence for the precise physi-
ological role of diphthamide in eukaryotes
remains unknown [64]. Mutant cell lines that
cannot produce diphthamide remain viable
and are resistant to diphtheria toxin [65].

Fig. 1. Schematic structure of diphtheria toxin
(DT)

Fig. 2. Schematic structure of the DT receptor —
heparin-binding EGF-like growth factor 

(HB-EGF) exposed on the cell surface in the form
of profactor.  (The Subunit B of DT binds to the

EGF-like domain of HB-EGF)
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There are several important questions
regarding DT functions remain to be investi-
gated, like mechanism of translocation of the
A fragment across endosomal membranes,
mechanism of rodent toxin-resistance, the
physiologic role of diphthamide residue of EF-
2 in eukaryotic cells, as well as mechanism of
immune recognition and protection mediated
by toxin-specific antibodies etc. 

Diphtheria toxin is responsible for the
local cell damage at site of bacterial coloniza-
tion as well as for distant toxic effect on
peripheral nervous system, kidneys and heart.
Apparently DT also helps bacteria to evade
immune defense mechanisms and to escape
from phagocytosis.  Thus, DT and probably
other surface structures of C. diphtheriae toxi -
genic strains show apoptogenic effect on mice
peritoneal macrophages in vitro[66]. Small
amounts of toxin can impair protein synthesis
in both polymorphonuclear leukocytes and
mononuclear cells from humans and guinea
pigs [67]. DT could penetrate into phagocytes
and B-cells specific to DT and kill these cells
even if they derived from toxin-resistant ani-
mals [68]. This observation confirms that DT
is potentially able to inhibit self-directed anti-
body response and phagocytosis and in this
way escape from host defense mechanisms.  

Additional bacterial virulence factors.
Despite that the role of DT in bacterial viru-
lence is well established, there are little known
about other virulence factors of C. diphtheriae.
These factors could be crucial for colonization
of the host and recognition of corresponding
host receptors since colonization is an essen-
tial step in pathogenesis. However, host cell
receptors and invasion-associated proteins of
the pathogen remains unknown. 

On the HEp-2 cell system was shown dis-
tinct patterns of bacterium adherence: an
aggregative, a localized and a diffuse [48, 51],
which confirm an existence of several adhe-
sion factors and different receptors on the
host cell surface. Some bacterial adhesion fac-
tors have been recently characterized on the
molecular level. Certain C. diphtheriae strains
able to express three types of pili (SpaA, SpaB
and SpaC) on its surface [69, 70], which are
sufficient for adhesion to pharynx cells. There
some additional proteins besides pili proteins
involved in adhesion to larynx, pharynx and
lung epithelial cells. For instance, C. diphthe-
riae invasion-associated protein (DIP1281)
involved in cell surface organization, adhesion
and internalization in epithelial cells [71]. In
addition, the disruption of the C. diphtheriae
DIP1621 gene leads to decreased adherence to

epithelial cells [72]. DIP0733 (67-72p) may be
directly implicated in bacterial invasion and
apoptosis of epithelial cells in the early stages
of diphtheria and C. diphtheriae invasive
infection [73]. Non-fimbrial surface protein
67-72p also involved in adhesion to human
erythrocytes. Iron supply has effect on bin -
ding properties of the microorganisms to ery-
throcytes as well as HEp-2 cells [74].

Number of studies suggesting the multi-
factorial mechanism of adhesion [75]. In addi-
tion, biofilm formation and fibrin deposition
may contribute to the persistence of C. diph-
theriae at the infected site [50]. 

Intracellular survivelance strategy.
C. diph theriae generally considered an extra-
cellular colonizer. However, some strains of
C. diphtheriae possess the ability to enter into
cells and to survive within cultured cells [51,
76]. C. diphtheriae strains can adhere to
epithelial cells and erythrocytes and has abili-
ty to survive within these cells. Probably,
C. diphtheriae strains might use epithelial
cells as an environmental niche supplying pro-
tection against antibodies and macrophages
[71]. Some C. diphtheriae strains even without
the tox gene exhibit strategies to survive with-
in macrophages and to exert apoptosis and
necrosis in human phagocytic cells [77].
Invasion of these cells is an active process;
tetracycline-treated C. diphtheriae was still
able to attach to host cells, but lost its ability
to invade the cytoplasm [78]. As rule, the
interaction between bacteria and macrophage
determines the outcome of most infectious dis-
eases. 

The ability of diphtheria infectious agent
to cause macrophage apoptosis is one of the
mechanisms of realization of its pathogenic
properties determined by the effect of diph-
theria exotoxin, as well as its surface struc-
tures and pathogenicity enzymes. The pre -
sence of the tox gene influences the
susceptibility of C. diphtheriae to human
macrophages and the outcome of non-opsonic
phagocytosis [77]. Analyses of molecular
mechanisms of non-opsonic phagocytosis
should lead to new approaches for the preven-
tion of diphtheria and systemic C. diphtheriae
infections. Homologous C. diphtheriaetox+ and
tox– strains can survive within U-937 human
macrophages but viable intracellular bacteria
can be detected after 24 hr only for the tox–

strain.
Pseudomembrane formation and coagu-

lase-like activity. The characteristic feature
of disease is a pseudomembrane formation
that usually covers the posterior pharynx and
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tonsils, which may also extend to the larynx
and lower respiratory tract [2, 79].
Pseudomembrane of respiratory diphtheria is
composed of fibrin matrix with incorporation
of bacteria, necrotic epithelial and inflamma-
tory cells, which adheres tightly to the under-
lying tissue [2]. The severity of the disease
usually related to the extent of the local infec-
tion, although the potential role of these
pseudomembranes in the maintenance of
viable C. diphtheriae is still uncharacterized.

Although fibrin pseudomembrane is a
characteristic feature of diphtheria, there is
little known about the fibrinogen-binding
properties and fibrin clot formation activity of
C. diphtheriae strains and the role of the DT in
these processes. The production of fibrinous
exudates may play an important role in deter-
mining of the pseudomembrane formation.
Diphtheria toxin generally considered as the
major factor responsible for local cellular
destruction and production of fibrinous exu-
dates, suggesting that the presence of bacte-
riophages carrying the diphtheria toxin gene
(tox) is essential for pseudomembrane forma-
tion. Recently reported property of C. diphthe-
riae iscoagulase-like activity. The capacity to
bind to fibrinogen and to convert fibrinogen to
fibrin may play a role in pseudomembrane for-
mation and act as virulence determinants for
both nontoxigenic and toxigenic strains [43].

Consequently, production of DT is impor-
tant for the epithelial cell damage and produc-
tion of fibrinous exudates, while coagulase-
like activity of C. diphtheriae may be
important forfibrin polymerization. That is
why we could consider DT as molecular instru-
ment used by C. diphtheriae at the site of colo-
nization for the partial epithelial cell damage
in order to get small portion of fibrinogen
from the blood for the fibrin formation. After
short bleeding, the production of DT is inhibit-
ing by iron ions from incoming hemoglobin.
DT also can get to the blood circulation via
damaged epithelia and thus cause severe sys-
temic toxic effects. Diphtheria toxin exerts its
effects on distant tissues and organs, especial-
ly the heart (causing myocarditis), and the
peripheral and cranial nerves (causing weak-
ness progressing to paralysis), if absorbed
from the site of infection. 

Assessment of anti-diphtheria protection

Serologic methods of diphtheria diagnosis
based on the detection of diphtheria toxin or
on increased level of antitoxic antibodies.
Therefore, measurement of antitoxin level in

diphtheria patients could provide important
clinical information about course of infection.

In addition, determination of anti-toxin
antibodies is essential for characterization of
the immune status of population, and evalua-
tion of the immunogenicity of diphtheria vac-
cines in clinical trials, as well as for monito -
ring long-term immunity and thus provides
recommendations for vaccination policy. Data
obtained from serological studies serve as an
important guide in choosing of local strategy
of vaccination. Detecting the existence of a
cohort of susceptible subjects can predict the
risks for disease outbreaks. Therefore, it is of
critical importance to have methods for
assessment of anti-diphtheria immunity that
are accurate, reproducible, specific, and sensi-
tive.

Most symptoms of diphtheria are resulted
from the diphtheria toxin action; therefore,
protection against disease depends on anti-
body level against the toxin (antitoxin). The
assessment of the anti-diphtheria protection
in healthy population is common for a surveil-
lance system within any National Program of
Immunization. According to the Order № 545
of Ministry of Health of Ukraine from
24.11.2003 «About Ukrainian population
immunity against diphtheria and tetanus»,
clinicists also need «to provide annual studies
of population immunity to diphtheria and
tetanus among healthy population (1.2.)»

Antitoxic antibodies probably play a main
role in the immunity against diphtheria.
Serum titers of antitoxin usually are
expressed in International Units per milliliter
(IU/ml) according to the diphtheria antitoxin
standard. The cut-off of protective serum
level of antitoxin is 0.01 IU per ml. (but it also
depends on the method of titer determina-
tion). As believed, the powerful anti-toxin
immunity (>1.0 IU/ml) can completely pro-
tects the body from infection caused by toxi-
genic strains. Although, the very little is
known about protection associated with non-
toxigenic strains. 

Classical serological tests tend to underes-
timate low concentrations of diphtheria anti-
body. That is why antitoxin level under 0.1 IU
per ml could not be defined precisely in many
laboratories where hemagglutination test is
used for this purposes. In clinical interpreta-
tion of results, antibody titers classified into
one of the following categories: insufficient
protection (<0.1 IU/ml), satisfactory protec-
tion (0.1–1.0 IU/ml) and high levels of protec-
tion (>1.0 IU/ml) [44]. However, with more
reliable techniques it is possible to define an
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additional categories like short-term protec-
tion (0.01–0.1IU/ml) and no protection
(<0.01 IU/ml).

Numerous in vivo and in vitro tests for the
measuring of diphtheria antitoxin levels in
serum have been standardized and implement-
ed for laboratory practice. Among the in vivo
protocols are the Schick test in humans and
the classical toxin neutralization (TN) assay in
rabbits or guinea pigs. There is also the in
vitro toxin neutralization test in microcell cul-
ture plates using highly sensitive Vero (green
monkey renal epithelium) cell line [80].
Several in vitro serologic techniques for diph-
theria antitoxin determination are described
[81]. 

Toxin neutralization tests. DT is a toxic
agent that can kill eukaryotic cells and can
cause systemic reaction in sensitive orga -
nisms. Protective antibodies can block specific
binding of DT to cell receptor and therefore to
protect the cell and the body from toxic action
of DT. Existing toxin neutralization tests
exploit in vivo or in vivo models oftoxicity for
measuring the level of antitoxin by dose-
depended neutralization effect.

DT can cause in vivo inflammatory
response when injected in small doses intracu-
taneously into the skin of humans or sensitive
animals. The ability of specific antibodies to
prevent this reaction can be utilized to deter-
mine the activity of antitoxin. Thus, the in
vivo neutralization tests show the functional
capacity of antibody to neutralize toxin in live
organisms. 

One of the first methods to estimate immu-
nity against diphtheria in humans was intra-
dermal Schick test with active diphtheria
toxin [82]. Bйla Schick designed this test in
1913 as an approach to determine susceptibili-
ty to diphtheria in children. This method
allows controlling the population immunity
against diphtheria. At that point, immuniza-
tion was available for those who had never
been naturally immunized by exposing to live
diphtheria bacilli. This test eventually led to
the eradication of the childhood disease, made
Bйla Schick world famous [83].

The Schick test involves injecting a very
small amounts (0.1 ml of diluted 1/50 MLD for
the guinea pigs) of the toxin into the skin of
the forearm and evaluating the reaction at the
injection site after 48 hours [84]. The result of
positive test manifested in inflammatory reac-
tion indicates susceptibility to diphtheria,
whereas result of negative test without any
reaction indicates immunity (antibody neu-
tralizes toxin). A control injection with inacti-

vated toxin had to be performed to exclude
allergic reactions to toxin. Schick test results
usually correlate well with serum antitoxin
levels. The average antitoxin level up to
0.1–0.3 IU/mL is corresponded to the nega-
tive Schick test reaction when antibodies can
completely neutralize injected toxin. However
this test is no longer used in healthcare due to
safety requirements, painful effect when
results are positive, time-consuming, need for
two visits, occurrence of pseudo negative reac-
tion, etc. Currently, passive hemagglutination
reaction with red blood cells is commonly used
for this purpose.

There are several biological tests on sensi-
tive animals are also available to quantify the
level of antitoxin. The in vivo neutralization
tests can be performed on rabbits (Jensen,
1933) or guinea-pigs (Glenny & Llewellyn-
Jones, 1931). Different dilutions of serum
mixed with fixed amounts of diphtheria toxin
can be injected into the depilated skin of the
animal, and the antitoxin concentration could
be estimated based on the presence or absence
of an inflammatory reaction. The in vivo toxin
neutralization test using guinea pigs or rab-
bits is referred as the «gold standard» method
for determining protective levels of antitoxin
in serum. The toxin neutralization assay has
been recognized as an accurate and sensitive
test able to detect antitoxin levels as low as
0.001 IU/mL [85]. However, this test requires
large numbers of animals, relatively large vol-
umes of serum as well as specialized facilities
and personnel trained to work with animals.
Therefore, this test is highly expensive and
time-consuming, thus it is not convenient for
practical use in serological diagnosis or epi-
demiological monitoring. 

Consequently, in vitro methods as alterna-
tive to in vivo approaches can reduce time,
costs and improve animal welfare. In vitro
tests with cultured cells (neutralization test
on microcell culture) have been developed as
“humane” alternatives to the in vivo test for
detection of diphtheria antitoxin [86]. The
ability of diphtheria toxin to cause cell death
in cultured mammalian cells used to determine
diphtheria toxin or antitoxin amounts.
Thisneutralization test based on the observa-
tion that the presence of antitoxin in serum
samples can promote survival of sensitive
mammalian cells in culture treated with DT in
dose-dependent manner. 

Vero cells [87] commonly used in neutral-
ization tests in vitro are most sensitive to
diphtheria toxin cells since they have largest
numbers of receptors on their surface [88].
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Results of in vitro neutralization test read as a
change in color of the medium (from red to yel-
low) in the cell-culture plate wells after
3–4 days of incubation. Only alive cells can
change the medium color due to the metabolic
formation of acid, which changes the pH of
medium. Treated with DT cells retain their
ability to grow when serum samples contains
antitoxin in sufficient amount [80].

The in vitro neutralization test in microcell
culture is highly sensitive (minimum
detectable level is 0.005 IU/mL) and provides
comparable results to in vivo neutralization
test on guinea pig and rabbit skin [89–91].
Thus, the Vero cell toxin neutralization assay
is recommended by World Health Organiza -
tion and European Pharmacopeia as in vitro
alternative method for guinea pig assay for
potency testing of vaccines [92, 93].

Alternatively, cell culture test without
native DT use was proposed. In these test
native DT replaced with recombinant fusion
protein consisting of B-subunit of DT and
enhanced green fluorescent protein (EGFP-
SubB) (Fig. 3). This protein was able to bind to
DT receptor on Vero cells surface, but had no
toxicity due to absence of C-domain [94]. This
method based on the ability of anti-toxin anti-
bodies to block the binding of fluorescently-
labeled recombinant B subunit of DT to the cell
surface receptor of Vero cells [95]. We called
this method Vero-cell based toxin-binding
inhibition test (Vero-ToBI). Proposed in vitro
method for quantitative evaluation of protec-
tive antibodies in sera is significantly rapid
than existing tests and not require native DT. 

Most important practical issues with all
cell-culture tests are the relatively high comp -
lexity and time-consuming of the procedure,
skilled staff and special laboratory equipment
requirements. Therefore, a number of diag-
nostic laboratories may prefer to use more
simplified format of diagnostic kits like sero-
logical assays. 

Serological tests. For diagnostic and mo -
nitoring purposes, serological test can offer
significant advantages in terms of cost, speed,
ease of use and adaptability to automation.
There are a number of serological methods for
the estimation of antitoxin level available, like
the passive hemagglutination assay [96] and
the latex agglutination test [97], toxoid or
toxin based ELISA, the double-antigen ELISA
[98] and the double-antigen dissociation-
enhanced lanthanide fluorescence immunoas-
say [99], as well as the toxin binding inhibition
assay [100] and multiplex assay [101] etc. 

Currently, passive hemagglutination reac-
tion (PHA) with red blood cells is still the most
frequently used method in many laboratories
for the detection of anti-toxin antibodies. The
PHA test use coated with diphtheria toxoid
sheep red blood cells for agglutination by diph-
theria antitoxin [96, 102, 103]. Overall it is
relatively simple and inexpensive method, but
there is poor correlation of PHA with contem-
porary toxin neutralization tests, which con-
sidered as standard reference methods. In
addition, PHA test tends to underestimate low
concentrations of antitoxin [104], lacks sensi-
tivity and obviously needs improvement or
replacement [81, 105]. Therefore, new assays
for the detection of diphtheria antitoxin levels
in the population extremely desirable.

An enzyme-linked immunosorbent assay
can make the good alternative to PHA for the
detection of anti-toxin antibodies. The indi-
rect ELISA which is the simplest variant of
this assay involves the estimation of antitoxin
bounded to diphtheria toxin (or toxoid)
adsorbed on ELISA plates [106]. The almost
exact correlations between both the Toxoid-
ELISA and the Toxin–ELISA were indicated
[81]. Indirect ELISA tests in addition have the
ability to measure class-specific antibodies
such as IgG, IgM or IgA. 

Results of the ELISA have high reliability
and reproducibility. When the antibody titer
is >0.1 IU/mL results of ELISA have good cor-
relation with results of the neutralization
tests in guinea-pigs [107] or in tissue cul-
ture[108], however there is poorer correlation
with results of the neutralization test when
the antibody titer is lower 0.1 IU/mL. 

Fig. 3. The Vero-cell based toxin-binding inhibi-
tion test. This method is based on the ability of

anti-toxin antibodies to block the binding of fluo-
rescently-labeled recombinant B subunit of DT to

the cell surface receptor. This process could be
measured by flow-cytometry
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Better correlation can be achieved with
modified ELISA tests [98, 100, 107] like the
toxin binding inhibition test (ToBI-test) and
the double-antigen ELISA, however potential
drawback of these tests is inability to measure
class-specific antibodies. 

In the double antigen format of serologic
tests one arm of the antibody binds to antigen
immobilized on the plate and the other arm
binds to labeled antigen providing enzymatic
(DAE — double-antigen ELISA) [98] or fluo-
rescent signal (DELFIA — dissociation-
enhanced lanthanide fluorescence immunoas-
say) [99]. These assays showed a good
correlation with established toxin neutraliza-
tion assays. In addition, the double antigen
system is indifferent for origin of serum per-
mitting the use of calibration standard serum
of animal origin to measure antitoxin levels in
humans in international units (IU/ml). The
detection limit for DELFIA format with Eu3+-
labeled toxoids corresponded to 0.0003 IU/ml.
This fast with a high capacity assays can be
alternative to above mentioned methods in
serological surveillance studies [99].

High sensitivity and specificity together
with the highest correlation with the reference
test has ToBI–ELISA. The toxin binding inhi-
bition test (ToBI-test) based on inhibition of
the binding of toxin to an antitoxin-coated
immunoassay ELISA plate by free antitoxic
antibodies[100]. Consequently, the ToBI-test
resembles classical sandwich-ELISA combined
with competition assay. Antitoxin titers as
low as 0.002 IU/ml were detectable by the
ToBI-test, it is far below the level considered
to be protective for human [100]. The ToBI-
test shows good correlation (r = 0.91–0.93)
with the in vitro neutralization test on Vero
cells [100]. From samples with a titer below
0.1 IU/ ml, as estimated by the reference test,
96% were correctly identified by the
ToBI–ELISA [81]. Antibody affinity thought
to be a key factor to influence the resulting
relative antibody titer in ToBI-test [109].

Apparently, determination of antibody
titer against the whole toxin molecule cannot
provide information about the precise con-
tents of protective antibodies. Protective
properties are inherent mainly to the antibod-
ies against B-subunit of the toxin, because
only these antibodies can inhibit the toxin
binding to the receptor. Antitoxic antibodies
to A-subunit of DT often predominate over
antibodies to B-subunit in children with diph-
theria (as opposed to carriers and vaccinated
children) (Fig. 4) [110]. Therefore, recombi-
nant A- and B-subunits of DT [111] was pro-

posed to use in ELISA and flow chromatogra-
phy test-systems for diphtheria diagnosis and
for monitoring of vaccine efficiency. Dif fe ren -
tial assessment of antibodies to distinct DT
fragments with recombinant analogues of A
and B subunits can be used for a rough evalua-
tion of protective anti-diphtheria antibodies.
In addition, the information regarding level of
antibodies to A-fragment of DT provides indi-
rect information about the contact of the per-
son with DT during naturally occurred immu-
nization process.

Recombinant soluble form of DT receptor
sHB-EGF was proposed to use instead capture
antibodies in sandwich ELISA for functionally
active DT detection. Affinity constant for
interaction of recombinant sHB-EGF with DT
was similar to the affinity of natural sHB-EGF
with DT. The developed sandwich ELISA
allowed detection DT with sensitivity up to
1.9 ng/ml [112]. Another test-system for the
detection of protective antibodies against DT
was based on the competitive ligand-receptor
enzyme immunoassay. Recombinant DT recep-
tor sHB-EGF as the bottom layer (bait) and the
enzyme-labeled toxin B-subunit as the second
layer (prey) allowed identifying anti-toxin
antibodies with protective properties (able to
prevent the toxin-receptor interaction)
(Fig. 5).

Developed methods for evaluation of pro-
tective anti-diphtheria immunity can be applied
in clinics for monitoring the effectiveness of
vaccination within the healthy population, as
well as in search for new means of anti-diph-
theria immunotherapy and immunoprophy-
laxis. (Fig. 6)

Fig. 4. The specificity of serum antibodies to sepa-
rated subunits of diphtheria toxin.

1 — patients with diphtheria; 
2 — carriers of toxigenic strains of C. diphtheriae;
3 — carriers of non-toxigenic strains of C. diph-

theriae; 
4 — healthy volunters immunized with DTP-vaccine 

1          2           3         4

%
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Immunity to diphtheria

Diphtheria toxin produced by C. diphtheri-
ae during the disease or the carrier state has
ability to induce production of naturally
acquired antibodies against the toxin (anti -
toxin). Artificial immunity to diphtheria can
be stimulated with diphtheria toxoid immu-
nization. Antitoxin can pass through the pla-
centa providing passive immunity to the
infant during the first months of life. Patients
can acquire passive immunity to diphtheria by
injection of equine antitoxin in course of the
disease therapy. 

As supposed, the primary role in the pro-
tection against diphtheria belongs to the anti-
bodies of IgG class, but protection potential of
IgA and IgM antibodies is remains underesti-
mated. As mentioned earlier, antibodies to B-
fragment of DT are more protective than anti-
bodies to A-fragment. 

Recovery from diphtheria is also associat-
ed with activity of phagocytes at site of infec-

tion. However, there is little known about cell-
mediated immune responses to toxin or toxoid
and other antigenic substances of C. diphthe riae.

Passive immunity to diphtheria. Passive
immunity to diphtheria can occur naturally
when maternal antibodies are transferred to
the fetus through the placenta. Thus, most
infants have protective antitoxin level
acquired passively from their mothers [113].
However, the half-life of passively acquired
antitoxin by newborns is about 30 days [114],
thus level of these antibodies significantly
decreases between 6 and 12 months. Mothers
and their infants have highest diphtheria anti-
toxin titers (above 0.1 IU/ml) in areas with
normal circulation of toxigenic C. diphtheriae
in population [115]. 

High titers of maternal antibodies can
interfere with serologic response of infants to
diphtheria vaccination. The modifying effect
of passively-acquired maternal antibodies in
young infants is strongest under the age of
4 weeks [116]. High titers of passively trans-
ferred antibodies may temporarily interfere
with active immunization of infants
[117, 118]. Maternal transferredantibodies
may suppress responses to the first or second
vaccination [119]. Thus in the countries where
circulation of toxigenic C. diphtheriae is com-
mon the early immunization of infant is not so
effective due to the presence of high level of
maternal antitoxin. At the other hand, early
immunization of these infants can deplete
their passive immunity due to the absorbance
of maternal antibodies by injected toxoid.

Equine diphtheria antitoxin and other
antidotes. Passive immunity to diphtheria can
be also induced artificially, when high levels
of horse antibodies (DAT — diphtheria anti-
toxin) specific for toxin are transferred to
non-immune individuals in order to prevent or
cure disease [120]. DAT neutralizes circula -
ting toxin and can prevent progression of the
disease. However, DAT could not directly kill
live microorganism colonizing mucous epithe-
lia. Therefore, additional treatment with
antibiotics required. 

This antitoxin was first used in 1890s for
prevention of the disease [121–123]; however,
modern application of DAT involves only the
diphtheria treatment, but not its prophylaxis
[124]. Patients with diphtheria suspected have
to be given antitoxin and antibiotics in ade-
quate dosage and placed into isolation. The
treatment with DAT has serious drawbacks
resulted in serum sickness, an immune comp -
lex disease, thus a better treatment for diph-
theria patients remains desirable [125]. 

Fig. 5. The competitive ligand-receptor enzyme
immunoassay for the detection of protective anti-
bodies against DT. Application of recombinant DT
receptor (HB-EGF) as the bottom layer (bait) and
the enzyme-labeled toxin B-subunit as the second
layer (prey) allows to identify anti-toxin antibod-
ies with protective properties able to prevent the

toxin-receptor interaction

Fig. 6. Kit for the detection of protective 
antibodies against DT based on the competitive

ligand-receptor enzyme immunoassay
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Ways to reduce immunogenicity and
allergenicity of therapeutic equine antibod-
ies are to decrease their molecular mass, to
modify their Fc fragment and/or to human-
ize them. Therefore, monoclonal human
antibodies, humanized rabbit or mouse anti-
bodies, recombinant single chain fragment
variable (scFv) antibodies with molecular
mass of 25–35 kDa and camel nanobodies
with molecular mass of 15 kDa are now con-
sidered as perspective toxin-neutralizing
agents [126].

Antibody gene cloning coupled with phage
display technique seems to be a relatively
fresh solution for the issue of developing bet-
ter therapeutic means. Generated antitoxic
murine and human scFv antibodies have high
affinity constants to B-subunit of DT (up to
109 M–1) and could neutralize toxin binding to
its receptor [127, 128]. Therefore, recombi-
nant scFv antibodies against DT can be uti-
lized for developing new therapeutic reagents. 

Another concept of diphtheria treatment is
based on preventing diphtheria toxin binding
to its cellular receptor pro-HB-EGF by the so -
luble form of HB-EGF. In order to minimize its
side effects sHB-EGF lacking grows-factor
activity proposed [129]. 

Natural acquired active immunity to
diphtheria occurs when a person is exposed to
a live pathogen, and develops a primary
immune response, which leads to immunologi-
cal memory. When toxigenic C. diphtheriae
commonly circulated in population natural
immunity to diphtheria can be acquired with
unapparent infection. Subsequently immunity
rise rapidly in early childhood reflecting
increasing exposure to diphtheria microorgan-
isms. In the pre-vaccination era diphtheria
was primarily an infection of children. At
some developing countries at the age of 10–15
years almost all individuals had natural
acquired immunity to diphtheria [130–132].
This pattern was observed in Europe and the
United States in pre-vaccination era [133,
134] and in develo ping countries until nowa-
days. 

Residual coetaneous diphtheria is consi -
dered as an ongoing source of natural immuni-
ty, but insufficient data are available regar -
ding the current prevalence of skin infections
[135, 136]. Furthermore, exposure to live
C. diphtheriae can determine natural boosting
of diphtheria immunity after vaccination. The
low level of antitoxin among adults in devel-
oped countries may result from reduced expo-
sure to live toxigenic microorganisms and
thus reduced opportunity to acquire naturally

immunity [15] (Schou et al., 1987; Simonsen
et al., 1987; Simonsen, 1989). That is why the
schoolchildren in developed countries some-
time have low titers of antitoxin.. Thus, many
authors emphasize the urgency of general
revaccination against diphtheria of school-
children and adults [137–142]. 

Vaccines. Invention of toxoid in 1923 by
Gaston Ramon provided safe and effective
means for vaccination [143]. Formaldehyde
treatment of DT eliminates its enzymatic
activity and ability to bind to cell receptor, but
retains its antigenic properties. In addition,
formaldehyde treatment enhances immuno-
genicity of toxoid while preserving its struc-
tural integrity and ability to induce highly
active toxin-neutralizing antibodies [144,
145]. Such treatment converts toxic DT to
harmless toxoid, which is widely used for
immunization against diphtheria. Diphtheria
toxoid is still the basis of current anti-diph-
theria vaccines. Diphtheria toxoid in vaccines
presented most commonly alone or in combina-
tion with tetanus toxoid (TD or Td) and whole
cell pertussis (DTwP) or acellular pertussis
(DTaP) formulations. Addition of aluminum
salts as adjuvant increases immunogenicity of
this vaccine preparations. DTwP was licensed
in 1949 and DTaP — in 1981. Other combined
vaccine with diphtheria toxoid may include
combination of DTP with poliomyelitis virus
vaccine (tetra-component formulation) or with
vaccines against Haemophilus influenzae type B
and hepatitis B (penta-component formulation).

The dosage diphtheria toxoid is measured in
flocculation (Lf) units. The Lf unit is used to
control quality of produced diphtheria toxoid
and to confirm antigenic purity and content of
toxoid prior to use in vaccine formulations
[146]. It can also be used for determination
antigen content in the final products. The 1st
International Reference Reagent (IRR) of
Diphtheria Toxoid for Flocculation Test (DIFT)
was established by the WHO in 1988. This
reagent is essential for the standardization of
assays used to calculate Lf units of toxoids.

Vaccines for children under 7 years of age
usually contain 7.5–25 Lf of toxoid per dose
while vaccines for schoolchildren and adults
contain 2–3 Lf per dose [44]. Diphtheria vac-
cine for adults is typically prepared without
pertussis component (Td). 

Non-toxic mutants of diphtheria toxin are
considered as possible alternatives to the
formaldehyde treated toxoid. These mutants
called CRMs (cross-reactive materials) are nat-
urally nontoxic and do not require chemical
inactivation. Most promising antigen among
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them is CRM197, which is an enzymatically inac-
tive and nontoxic form of diphtheria toxin that
contains a single amino acid substitution (G52E)
in the enzymatic A subunit [147]. Currently
CRM197 is used as the carrier protein in several
licensed polysaccharide-protein conjugate vac-
cines, for example pneumococcal conjugate vac-
cine (Prevnar, Synflorix etc.). However, it is
considered as antigen for immunization against
diphtheria [148]. In addition, new vaccines based
on CRM197 and directed against diphtheria are
also being developed [149, 150].

Instead of diphtheria toxoid and CRM197
for immunization against diphtheria non-toxic
recombinant subunits of diphtheria toxin can be
considered as potential antigens to elicit
immune response to distinct parts of DT mole-
cule. Preliminary immunization with DT B-sub-
unit was able to protect sensitive to DT animals
from toxin action [95]. Recom bi nant B subunit
had great potential to elicit protective immune
response in immunized organisms, which allow
considering this antigen as prospective compo-
nent for future vaccine development.

The current diphtheria vaccines are deli -
vered by parenteral route. They can induce
high level of antitoxin, mainly IgG, which pre-
vent systemic spread of the toxin. IgG anti-
bodies also may exert a local protective effect,
probably through transudation at the mucosal
surfaces at site of bacterial colonization.
However, IgA antibodies play more important
role in the protection of mucosal surfaces of
the body from mucosal-associated pathogens
like C. diphtheriae. Mucosal vaccines can
induce an immune response that more closely
resembles natural immunity. In animal models
of immunization, the nasal route of toxoid or
CRM197 administration appears to have the
advantage of inducing IgA mucosal response,
making it highly attractive for the delivery of
vaccines [151, 152]. However, the immunity to
diphtheria in human subjects usually estimated
in IU by the formation of protective serum IgG
or IgM levels of immunoglobulin, but there are
no accepted criteria for evaluation of toxin-
neutralizing activity of secretory IgA response.
This circumstance significantly slows down the
progress in intranasal vaccine approval. 

Vaccination schedules. The World Health
Organization introduced Expanded Program -
me on Immunization (EPI) with the aim to
make vaccination available to all child ren
throughout the World [153, 154]. The WHO
recommendation for primary immunization of
infants includes administration of three doses
of DTP vaccine at the age of 6, 10 and 14 weeks
(WHO, 2006) [44]. Generally accepted, that

after three DTP vaccinations almost all chil-
dren can achieve antibody levels higher than
0.01 IU/mL [44, 155]. 

However, there is no universal schedule
for immunization against diphtheria appro-
priate for each country. The choice of a right
schedule depends on the epidemiological pat-
tern of diphtheria in defined territory. In
developing countries where the reservoir of
C. diphtheriae remains large and natural
immunity plays significant role in protection
against the disease, the first priority of WHO
is to ensure 90% coverage of infants with the
primary series of three doses of DPT vaccine.
In developed countries, primary immuniza-
tion usually consists of 3 doses of DPT vaccine
given at intervals of one month from 2nd or
3rd months of age, and boosted by a fourth
dose given in the second year of life or later
[44]. According to the Ukrainian schedule of
immunization primary series of DPT vaccine
was given at 3rd, 4th, and 5th months of age,
and a booster dose was administered at
18 months of age [Order of the Ministry of
Health of Ukraine № 595 from 16.09.2011
«On the procedure of vaccination in Ukraine
and quality control and circulation of medical
immunobiological preparations»].

Unfortunately, in developed countries anti-
toxin serum concentration in infants shows a
dramatic decline after the primary series of vac-
cinations. For example, infants vaccinated
against diphtheria at the ages of 3, 5 and 12
months according the Swedish vaccination
schedule results incessary for long-term protec-
tion (titers 0.1 IU/ml) [156]. The decline of the
antibody titers indicates a necessity of further
studies to establish the duration of protection.

In countries with high rates of infant vac-
cination, the cases of diphtheria during child-
hood significantly declined. On the other
hand, this leads to disappearing of toxigenic
strains of C. diphtheriae circulating in popula-
tion, which results in declining of antibody lev-
els with age. Populations with high rates of
infant vaccination can acquire susceptibility to
outbreaks of diphtheria among adults, because
their post-vaccination immunity decreased
without permanent contact with toxigenic
strains. Therefore, WHO recommend for
industrialized countries to include additional
boosters of DTP vaccine to the primary series
of infancy immunization in order to compen-
sate the loss of naturally acquired boosting.
Various national immunization schedules pro-
pose two booster doses: one during the second
year of life and a second before school entry. In
addition, people living in non-endemic areas
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may require additional boosters every 10 years
period to retain all-time protection. Typically,
a booster dose administered any time stimu-
lates strong antitoxin production with mean
levels above 1.0 IU/mL [44, 142, 157].

The Ukrainian schedule of immunization
offers quite a lot of booster doses: one at
18 months of age and a second at six years of
age, then at 14, 18, 23, 28 years of age and
additional boosters at about 10-year intervals
to maintain life-long protection [Order of the
Ministry of Health of Ukraine № 595 from
16.09.2011]. Serological monitoring of anti-
toxin titers in population can be helpful tool
for improving current immunization schedule. 

Epidemiology. Economic and cultural
changes including improved sanitation and
hygiene may change the epidemiologic patterns
of diphtheria [158]. Today diphtheria evolves
from children’s disease into disease affecting
predominantly adults, with severe respiratory
forms of infection. Outbreaks of diphtheria can
reemerge until population-wide immunity will
be restored by naturally acquired immunization
or by broad vaccination of adults [15]. 

Current vaccines are very effective in pre-
venting from severe forms of infection and
infection-caused death, but they are not so
effective against mild diseases or asymptomatic
carrier states. Their effectiveness in protection
from infection is estimated only at 70–90%.
Diphtheria outbreaks still can occur among
highly vaccinated populations [159, 160].

It is assumed that there is no exactly defined
level of antitoxin that gives complete protection
from infection, and same antitoxin titers may
give diverse protection in different subjects.
Thus, an antibody concentration from 0.01 to
0.1 IU/ml may be considered as basic protection,
whereas a higher titer of antitoxin may be need-
ed for complete protection. Asymptomatic diph-
theria carriers show high antitoxin titers [161].

Human cases or carriers are the reservoir
for this infection. In general, total immuniza-
tion resulted in considerable reduction of
diphtheria incidences. It also results in some
changes in the immune profile of various age
groups following reduction of circulation of
toxigenic strains. It is believed, that circulat-
ing toxigenic strains can provide opportuni-
ties for natural boosting and maintenance of
immunity to infection. Adults become more
susceptible to diphtheria due to reduced
opportunities to keep high immunity through
subclinical infections. Protective antibody
levels decreases with age, thus in some devel-
oped countries, less than 50% of adults could
be immune to diphtheria. The age groups with

the lowest level of diphtheria antibodies are
20–40 year old or older [15, 44]. A large pool
of susceptible persons creates an epidemic
potential. In some countries, old persons are
still immune to diphtheria, and this is proba-
bly due to natural immunity.

Numerous studies have indicated that
immunization against diphtheria toxin does
not protect from the challenge of non-toxigenic
C. diphtheriae strains. In highly immunized
populations, toxigenic strains virtually disap-
pear, although non-toxigenic strains may con-
tinue to circulate [42]. Among them the emer-
gence of invasive non-toxigenic clones of
C. diphtheriae [41, 162] has been described, but
role of this infection as a potential source for
respiratory diphtheria remains unclear.

Lessons from the diphtheria epidemic in
the Former Soviet Union. Diphtheria was well
controlled in the Soviet Union due to well-
established childhood vaccination program
initiated in the late 1950s. The huge recur-
rence of diphtheria at the former Soviet Union
Countries was the first large-scale diphtheria
epidemic in developed countries in vaccination
era. Diphtheria incidence started to increase
in those countries in the early 1980s, reached
its first peak in 1983 to 1985 and its second
peak in 1994 to 1995. Epidemic factors were a
large population of susceptible adults and child -
ren due to decreased immunization coverage,
terrible socioeconomic conditions and return-
ing of the military forces from Afghanistan
where diphtheria was endemic[163–165]. 

Due to the reappearance of the epidemic
diphtheria in the Newly Independent States in
1990, the European Laboratory Working
Group on Diphtheria was established in 1993
[166]. In 2006, diphtheria surveillance net-
work has been expanded and become officially
recognized by the European Commission as a
dedicated surveillance network, called DIP-
NET, covering 25 European countries as mem-
bers. One of the main goals of this network is
the evaluation and standardization of labora-
tory methods for diagnosis of diphtheria,
especially due to the fact that diphtheria has
become a rare disease in the majority of the
participating countries [167].

Conclusions and Future Directions

Diphtheria was a major cause of childhood
mortality in the pre-vaccination era. Routine
childhood vaccination virtually eliminated
diphtheria in most of industrialized countries.
But outbreaks of diphtheria still occur in non-
immunized and immunocompromised groups
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even in developed countries. Today it is clear
that high immunization coverage, prompt
diagnostics and rapid identification of close
contacts are principal things in controll of diph-
theria outbreaks. Nevertheless, deeper under-
standing of the molecular mechanisms of bacte-
rial pathogenesis is still required for efficient
struggle nith the complete combating disease.

Diphtheria represents a unique model for
the study of the host-microbe interaction due to
phage-encoding mechanism of DT production.
Most symptoms of diphtheria are resulted from
the diphtheria toxin, which is a product of
phage genome. Therefore, immunity against
disease is antitoxin-mediated. It is believed that
potent humoral immune response to DT can
provide the full protection of the body against
disease. Peculiarities of humoral immune
response also determine current form of diph-
theria infection and carrier state.  However it is
still unclear how the antibodies to extracellular
secreted protein can help to eliminate bacterial
cells. At the other hand it is apparent that anti-
toxic immunity could not provide protection
against nontoxigenic strains, which could rep-
resent the dormant source of pathogen for the
possible outbreaks of the disease. 

The major characterized virulence factor
of C. diphtheriae diphtheria toxin helps bacte-
ria to invade the host, cause disease and evade
host defense mechanisms. Years of study of
the structure and function of DT have made its
one of the best characterized bacterial protein
toxins. But the identification of other viru-
lence factors are still needed for complete
understanding of the full picture of bacterial
pathogenesis, including bacterial adhesion to
the cells and spreading through the body by

invasive process, biofilm formation and fibrin
polymerization, intracellular viability and deal
host defense mechanisms.  Several experimen-
tal systems are available to clarify the mecha-
nisms underlying C. diphtheriae infections: in
vivo tests on rabbits and guinea pigs and in vitro
tests on sensitive cell lines. Other opportunities
can provide genomic information and post-
genomic comparative analysis of different iso-
lates with different pathogenic potential.

There are many important questions have
been raised by recent epidemic of diphtheria in
the Newly Independent States of the former
Soviet Union and current outbreaks of the disea -
se. First, this epidemic emphasized the necessi-
ties for new rapid diagnostic kits and new vacci-
nation surveillance system for prevention of the
disease and reducing the risk of the disease
among children and adults in future.

Determination of anti-toxin antibodies
during vaccination is essential step for the
characterization of the immune status of popu-
lation and monitoring long-term immunity.
Such information could provide advanced rec-
ommendations for vaccination policy and can
predict the spread of future diphtheria epi-
demics. Accurate determination of anti-diph-
theria toxin antibodies is essential to establish
susceptible cohorts and to obtain reliable infor-
mation on the immune status of a given person
in population. Therefore, it is of critical impor-
tance to develop new serological methods for
this purpose that will be fast and specific.

The further understanding of the host
immune response to C. diphtheriae will sug-
gest novel strategies for treatment and pre-
vention of diphtheria, along with infections
caused by nontoxigenic C. diphtheriae strains.
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НОВІ ПІДХОДИ ДО ПРОФІЛАКТИКИ,

ДІАГНОСТИКИ ТА ЛІКУВАННЯ
ЗАХВОРЮВАННЯ

Колибо Д. В.
Лабинцев А. А.
Романюк С. І.

Кобернюк А. А.
Олійник О. М.

Короткевич Н. В.
Комісаренко С. В.

Інститут біохімії ім. О. В. Палладіна
НАН України, Київ, Україна

E-mail: kolibo@biochem.kiev.ua

Дифтерія є висококонтагіозним і небезпеч-
ним для життя бактеріальним токсинопосе-
редкованим захворюванням, яке спричиню-
ється токсигенними штамами Corynebacterium
diphtheria, трансформованими бактеріофагом,
який несе ген токсину. Збудник дифтерії та
його основний фактор вірулентності — дифте-
рійний токсин досить добре вивчені, проте спа-
лахи цього захворювання ще й досі виникають
в усьому світі. На цей час бурхливий розвиток
нових методів у галузі імунології та молеку-
лярної біології сприяє удосконаленню профі-
лактики, діагностики та лікування дифтерії.

В огляді висвітлено мікробіологічні, епіде-
міологічні, а також імунологічні аспекти диф-
терійної інфекції, роль дифтерійного токсину
та інших факторів вірулентності в патогенезі
захворювання, роль гуморального антиток-
сичного імунітету в протидифтерійному захис-
ті, а також перспективи розроблення нових
діагностичних тестів, протидифтерійних вак-
цин, імунобіологічних препаратів та антидотів
для боротьби з дифтерійною інфекцією.

Ключові слова: дифтерія, дифтерійний ток -
син, імунітет, діагностичні тести, вакцини,
анти доти, рекомбінантні протеїни.
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Дифтерия является высококонтагиозным
и опасным для жизни бактериальным токсин -
опосредованным заболеванием, которое 
вы зывается токсигенными штаммами
Corynebacterium diphtheria, трансформирован-
ными бактериофагом, несущим ген токсина.
Возбудитель дифтерии и его основной фактор
вирулентности — дифтерийный токсин доста-
точно хорошо изучены, однако вспышки этого
заболевания до сих пор возникают по всему
миру. В настоящее время бурное развитие
новых методов в области иммунологии и моле-
кулярной биологии способствует совершен-
ствованию профилактики, диагностики
и лечения дифтерии.

В обзоре освещены микробиологические,
эпидемиологические, а также иммунологиче-
ские аспекты дифтерийной инфекции, роль
дифтерийного токсина и других факторов
вирулентности в патогенезе заболевания, роль
гуморального антитоксического иммунитета в
противодифтерийной защите, а также пер-
спективы разработки новых диагностических
тестов, противодифтерийных вакцин, иммуно-
биологических препаратов и антидотов для
борьбы с дифтерийной инфекцией.

Ключевые слова: дифтерия, дифтерийный
токсин, иммунитет, диагностические тесты,
вакцины, антидоты, рекомбинантные про -
теины.
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Nucleosides embrace a large family of nat-
ural and chemically modified analogues of
great structural diversity and a broad spect -
rum of biological activity. Analogues of natu -
ral nucleosides as well as nucleoside antibio -
tics belong to the most important classes of
antiviral drugs, and they are extensively used
in the treatment of a variety of cancers. Base
and sugar modified nucleosides are very
valuab le constituents of artificial oligonucleo -
tides of medicinal potential making these
oligomers more stable in biological fluids and
improving their targeting proper-ties. The
chemistry of many antiviral and anticancer
drugs, as well as building blocks for oligonu-
cleotide synthesis remains a challenging prob-
lem resulting in a high price of the desired
compounds preventing them from extensive
therapeutic application and use in oligonu-
cleotide business (for a recent reviews, see [1–3].

Analysis of the state of the art of chemo-
enzymatic synthesis of nucleosides led us to
conclusion that the chemo-enzymatic methodo -
logy demonstrates a number of advantages
over the chemical methods of nucleoside syn-
thesis, viz., high total yield of desired pro -
ducts, simplicity of work-up of reaction
mixtur es and isolation of products, conform to

the principles of «green chemistry» to a
greater extent vs. the fine organic synthesis
[1–3]. Up to the present, a vast majority of the
modified nucleosides have been synthesized by
chemical methods. Despite the impressive
progress achieved in the development of chemical
methods, production of many antiviral and
anticancer drugs, as well as other biologically
active compounds remains a challenge. This
leads to high drug costs and, therefore, pre-
vents extensive biological trials and studies,
as well as a wide therapeutic application. The
need for the development of new strategies
became apparent in the late 1970s.

The chemo-enzymatic (biotechnological)
strategies are currently displacing multi-stage
chemical processes, and this allows perfor -
ming the key transformations with high selec-
tivity and regio- and stereo-specificity.
Considerable progress in the production of bio-
logically important analogs of natural nucleo-
sides has been achieved through the rational
combination of chemical and biochemical
transformations. Use of recombinant nucleo-
side phosphorylases (NPs) and N-deoxyribosyl
transferases (NDTs) as biocatalysts for the
synthesis of natural nucleosides and their
modified analogs is of considerable importance
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for the creation of modern technological pro -
cesses. Noteworthy that both groups of
enzymes complement one another and allow
finding out a straightforward route to the
desired compound. The use of the chemo-enzy-
matic methods allows undoubtedly improve
the price-quality ratio in the production of
many medical drugs.

The possible areas of application of nucleo-
side phosphorylases for the synthesis of nucle-
osides, as well as the limitations of this
methodology, have been investigated in detail;
however, several very interesting enzymatic
synthetic reactions deserve special attention,
because they are crucial for understanding the
mechanism of synthetic reactions catalyzed by
these enzymes and may expand the scope of
their practical use. It is well documented that
the N7-atom of purines plays a very important
role in the phosphorolytic cleavage of the gly-
cosyl bond of purine nucleosides and, it seems,
in the reversed synthetic reaction catalyzed by
E. coli purine nucleoside phosphorylase (PNP;
product of deoD gene; EC 2.4.2.1) as well, even
though the mechanism of this reaction has not
been adequately studied. The finding that 3-
deazapurines and 1-deaza-, 3-deaza- and 1,3-
dideazapurines (benzimidazoles, including
fluoro-, chloro- and bromo-substituted) are
good substrates for PNP allows to suggest a
key role for two nitrogen atoms of the imid azole
ring in the synthetic reaction (for a discus-
sion, see [1]). Namely, one of them is involved
in the binding of the heterocyclic base in the
enzyme’s active site that may lead to an
increase of the nucleophilicity of the second
nitrogen atom. This facilitates, in turn, an
attack by this atom on the electrophilic C1 car-

bon atom of α-D-pentofuranose-1-phosphate
and eventually results in the formation of
a glycosidic bond (Scheme 1) [2].

The mechanism of the synthetic reaction
catalyzed by nucleoside phosphorylases in gene -
ral and PNP in particular remains unclear.
The participation of two nitrogen atoms of
benzimidazole in this reaction seems to be
obvious albeit there are two modes A and B of
initial binding of the substrate. The Check
authors studied substrate properties of a num-
ber of purine heterocyclic bases and their aza-
and deaza-analogues using partially purified
E. coli PNP and gel-entrapped cells of an aux-
otrophic thymine-dependent strain of E. coli as
a biocatalyst for the transfer of the 2′-deoxy-
D-ribofuranosyl moiety of 2′-deoxyuridine to
bases. The reactions proceeded regio- and
stereo-specifically affording purine nucleo-
sides as well as 8-aza-2′-deoxyadenosine and 8-
aza-2′-deoxyguanosine but no substrate activi -
ty of 7-deazapurines was observed. It was thus
concluded that the presence of the nitrogen-7
of purines and their isosteric analogues is a
prerequisite for the reaction [4]. However,
there are several exceptions, viz., 5-aza-7-
deazaguanine (1), 5-aza-7-deazaisoguanine (2)
and N-(1,3,4-thiadiazol-2-yl)-cyanamide (3)
are substrates for bacterial and mammalian
purine nucleoside phosphorylases (PNP’s)
(Scheme 2) [2].

These data imply that the mechanism of
binding and activation of substrate in the
cata lytic center of E. coli PNP is not uniform
and prompted us to gain insight into the func-
tioning of the enzyme and to search for new
substrates and inhibitors. 

Scheme 1
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Results and Discussion 

The main line of the present study based on
the suggested by us new strategy of nucleoside
synthesis consisting in the cascade transfor-
mation of pentoses into nucleosides through
intermediate consecutive formation of a
pentofuranose-5-phosphate and α-D-pentofu-
ranose-1-phosphate (PF-α1P) catalyzed by
recombinant E. coli ribokinase (RK), phospho-
pentomutase (PPM) and nucleoside (uridine,
thymidine and purine nucleoside) phosphory-
lases (Scheme 3) [5]. Before an idea of the cas-
cade transformation — D(L)-pentose + base →
nucleoside — was proved, the chemical syn-
thesis of PF-α1P was considered as an impor-
tant supplementary approach to the prepara-
tion of sugar and base modified nucleosides
for biological and medicinal application. The
chemo-enzymatic nucleoside synthesis con-
sisting of the chemical preparation of PF-α1P
followed by an enzymatic condensation with
heterocyclic bases seemed to be more versatile
and rather attractive.

Preparation of recombinant E. coli riboki-
nase (RK), phosphopentomutase (PPM) and
nucleoside phosphorylases (NP’s) on the
practical level is of utmost importance for the
project and this task was realized and all these
enzymes were obtained as they spend at work
[2, 3, 5–7]. Taking into account the aims of the
present study, the preparations of the afore-
mentioned enzymes have been obtained in dif-

ferent forms [lyophilized powders of high
enzymatic (>90% after 3-5 years storage at
+4 °C) stability], solution of a protein in
diverse buffers] and different levels of purity
(carefully purified for biochemical studies;
sufficient purity for biotechnological studies).

A possibility of cascade one-pot enzyma tic
transformation of D-ribose or 2-deoxy-D-
ribose into nucleosides employing pure recom-
binant E. coli ribokinase (RK) [D-pentose →
pentose-5-phosphate (D-PF-5P)], PPM [D-PF-
5P → α-D-pentofuranose-1-phosphate (D-PF-
α1P)], and nucleoside phosphorylases (NP’s)
(D-PF-α1P + heterobase → nucleoside) coupled
with the appropriate pyrimidine or purine
hete robases was demonstrated (Scheme 4) [7].
Preliminary results of a caskade transforma-
tion of D-pentoses into nucleosides pointed to
a reliability to develop practical methods for
the preparation of antileukemic drugs
(Cladribine, Fludarabine, Clofarabine, Nelara -
bi ne) and a number of biologically important
nucleosides. 

We noted rather essential differences
between the optimal reaction conditions for
RK [5], PPM [7] and recombinant E. coli nucle-
oside phosphorylases [6]. Bearing this in
mind, we have optimized the one-pot reaction
conditions aiming at the finding out a compro-
mised composition of the substrates allowing
satisfactory function of the enzymes under
investigation. It was found that D-ribose, 2-
deoxy-D-ribose, D-arabinose and 2-deoxy-2-
fluoro-D-arabinose are transformed into the
respective nucleosides in good yields; D-xylose
as well as some 2(3)-deoxyfluoro-D-pentofura-
noses and L-pentofuranoses are not involved
in the cascade transformation into nucleo-
sides. This study is continued. 

Scheme 2

Scheme 3
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Our studies unambiguously showed for
the first time that 1,6-diphosphates of D-hexo -
ses are not necessary for the transformation
of 5-phosphates of D-ribose, 2-deoxy-D-ribose,
D-arabinose and 2-deoxy-2-fluoro-D-arabi-
nose into the corresponding 1-phosphates.
This is one of the most important findings
because it essentially simplifies the applica-
tion of PPM as a biocatalyst within the one-pot
cascade transformation of D-pentoses into
nucleosides as well as for the transformation
of chemically prepared 5-phosphates into
intermediary 1-phosphates and then into
nucleosides (Scheme 4) [7]. 

The strategy of cascade one-pot synthesis
of nucleosides suggested by us [5,7] is of inte -
rest for development of practical methods for
the preparation of biologically important
nucleosides. It should be emphasized that this
strategy allows preparing β-D-ribo-, 2-deoxy-
β-D-ribo-, β-D-arabino- and 2-deoxy-2-fluoro-
β-D-arabino-nucleosides of natural purine and
pyrimidine (except for 2-deoxy-2-fluoro-β-D-
arabino-nucleosides) bases, as well as base
modified nucleosides. Indeed, R&D of this
strategy led us to the simple and efficient
preparation of antileukemic drugs 2-chloro-

2β-deoxyadenosine (Cladribine) from 2-deoxy-D-
ribose and 2-chloroadenine, 9-(β-D-arabinofura-
nosyl)-2-fluoroadenine (Fludarabine) (D-arabinose
+ 2-fluoroadenine), 9-(2-deoxy-2-fluoro-β-D-ara-
binofuranosyl)-2-chloroadenine (Clofarabine)
(2-deoxy-2-fluoro-D-arabinose + 2-chloroade-
nine) and 2-amino-9-(β-D-arabinofuranosyl)-
6-methoxypurine (Nelarabine) (D-arabinose +
2-amino-6-methoxypurine). Moreover, pre-
liminary results of the synthesis of a number
of biologically important nucleosides [e. g., 2′-
deoxyribosides of 8-azapurines and 8-aza-7-
deazapurines (vide infra)] have validated this
strategy [8].

Transfer of a pentofuranosyl moiety of
commercially available nucleosides or prepared
by chemical methods to purine or pyri midine
bases catalyzed by nucleoside phosphorylases
(NPs) or N-deoxyribosyltransferases (DRTs)
(«transglycosylation reaction») was demon-
strated to be a very efficient methodology for
the synthesis of a plenty of analogues of na -
tural nucleosides of biological and medicinal
importance (for recent reviews, see, e. g.,
[1–3]). The bacterial nucleoside phosphory-
lases [purine (PNP), thymidine (TP) and uri-
dine (UP)] reversibly catalyze (i) the phospho-

Scheme 4
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rolysis of nucleosides with an intermediary
formation of α-D-pentofuranose-1-phosphate
(PF-α1P), and (ii) the synthesis of new nucleo-
sides in the presence of external heterocyclic
bases. As distinct from nucleoside phosphory-
lases, DRTs catalyze the direct transfer of the
2′-deoxyribofuranosyl moiety of donors with-
out intermediary formation of 2-deoxyribofu-
ranose-1-phosphate. From the viewpoint of
practical synthesis of sugar and base modified
nucleosides, NP and DRT complement each
other, but the latter have a strict specificity
towards substrates thereby limiting their
application. 

Base halogenated nucleosides of benzimid -
azole attract an attention of researchers
since the pioneering studies by I. Tamm and
his co-workers initiated in the early 1950s of
the last century (for a review, see [9]).
However, the most important findings from
the viewpoint of the biochemical mechanism of
antiviral activity of this class modified nucle-
osides [10] as well as their possible practical
application [11] have been published during
last two decades (reviewed in [12,13]). 

It was earlier shown that benzimidazole
(BI) and its derivatives with substituents in
the benzene ring are good substrates of E. coli
PNP in the transglycosylation reaction [1,
14–17]. In the present project, we studied 5,6-
difluorobenzimidazole and its derivatives, one
fluorine atom of which is replaced with
methoxy, ethoxy, isopropoxy, 4-morpholino
and N-methylpiperazino groups, as acceptors
of the D-ribofuranose and 2-deoxy-D-ribofura-
nose residues in the transglycosylation reac-
tion employing uridne (Urd) and thymidine
(Thd) [2′-deoxyuridine (dUrd)], respectively,
as the pentofuranose donors and recombinant
E. coli UP, TP and PNP nucleoside phosphory-
lases as biocatalysts [18]. 

The reaction transglycosylation was
employed for the synthesis of the β-D-ribo-

and 2-deoxy-β-D-ribonucleosides 4–15. The
reaction conditions have been optimized
depending on the kind of a ribofuranose donor,
the donor/base ratio, and quantity of the
recombinant E. coli enzymes and temperature
of the reaction. The use of readily available
natural purine ribonucleosides as donors of
the ribofuranose residue in the transglycosy-
lation reaction of BI allows employing PNP as
the sole biocatalyst. On the contrary, the use
of uridine as a donor of the ribofuranose
residue requires two nucleoside phosphory-
lases for transglycosylation reactions, viz.,
the recombinant E. coli uridine phosphorylase
(UP) for the intermediary formation of α-D-
ribofuranose-1-phosphate (D-Rib-α1P) that is
accepted by E. coli PNP for the synthesis of the
BI ribosides. The efficiency of both types of
donors was tested in the transglycosylation of
5,6-difluorobenzimidazole and it was found
that the use of uridine and two nucleoside
phosphorylases is preferable in terms of yield
of the desired nucleosides.

It was found that the 3:1 to 10:1 molar
donor/base ratio and the use of 40 units of uri-
dine phosphorylase (UP) per 1 mmol of uridine
(60–160 UP units for 2′-deoxyuridine]) and
155–400 units of PNP are necessary to obtain
the ribosides 4–15 in good yields calculated
for isolated products (Table 1). Reactions were
conducted at 52 °C in the K,Na-phosphate
buffer (5–20 mM; pH 7.0) monitoring the for-
mation of the products by HPLC, the conver-
sion of base into nucleoside(s) was 98.5%. It
is noteworthy that the synthesis of 2′-deoxyri-
bosides was completed in 1–3 h, whereas the
trans-ribosylation proceeded much more 
slowly and 22–28 h required achieving high
yields of the reaction products. Similar trend
was earlier observed in the case of the ribo and 
2′-deoxyribo nucleoside syntheses using 
the whole E. coli cells as biocatalyst (Scheme 5)
[18]. 

Scheme 5
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Regio-isomeric structure of all isolated
nucleosides was proved by scrupulous analysis
of the 1H and 13C NMR spectral data (incl.
[1H,1H] & [1H,13C] 2D: COSY, HSQC, HMBC
and NOE spectra).The predominant (OMe and
OEt) or exclusive (OiPr, 4-morpholino and N-
methylpiperazino) formation of the 5-substi-
tuted 6-fluoro-1-(β-D-ribofuranosyl)-benzimi-
dazoles was observed. The formation of the
regio-isomeric 5-fluoro-1-(2-deoxy-β-D-ribo-
furanosyl)-6-methoxy(ethoxy, i-propoxy)ben-
zimidazoles was observed in the trans-2-
deoxyribosylation reaction of the correspon ding
bases. The predominant or exclusive forma-
tion of the regio-isomeric N1-nucleosides with
bulky 5-substituents of 6-fluorobenzimidazole
points to a large hydrophobic pocket in the
E. coli PNP active site that can accommodate
these groups.

During recent years, the use of D-pentofu-
ranose-1-phosphates (PF-1Ps) as substrates
of an enzymatic synthesis of nucleosides
attracts much attention [1–3]. It should be
stressed that the enzymatic and chemical syn-
theses of D-ribofuranose-1-phosphate and its
2-deoxy counterpart have rather reach prehis-
tory. However, only recently a few interesting
reports from the point of view of the possible
practical application have been published.
There are two lines of investigation in this
area, viz., (i) biochemical (microbial, enzyma -
tic) retro-synthesis of 2′-deoxyribonucleosides
employing the triose phosphate isomerase
(TRI) and 2-deoxy-D-ribose-5-phosphate
aldolase (DERA) enzymes and (ii) chemical

synthesis of D-pentofuranose-1-phosphates
(PF-1Ps) followed by the enzymatic condensa-
tion with heterocyclic bases. 

Within this line of investigation, the labo-
rious preparation of the α-D-pentofuranose-1-
phosphates (PF-α1Ps) is a serious bottleneck
of this approach. However, despite rather
complex synthesis of PF-α1Ps this chemo-
enzymatic methodology for the synthesis of
biologically valuable nucleosides represents an
advisable alternative to an enzymatic transfer
of sugar fragment of nucleoside to hetero-
cyclic base («transglycosylation reaction») as
well as to the microbial (enzymatic) retro-syn-
thesis [1–3]. 

Scrutiny of the chemical methods for the
preparation of pento(hexo)furanose-1-phos-
phates as well as different methods of an acti-
vation of the anomeric carbon atom shows that
the most of them are laborious and low-yield-
ing. As might be expected, the formation of
anomeric mixtures was usually observed, and
only the tedious crystallization-induced asym-
metric transformation leads to the predomi-
nant formation of the desired dRF-α1P
(reviewed in [1–3]). From the standpoint of
simplicity, method suggested by MacDonald
[19] for the synthesis of pyranose-1-phos-
phates seems to be the most efficient one and
prompted us to apply it for the synthesis of α-
D-arabinofuranose-1-phosphate (19; AraF-
α1P) [20]. We focused our studies on the
development of practical chemical synthesis of
PF-1Ps and selected D-arabinose as a starting
pentose bearing in mind that a plenty of

Table 1. The synthesis of benzimidazole nucleosides

Compd Pfr 1) R
Yield for isolated

product (%)

Ratio of isomers

a b

4 Rib
-F

77 –

5 dRib 68 –

6 Rib
-OMe

54 95 5

7 dRib 51 41 59

8 Rib
-OEt

98 89 11

9 dRib 85 70 30

10 Rib
-OiPr

75 100 –

11 dRib 65 96 4

12 Rib 75 100 –

13 dRib 80 100 –

14 Rib 79 100 –

15 dRib 68 100 –

Pfr = β-D-Pentofuranosyl (Rib — β-D-ribofuranosyl; dRib — 2′-deoxy-β-D-ribofuranosyl).



Наукові статті

69

purine and pyrimidine β-D-arabinofurano-
sides manifest antiviral and anticancer activi-
ties. 

It is remarkable that AraF-α1P synthesized
by Wright & Khorana was found to be inactive
as a substrate for the pyrimidine deoxyribo-
side phosphorylase of E. coli (thymidine phos-
phorylase, TP) and for the purine nucleoside
phosphorylase (PNP) of fish muscle [21].
These data taken together prompted us to syn-
thesize AraF-α1P and to investigate its sub-
strate properties for recombinant PNP of
E. coli.

Treatment of the peracetyl derivative of D-
arabinose 16 with anhydrous phosphoric acid
under MacDonald’ conditions followed by
work-up gave rise to the formation of an amor-
phous powder or viscous oil consisting of α-D-
arabinofuranose-1-phosphate (19; AraF-α1P)
and β-D-arabinopyranose-1-phosphate (20;
AraP-β1P) (ca. 50%, combined; the 19:20 ratio
was from 1.5:8 to 1:2, according to 1H NMR).
The structure of both phosphates was proved
by (i) the scrupulous analysis of the 1H and 13C
NMR spectra as well as [1H,1H] and [1H,13C] 2D
spectra of the mixtures of different anomer
ratio, (ii) comparison with the 1H and 13C NMR
data for the related 1-phosphates, and (iii) the
comparative analysis of the ab initio calcula-
tions of 1-phosphates of selected α-D-pentofu-
ranoses and two conformers, 1C4 and 1C4, of β-
D-arabinopyranose (Table 2). 

In consent with experimental results, the
ab initio calculations point to a higher stabili-
ty of both possible conformers of β-D-ara-
binopyranose-1-phosphate, viz., 1C4 and 1C4, vs
α-D-arabinofuanose-1-phosphate [ΔE = E(AP-
β1P; 4C1) — E(AP-β1P; 4C1) = –11.7 kcal/mol;
[ΔE = E(AP-β1P;4C1) — E(AF-α1P; O4-exo) =
–26.9 kcal/mol] (Table 2). It was previously
shown that the ratio of α- and β-anomers

strongly depends on the reaction conditions
implying the α/β-anomerization to the thermo-
dynamically more stable anomer and the possi-
bility of furanose/pyranose isomerization
during the treatment of peracyl sugars with
anhydrous phosphoric acid cannot be exclu -
ded. In toto, it appears to be rather likely the
formation of β-D-arabinopyranose-1-phos-
phate along with the desired α-D-arabinofura-
nose-1-phosphate using peracetyl D-arabino-
furanose as the starting compound. In this
context, it is noteworthy that the MacDonald
method was up to present study successfully
employed for the synthesis pyranose-1-phos-
phates [19]. To escape or diminish the forma-
tion of the pyranose-1-phosphates, we focused
our further studies on the preparation of new
starting sugars, primary hydroxyl group of
which would be protected with an acid resis-
tant function. However, methyl 2,3,5-tri-O-
benzoyl-α-D-arabinofuranoside (17) was stable
under MacDonald’s reaction conditions and
was recovered unchanged from the reaction
mixture; on the contrary, 1-O-acetyl-2,3,5-tri-
O-benzoyl-D-arabinofuranose (18) showed
good reactivity, but gave a mixture of the 1-
phosphates 19 and 20 similar to that obtained
from the peracetyl derivative of D-arabinose.
In toto, 

The mixture of isomeric phosphates AraF-
α1P and AraP-β1P of different ratios was test-
ed in the reaction with 2-fluoroadenine and 2-
amino-6-methoxypurine catalyzed by the
recombinant E. coli purine nucleoside phos-
phorylase (PNP). It was found that the pyra-
nose phosphate AraP-β1P did not interfere
with the reaction of the furanose phosphate
AraF-α1P with purine bases. Moreover, the
rate of formation of 9-(β-D-arabinofuranosyl)-
2-fluoroadenine (Fludarabine) under optimum
conditions [water solution (pH = 7.0); 55 °C, 

Table 2. The ab initio geometry optimization of α(β)-D-pentofuranose(pyranose)-1-phosphates (as mono sodi-
um salts) (HyperChem, 8.1; in vacuo, basis set; medium 6-31G*)

Compound (1-Phosphate)
Positive partial charge at

the C1 carbon atom
Total (binding) energy

kcal/mol
Conformation of the pento-

furanose(pyranose) ring

Ribo (RF-α1P) 0.425 –808 850.3 C1-exo

2-Deoxyribo (dRF-α1P) 0.454 –762 140.7 C3-endo

Arabino (AF-α1P) a) 0.464 –808 841.6 O4-exo

β-D-Arabinopyranose 0.410 –808 868.5 4C1(more stable)

(AP-β1P) 0.451 –808 856.8 4C1(less stable)
a)α-D-arabinofuranose-1-phosphate is thermodynamically less stable vs both conformers of β-D-ara-

binopyranose-1-phosphates, viz., 4C1 and 4C1; note that among the two pyranose conformers the former is
more stable than the latter. Colored data are for isomeric compounds with analogous elemental composition.
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1–3 h] was found to be similar to that of the
PNP catalyzed condensation of α-D-ribofura-
nose-1-phosphate with 2-fluoroadenine.
Reaction of furanose phosphate AraF-α1P with
2-fluoroadenine is shifted towards the forma-
tion of Fludarabine and ca. 5% of the initial
base remained after 3 h in the reaction mix-
ture, keeping of which at 14 °C for 24 h result-
ed in crystallization of Fludarabine in 77%
yield (Scheme 6) [20]. 

As distinct from 2-fluoroadenine, the
enzymatic reaction of 2-amino-6-methoxy-
purine with phosphate Ara-α1P reached equi-
librium at ca. equimolar ratio of a base and its
nucleoside, 2-amino-9-(β-D-arabinofurano -
syl)-6-methoxypurine (Nelarabine). Notably
that the reaction transglycosylation of 2-
amino-6-methoxypurine using 1-(β-D-arabino-
furanosyl)uracil as a donor of the arabinofura-
nose residue and the E. coli uridine and purine
nucleoside phosphorylases as biocatalysts
gave rise to the preparation of Nelarabine in
53% yield [22]. Unexpectedly, 2-amino-6-
methoxypurine revealed lower substrate activi -
ty compared to that of 2-fluoroadenine, where-
as the respective nucleoside Nelarabine
showed higher substrate activity for PNP vs
Fludarabine. As a consequence, the reaction
reached equilibrium after 36 h at ca. equimo-
lar concentration of base and its nucleoside. It
is noteworthy that very similar results were
observed in the case of the trans-ribosylation

[uridine as a donor of the ribofuranose
residue; 23 °C; 5 mM KPB (pH 7.0)] and the
trans-arabinosylation [1-(β-D-arabinofura-
nosyl)-uracil as a donor of the arabinofuranose
residue; 45 °C; 5 mM KPB (pH 7.0)] of 2-
amino-6-methoxypurine employing UP and
PNP as biocatalysts [20].

Unexpectedly, the enzymatic reaction of
hypoxanthine and a mixture of phosphates 19
and 20 (ca. 1:2) in the presence of PNP (172
units) in water solution (55 °C) proceeded very
slowly. After 7 days, in the reaction mixture
remained ca. 10% of the starting base (HPLC)
and 9-(β-D-arabinofuranosyl)-hypoxanthine
(Ara-Hyp) was isolated in 80% yield after
standard work-up and chromatography. 

The synthesis of 1-(β-D-arabinofura-
nosyl)thymine (ara-Thy) from thymine and the
phosphate 19 (as a ca. 1:2 mixture of phos-
phates 19 and 20) in water solution (55 °C) in
the presence of the recombinant E. coli thymi-
dine (TP) and uridine (UP) phosphorylases was
studied. As expected (cf. [21]), TP did not cata -
lyze the formation of the nucleoside. The for-
mation of ara-Thy in the presence of E. coli UP
(144 units) proceeded smoothly and ca. 70% of
the base was transformed into ara-Thy after 7
days that was isolated in 61% yield [20]. 

In continuation of these studies, we inves-
tigated the chemical synthesis of 2-deoxy-2-
fluoro-α-D-arabinofuranose-1-phosphate
(2FAra-α1P) and its substrate properties for

Scheme 6
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the recombinant E. coli nucleoside phosphory-
lases, as well as the cascade transformation of
2-deoxy-2-fluoro-D-arabinose, D-arabinose,
D-xylose and D-ribose into the corresponding
β-D-pentofuranosides of 2-chloroadenine. The
modified MacDonald method was employed for
the synthesis of 2FAra-α1P and its use as a uni-
versal glycosylating agent for the nucleoside
synthesis was studied in comparison with α-
Ara-1P. It was found that the phosphate α-
2FAra-1P, like α-Ara-1P, is good substrate of
the recombinant E. coli purine nucleoside
phosphorylase (PNP) and can be used for the
synthesis of a number of purine nucleosides
(e.g., Clofarabine and related nucleosides of
2,6-diaminopurine and hypoxanthine) as well
as base modified derivatives [e.g., 5-aza-7-
deaza-9-(2-deoxy-2-fluoro-β-D-arabinofura-
nosyl)guanine]. Unexpectedly, the phosphate
α-2FAra-1P, unlike α-Ara-1P, showed no sub-
strate activity for the recombinant E. coli uri-
dine phosphorylase (UP); both phosphates
devoid substrate activity towards the recombi-
nant E. coli thymidine phosphorylase (TP) (for
a preliminary report, see [23]).

Recently we have described an enzymatic
synthesis of nucleosides of N6-benzoyladenine
and N2-acetylguanine using the respective
acylated bases as acceptors of the pentofura-
nose residues and recombinant E. coli PNP as
a biocatalyst [24]. Based on this finding, a
new approach for the synthesis of orthogonal-
ly protected nucleosides was suggested and
verified by the preparation of N6-benzoyl-
2′,3′-dideoxy-3′-Fmocaminoadenosine (23).
Commercially available 3′-amino-3′-deoxythy -
mi dine (21) and N6-benzoyladenine were used
as substrates of the enzymatic coupling cata -
lyzed by E. coli PNP to give 3′-amino-2′,3′-
dideoxy-N6-benzoyladenosine (22) in high
yield. Standard treatment of the latter with
Fmoc-OSU yielded the desired nucleoside 23
with orthogonally protected amino groups of

3′-amino-2′,3′-dideoxyadenosine (Sche -
me 7) [24].

These studies were continued using N2-
acetyl-O6-[2-(4-nitrophenyl)ethyl]guanine (24)
[25] as an acceptor in (i) the transglycosylation
reaction employing thymidine (25) and its 3′-
aminodeoxy derivative (26) as donors of the
pentofuranose residues and recombinant E.
coli TP and PNP as biocatalysts (Scheme 9,
path A), and (ii) the synthesis of the ribo- and
arabino-nucleosides 29 and 30 in the cascade
one-pot transformation of the corresponding
D-ribose (27) and D-arabinose (28) into the
nucleosides in the presence of the recombinant
E. coli RK, PPM and PNP (Scheme 9, path B).

The base 24 is poorly soluble in the phos-
phate buffer and a 3:2 (vol) mixture of K-phos-
phate buffer (20 mM; pH 7.1) and DMSO was,
therefore, used in the studied reactions. It was
found that the base 24 displays satisfactory
substrate activity for PNP and the nucleosides
29 and 30 form in the reaction mixture in 64
and 42% (HPLC data), respectively, after 30 h
at 50 °C (Scheme 8, A). Both individual nucleo -
sides have been isolated by silica gel column
chromatography in 50 and 34% yields, respec-
tively. The use of the acceptor/donor ratio of
1.0:1.5 (mol) gave rise to the formation of the
nucleosides 29 and 30 in 78 and 60% yields
(HPLC), respectively, after 96 h at 50 °C [26]. 

A good substrate activity of the base 24 for
PNP prompted us to test it in the one-pot syn-
thesis of nucleosides from D-pentoses in the
cascade transformation in the presence of RK,
PPM and PNP (Scheme 8, B). It was found that
the riboside 33 forms in the reaction mixture
in 65% yield after incubation for 48 h at 48 °C.
Under similar reaction conditions, the forma-
tion of the arabinoside 34 proceeds more slow-
ly affording 10% of the product after 48 h. 

The finding that base 24 with voluminous
NPE group shows good substrate activity
points to a large hydrophobic pocket in PNP

Scheme 7
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active site that can accommodate this group.
The dimensions of this pocket are illustrated
by the overlay of imidazole fragments of the
geometry optimized structures of N2-acetyl-
O6-[2-(4-nitrophenyl)ethyl]guanine and 5-
morpholino-6-fluorobenzimidazole (vide sup -
ra) (Fig. 1).

Remarkably, the pocket in the E. coli PNP
active site exceeds the dimension of purine
base and allows suggesting a minimal contri-
bution of the C6 amino/carbonyl groups and
N1 atom to the substrate binding. 

Nucleosides of 8-azapurines and 8-aza-7-
deazapurines (purine numbering throughout)
are applicable as drugs and tools in chemistry,
chemical biology and molecular diagnostics
(see, e.g., [27–31]). Chemical synthesis of
these nucleoside shape mimics suffers from
the formation of mixtures of regio-isomers
and α/β-anomers in the case of the synthesis 2-
deoxy-D-pentofuranosides and arabinosides.
This makes it necessary to conduct time-con-
suming separation. As a result, the desired
nucleosides are obtained in moderate or low
yields (e.g., [29,31]).

We applied the enzyme catalyzed glycosy-
lation to diversity of heterocyclic bases
belonging to the classes of 8-azapurines (35 &
36) and 8-aza-7-deazapurines (37–40) using
various donors of the 2′-deoxy-D-ribofura-
nosyl residue and recombinant E. coli PNP as a
biocatalyst (transglycosylation reaction;
Scheme 9; path A) and the enzymatic cascade

transformation of 2-deoxy-D-ribose into the
nucleosides (Scheme 10; path B) using recom-
binant E. coli RK, PPM and PNP (one-pot syn-
thesis). The enzymatic synthesis of N9-2′-
deoxy-β-D-ribonucleosides of a number of
8-azapurines (44, 45) and 8-aza-7-deaza-
purines (46–49) was studied (Scheme 9) [8].

At first, the substrate activity of bases 35-
39 was tested in the transglycosylation reac-
tion performed under standard conditions
using 2′-deoxyguanosine (41) as a glycosyl
donor (Scheme 10, A). All these bases are sa -
tisfactory substrates and the respective nucleo -
sides were obtained in good yields. The struc-
ture of the nucleosides 44–48 was confirmed
by 1H- and 13C-NMR spectroscopy data and
UV spectra as well by comparison with already
published spectral data. We have not observed
the formation of the regio-isomeric nucleo-
sides.

In the next series of experiments, we studied
the one-pot synthesis of nucleosides 44–48
with 2-deoxy-D-ribose and heterocyclic bases
35-39 in the presence of recombinant RK,
PPM and PNP (Scheme 10; path B). Under
reaction conditions employed, the formation
of 8-aza-2′-deoxyadenosine (44) and 8-aza-2′-
deoxyguanosine (45) proceeded slowly affording
the nucleosides in moderate yields. On the con-
trary, 8-aza-7-deazapurines 37–39 showed
satisfactory substrate activity and the respec-
tive nucleosides 46–48 were formed in yields
more than 50% after 20 h [8]. 

Scheme 8

A

A

B

B



Наукові статті

73

The regio-specific 2′-deoxy-D-ribosylation
of 8-azaadenine (35) and 8-azaguanine (36)
catalyzed by recombinant E. coli PNP is in line
with published data [32]. On the contrary, gly-
cosylation of anions of 8-azapurines with 2-
deoxy-3,5-di-O-(4-toluoyl)-α-D-erythro-
pentofuranosyl chloride gave a very complex
mixture of regio-isomers and their α,β-
anomers [28, 29]. 

From a chemical point of view, the forma-
tion of the glycosyl bond results from a nucle-
ophilic attack of a nitrogen atom of base at the
electrophilic C1-carbon atom of 2-deoxy-D-
ribofuranose-1-phosphate (27). The regio-
selectivity of the enzymatic glycosylation is
governed by the binding mode of base in the
catalytic center of the enzyme enabling a
nucleophilic attack of a nitrogen atom of the
sp2 hybridized imino –C=N9– tautomer at the
electrophilic center of co-substrate (Scheme
1). A similar type of binding of the substrate

can be tolerated with a high probability for
natural purine bases as well as for 8-aza-
purines 35 and 36 leading to the exclusive for-
mation of N9-glycosides. However, the forma-
tion of nucleosides 46–48 was rather
unexpected in the light of the earlier data
pointing to the crucial importance of the
nitrogen-7 of purines and their isosteric ana-
logues in the synthetic reaction catalyzed by
E. coli PNP [2, 3, 32]. 

Detailed analysis of the mechanism of the
phosphorolysis of purine nucleosides by E. coli
PNP showed that the base binding site is
formed mainly by Asp204 and to some extent
by Phe159 [33]. Taking into account that this
is an equilibrium reaction, one can expect that
the same amino acid residues make the main
contribution in binding of substrate in the
synthetic reaction. The Asp204 interacts with
the nitrogen-7 and likely the C6 substituents
of natural purine bases giving rise, in all like-
lihood, to the proper base orientation and to
enhancement of the nucleophilic properties of
the nitrogen-9, i.e., activation of the sub-
strate. It is, therefore, surprising that
replacement of the nitrogen-7 with CH group
did not abolish the substrate activity of bases
37–39 pointing to the rather efficient contri-
bution of the Asp204-C6 substituent interac-
tion in the correct binding and activation [1].
To prove the role of such interaction, we inves-
tigated the substrate properties of base 40,
which has no groups (NH2, carbonyl, OH or

Scheme 9

Fig. 1.
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OR) that could imitate an interaction of natur-
al purine substrates with Asp204. It was sur-
prising to found that base 40 still retains
mode rate substrate activity despite the
absence of any interactions with Asp204 and
the extremely low solubility.

Analysis of the crystal structure of the
ternary complex of hexameric E. coli PNP with
Formycins A and B showed that the Ser90 is
involved in binding of the bases [33a,b].
Moreover, crystallographic data for the ade-
nine binding to the active site of E. coli PNP
clearly showed a close proximity of Ser90·Oγ to
the carbon-8 of the base [33c,d]. These data
together with the aforementioned considera-
tions suggest the possible explanation for the
good substrate properties of bases 46–48 and
moderate activity of base 49, viz., Ser90·Oγ is
hydrogen bonded to nitrogen-8 (purine num-
bering) of the bases giving rise to the accept-
able base orientation in the catalytic site of E.
coli PNP followed by activation of the nitro-
gen-9 in productive complex 27 (Fig. 2).
Contribution of Phe159 of E. coli PNP in both
processes, binding and activation, appears to
be analogous to that of the natural bases.
Thus, in the case of 8-aza-7-deaza purine
analogs Ser90 residue of the catalytic site of E.
coli PNP takes effect of Asp204 in the case of
natural purine substrates. 

The spatial tautomeric structures of base
40 in complex with Ser90·Oγ have been ana-
lyzed by the restricted Hartree-Fock (RHF) ab
initio method using basis set of 6-31** FIRE-
FLY QC package, which is partially based on
the GAMESS (US) source code. The files of
MOPAC format containing Z-matrix of inter-
nal coordinates obtained by the PM3 geometry
optimization was used as starting approxima-
tion for the ab initio calculations. The follow-
ing main dimensions were obtained for the
respective structure E. coli PNP/base 40 —
Ser90-Oγ–H•••N8 0.97 & 1.86 Е; Ser90-
Oγ•••H–N9 2.39 & 0.99 Е; =N8–N9(H)- 1.39
Е; 27 — Ser90-Oγ•••H–N8 2.37 & 0.99 Е;
Ser90-Oγ–H•••N9 0.96 & 1.83 Е;
–N8(H)–N9 = 1.37 Е; these data are in fair
agreement with strong hydrogen bonding of
the base enabling the correct binding followed
by activation [8].

To prove this suggestion, the Ser90Ala
mutant of E. coli PNP was prepared and its
catalytic activity in the synthesis of purine
and 8-aza-7-deazapurine nucleosides studied.

The transribosylation of hypoxanthine and
8-aza-7-deazahypoxanthine (allopurinol)
using uridine and the recombinant E. coli uri-
dine phosphorylase for the generation of

intermediary α-D-ribofuranose-1-phosphate
revealed the differences in rates of the forma-
tion of inosine and allopurinol riboside (AR)
along with high yields of both nucleosides. In
the presence of the native E. coli PNP, the for-
mation of (i) inosine reached 90% after ca. 30
min and after next 30 min established an equi-
librium at ca. 2:8 base — nucleoside ratio in
the reaction mixture, and (ii) 8-aza-7-deaza-9-
(β-D-ribofuranosyl)purine (AR) proceeded
somewhat slowly achieving a 95% conversion
of allopurinol to its N9-riboside 3a after 24 h,
witnessing to non-critical role of the N7-nitro-
gen atom in the binding and activation of hete -
rocyclic substrate in the synthesis of nucleo-
sides catalyzed by the native E. coli PNP.
Replacement of the native PNP with the
mutated enzyme in the synthetic reactions
resulted in (i) the slowing down of the rate of
the inosine formation (35% yield of inosine
after 1 h; an equilibrated ca. 2:8 mixture of
base — nucleoside after 24 h), and (ii) drama tic
reduction of the rate of the AR formation
attaining ca. 20% yield after 48 h. These data
allow implying the moderate contribution of
the Ser90 residue of the catalytic center of the
native E. coli PNP in the binding of α-D-Rib-
1P. Dramatic reduction of the rate of the
allopurinol riboside formation points to an
unique importance of Ser90 residue of the
native E. coli PNP in the binding and activa-
tion of allopurinol as well as other 8-aza-7-
deazapurines [especially 2-amino-8-aza-6-
chloro-7-deazapurine (40)] in the enzymatic
synthesis of their nucleosides (for a prelimi-
nary report, see [34]. 

Thus, the pure recombinant E. coli riboki-
nase (RK), phosphopentomutase (PPM) and
nucleoside phosphorylases [uridine (UP),
thymidine (TP) and purine nucleoside (PNP)]
were prepared on a multigram level [5–7].

Fig. 2. Schematic presentation of productive 
E. coli PNP/base 40 complex
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A new strategy for the synthesis of nucleo-
sides consisting in one-pot enzymatictransfor-
mation of D-ribose, 2-deoxy-D-ribose, D-arabi-
nose and 2-deoxy-2-fluoro-D-arabinose in the
presence of heterocyclic bases into the pyrimi-
dine and purine nucleosides was suggested and
validated. It consists in consecutive transfor-
mation of D-pentoses into nucleosides under
the action of recombinant E. coli ribokinase
(RK) [D-pentose  pentose-5-phosphate (D-PF-
5P)], PPM [D-PF-5P  α-D-pentofuranose-1-
phosphate (D-PF-α1P)], and nucleoside phos-
phorylases (NPs) (D-PF-α1P + heterobase 
nucleoside). It was unambiguously shown for
the first time that 1,6-diphosphates of D-hex-
oses are not necessary for the transformation
of 5-phosphates of D-pentoses into the corre-
sponding 1-phosphates. Practical methods for
the synthesis of antileukemic drugs
(Cladribine, Fludarabine, Nelarabine, Clofara -
bine) and a number of biologically important
nucleosides were developed [7].

The enzymatic trans-ribosylation and
trans-2-deoxyribosylation was used for the
synthesis of the corresponding nucleosides of
5,6-difluorobenzimidazole and its derivatives,
one fluorine atom of which is replaced with
methoxy, ethoxy, isopropoxy, 4-morpholino
and N-methylpiperazino groups aiming at
search of new biologically active nucleosides.
A large pocket close to the area corresponding
to the purine N1 atom was disclosed [18]. 

The MacDonald’ method was studied for
the synthesis of α-D-arabinofuranose-1-phos-
phate (AraF-α1P) using diverse starting pera-
cyl derivatives of D-arabinose. Mixtures of
different ratios of AraF-α1P and β-D-ara-
binopyranose-1-phosphate (AraP-β1P) were
obtained and they will be used in the enzymat-
ic condensations with purine and pyrimidine

bases giving rise to the nucleosides, incl.
Fludarabine, Nelarabine and 1-(β-D-arabino-
furanosyl)-thymine. Similar approach was
studied for the synthesis of antileukemic drug
9-(2-deoxy-2-fluoro-β-D-arabinofuranosyl)-2-
chloroadenine (Clofarabine) [20,23].

An enzymatic synthesis of 2′-deoxyribonu-
cleosides of 8-azapurines and 8-aza-7-deaza-
purines has been studied using the transglyco-
sylation reaction and cascade one pot synthesis
from 2-deoxy-D-ribose and nucleobases. Good
substrate activity of 8-aza-7-deazapurinesto-
wards recombinant E. coli purine nucleoside
phosphorylase (PNP) was disclosed and mecha -
nism of binding and activation of these
analogs in the catalytic site of E. coli PNP was
studied. The participation of Ser90·Oγ of E. coli
PNP in the binding of 8-aza-7-deazapurines in
the catalytic center of PNP followed by the
formation of productive complex and glyco-
sidic bond was suggested [8] and proved by the
preparation of the Ser90Ala mutant of E. coli
PNP and investigation of its substrate proper-
ties [34].
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Обговорено нещодавні відкриття в галузі
біотехнології біологічно активних нуклеози-
дів, до яких належить низка лікарських пре-
паратів проти лейкемії (кладрибін, флудара-
бін, неларабін, клофарабін). Докладно
розглянуто: нову стратегію каскадної «one-
pot» трансформації D-пентоз у нуклеозиди, що
ґрунтується на розширенні та поглибленні
знань про механізм функціонування рибокіна-
зи, фосфопентомутази, уридин-, тимідин- і
пуриннуклеозидфосфорилаз, а також роль різ-
них чинників (структурних, електронних, сте-
реохімічних) у формуванні глікозидного зв'яз-
ку; сучасні методи хемоензиматичного
синтезу нуклеозидів; реакцію трансглікози-
лювання, що каталізується нуклеозидфосфо-
рилазами, за якої донорами карбогідратних
залишків виступають природні та модифікова-
ні за цукрами нуклеозиди, а акцепторами —
гетероциклічні основи.

Ключові слова: нуклеозиди, біоміметичний
синтез, хемоензиматичний синтез, ензими
метаболізму нуклеїнових кислот.
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Обсуждаются недавние открытия в области
биотехнологии биологически активных нук-
леозидов, к которым относится ряд лекарст-
венных препаратов против лейкемии (кладри-
бин, флударабин, неларабин, клофарабин).
Подробно рассмотрены: новая стратегия кас-
кадной «one-pot» трансформации D-пентоз
в нуклеозиды, основанная на расширении
и углублении знаний о механизме функциони-
рования рибокиназы, фосфопентомутазы, ури-
дин-, тимидин- и пуриннуклеозидфосфорилаз,
а также роль различных факторов (структур-
ных, электронных, стереохимических) в фор-
мировании гликозидной связи; современные
методы хемоэнзиматического синтеза нуклео-
зидов; катализируемая нуклеозидфосфорила-
зами реакция трансгликозилирования, при
которой в качестве доноров карбогидратных
остатков выступают природные и модифици-
рованные по сахарам нуклеозиды, а акцепто-
ров — гетероциклические основания. 

Ключевые слова: нуклеозиды, биомимети чес -
кий синтез, хемоэнзиматический синтез,
энзимы метаболизма нуклеиновых кислот.
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Герпетическая инфекция человека охва-
тывает не менее 80% населения земного
шара, а ее наиболее частая форма — гени-
тальный герпес, имеющий выраженный
рецидивирующий характер течения, полу-
чил повсеместное распространение и являет-
ся одной из важнейших проблем как в Рос -
сии, так и за рубежом. Кроме того,
герпетическая инфекция практически все-
гда присутствует у людей, инфицированных
вирусом иммунодефицита человека (ВИЧ), что
осложняет течение вызываемого им СПИДа
и приводит к быстрому летальному исходу
[1]. Среди ВИЧ-инфицированных пациен-
тов, коинфицированных вирусом герпеса,
около 6–10% имеют штаммы вируса, рези-
стентные к имеющимся антигерпетическим
препаратам. На сегодняшний день иденти-
фицировано восемь типов герпесвирусов,
заражающих человека: вирусы простого гер-
песа (ВПГ) 1-го и 2-го типа, вирус ветряной
оспы (тип 3), вирус Эпштейна-Барр (тип 4),
цитомегаловирус человека (тип 5), розеоло -
вирусы (ВГЧ-6А, 6B и 7) и герпесвирус чело-
века 8-го типа (ВГЧ-8), ассоциированный
с саркомой Капоши. Вирус Эпштей на-Барр
и ВГЧ-8 являются онкогенами [2, 3].
Для представителей семейства Her pes -

viridae характерны следующие общие 
свойства:

1. Геномы вирусов кодируют значительное
количество энзимов метаболизма нуклеино-
вых кислот (тимидинкиназу, рибонуклео-
тидредуктазу, ДНК-полимеразу, хеликазу,
праймазу) и протеинкиназу.

2. Синтез ДНК и сборка вирусного капси-
да происходят в ядре, созревание вириона —
в цитоплазме.

3. Литический характер вирусов, т.е.
образование нового инфекционного поколе-
ния, сопряжено с разрушением клетки.

4. Способность поддерживать в клетках
хозяина латентную инфекцию. Латентный
геном сохраняет способность реплициро-
ваться и вызывать болезнь при рецидивной
инфекции. 

Большинство современных препаратов
для лечения герпетических инфекций осно-
ваны на использовании в качестве лекарст-
венных средств модифицированных нуклео-
зидов или их депо-форм [4]. Действие этих
препаратов направлено главным образом на
подавление активности  вирусной ДНК-
полимеразы. Следует отметить, что препара-
ты не избавляют пациентов от рецидиви-
рующего характера течения болезни,
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а результатом их длительного приема
может стать возникновение резистентных
штаммов вируса. Эти обстоятельства делают
актуальным поиск новых антигерпетиче-
ских препаратов и их мишеней. В обзоре
приведены данные по использованию кли-
нически одобренных антигерпетических
препаратов, а также по поиску новых
эффективных и малотоксичных веществ,
подавляющих репликацию ВПГ-1 человека,
который ведется, в том числе, и в Институте
молекулярной биологии им. В. А. Энгель -
гардта РАН.  

Клинически одобренные
антигерпетические препараты 

Аналоги нуклеозидов и их депо-формы
играют основную роль при создании 
антигерпетических препаратов [5]. Первый
антигерпетический препарат нуклеозид -
ной природы — 5-йодо-2′-дезоксиуридин,
использовавшийся в клинической практике
для лечения герпесного кератита, появился
в конце 50-х годов ХХ века. В следующие
два десятилетия для терапии были одобрены
трифтортимидин, аденинарабонозид и бром -
виниддезоксиуридин, также являющиеся
аналогами нуклеозидов. Эти препараты,
однако, имели низкую селективность и про-
являли достаточно высокую токсичность,
вследствие чего их использовали только для
наружного применения. Второе поколение
антигерпетических препаратов было созда-
но на основе ациклических нуклеозидов
(ацикловир, валацикловир, ганцикловир,
пенцикловир, фамцикловир), подавляющих
инфекции, вызываемые HSV-1, HSV-2, VZV
и цитомегаловирусом [6–10].

Ацикловир и валацикловир
Ацикловир (ACV, первоначальное назва-

ние — ациклогуанозин) был впервые синте-
зирован компанией Burroughs Wellcome
в рамках программы по поиску гуанозино-
вых нуклеозидов, устойчивых к действию
фосфорилаз. С появлением ацикловира
(рис. 1, а) началась новая эра в развитии
антивирусной химиотерапии. 

Ацикловир оказался эффективным
и малотоксичным препаратом. Механизм
действия ацикловира основан на его фосфо-
рилировании вирусной тимидинкиназой
с образованием соответствующего монофос-
фата (ACVMP). Последующие две стадии
фосфорилирования катализируют киназы
клетки-хозяина с образованием трифосфата
(ACVTP), который является субстратом

вирусной ДНК-полимеразы, включается
в цепь вирусной ДНК и блокирует ее синтез
[11]. До настоящего времени ацикловир
является золотым стандартом при поиске
антигерпесных препаратов [12], а автор его
разработки, Гертруда Элайн, получила
Нобелевскую премию по физиологии
и медицине в 1988 году. 

Недостатком ацикловира были низкая
биодоступность, плохая растворимость
и короткое время жизни препарата в крови.
В связи с этим для поддержания необходи-
мой концентрации ацикловира в крови
пациентов необходимы были достаточно
большие дозы и частое введение препарата,
что, в свою очередь, вызывало повышение
токсичности. Оральная биодоступность
ацикло вира составляет, согласно разным
источникам, 10–20%, а растворимость —
около 0,2%. Для улучшения растворимости
и повышения биодоступности были синтези-
рованы депо-формы  ацикловира, а именно
2′-О-глицил- и 2′-О-аланилацикловир [4].
Однако при клинических исследованиях
препараты проявили достаточно высокую
токсичность. 

Эффективным и безопасным препаратом
оказался валиновый эфир ацикловира,
валацикловир (рис. 1, b). Повышенная
оральная биодоступность валацикловира,
вероятно, является результатом быстрой

Рис. 1. Структурные формулы
противогерпетических препаратов,

применяемых в клинике: 
ацикловир (a), валацикловир (b), 

ганцикловир (c), пенцикловир (d), 
фамцикловир (e), фоскарнет (f).
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кишечной абсорбции, регулируемой транс-
портером пептидов 1 (hPEPT1), и последую-
щего эффективного превращения препарата
в ацикловир в результате гидролиза в тон-
ком кишечнике [4].

Одна из последних описанных в литера-
туре модификаций ацикловира, которая
существенно повышала его биодоступность, —
биотинилирование. Соединения, содержа-
щие биотиновую группировку, остаток
ацикловира и гидрофобный линкер, транс-
портировались в клетку натрийзависимым
транспортером мультивитаминов (SMVT).
Скорость накопления таких веществ в клетке
была приблизительно в 13 раз выше, чем ацик -
ловира, при такой же цитотоксичности [13]. 

Ганцикловир
Ганцикловир (GCV) — 9-(1,3-дигидро -

кси-2-пропоксиметил)гуанин — ацикличе-
ский аналог гуанозина (рис. 1, с), структура
которого близка к структуре ацикловира
[14]. Препарат значительно эффективнее
ацикловира относительно цитомегаловиру-
са (CMV) и используется для лечения
вызванных им заболеваний у пациентов
с ослабленным иммунитетом, в частности
при цитомегаловирусном ретините (воспале-
ние сетчатки глаза) у больных СПИДом. Как
и в случае ацикловира, оральная биодоступ-
ность ганцикловира низка, и, чтобы преодо-
леть эту проблему, впоследствии был синте-
зирован валганцикловир, валиновый эфир
ганцикловира [15].

Пенцикловир и фамцикловир
Пенцикловир (PCV, рис. 1, d) представ-

ляет собой ациклический аналог гуанозина
со структурой, близкой структурам ацикло-
вира и ганцикловира, но без кислорода
в ациклической «сахарной» части и с OH-
группой в позиции, эквивалентной 3′-OH-
группе природного дезоксинуклеозида.
Впервые PCV был синтезирован в лаборато-
риях Beecham Pharmaceuticals. В экспери-
ментах на клеточных линиях препарат был менее
активен против ВПГ-1 (IC50 = 0,4 ± 0,1 мкг/мл),
чем ацикловир (IC50 = 0,2 ± 0,2 мкг/мл), но
эффективно подавлял репликацию ВПГ-3
(IC50 = 3,1 ± 0,8 мкг/мл). Интересно, что при
высокой множественности инфицирования
клеток вирусом PCV был активнее, чем ACV,
и, в отличие от ацикловира, подавлял разви-
тие штамма ВПГ-1, несущего ген мутантной
ДНК-полимеразы (IC50 = 1,5 мкг/мл) [16].

Аналогично ацикловиру пенцикловир
превращается в монофосфат вирусной тими-
динкиназой. Первоначальное превращение

PCV в пенцикловирмонофосфат более эф -
фек тивно, чем фосфорилирование ACV,
однако трифосфат пенцикловира, образую-
щийся в инфицированных клетках, являет-
ся менее эффективным ингибитором синтеза
вирусной ДНК, чем ACVTP, а его оральная
биодоступность ниже, чем у ацикловира.
Для улучшения свойств препарата была син-
тезирована его депо-форма — фамцикловир
(рис. 1, e), являющийся диацетильным про-
изводным пенцикловира [4]. Фам цик ловир
превращается в пенцикловир in vivo под дей-
ствием эстеразы, катализирующей удаление
ацетильных групп, и альдегидоксидазы,
окисляющей пуриновое основание. Следует
отметить, что в культурах тканей фамцик-
ловир не обладает противовирусной актив-
ностью, так как в них не происходит окисле-
ния пенцикловира, но многочисленные
исследования in vivo показали, что при перо-
ральном применении он эффективно подав-
ляет ВПГ в различных животных моделях.
В экспериментальной инфекционной моде-
ли на мышах с подавленным иммунитетом
фамцикловир оказался более эффективным,
чем ацикловир в элиминации вируса из
пораженных органов (ухо, мозг). Еще одним
из преимуществ фамцикловира является его
способность предотвращать латентную
инфекцию ВПГ-1. Было показало, что значи-
тельно меньше латентного вируса обнаружи-
вается в ганглиях мышей, которых лечили
фамцикловиром, по сравнению с валацикло-
виром. Причины предотвращения рецидив-
ной инфекции фамцикловиром в условиях,
когда валацикловир не приводит к таким
результатам, остаются пока без объяснения.

Фоскарнет
Фоскарнет (PFA) (рис. 1, f) представляет

собой аналог пирофосфата и является нену -
клеозидным ингибитором ДНК-полимеразы
ВПГ. Фоскарнет неконкурентно (по отноше-
нию к нуклеотидам) связывается с актив-
ным центром энзима и имитирует уходящую
пирофосфатную группу, препятствуя связы-
ванию входящего нуклеозидтрифосфата
[17]. PFA применяется в клинике только
когда лечение ацикловиром и другими нук-
леозидными препаратами невозможно
в связи с возникшей резистентностью к нук-
леозидным препаратам.  PFA подавляет син-
тез вирусной ДНК при концентрациях, сопо-
ставимых с таковыми для ацикловира,
однако он обладает значительно более высо-
ким уровнем  цитотоксичности, вызывает
побочные эффекты и должен применяться
внутривенно, а не перорально [18]. 
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Поиск новых антигерпетических
препаратов

В литературе описан ряд новых интерес-
ных производных нуклеозидов, обладаю-
щих противогерпетической активностью,
например, ациклический H2G (рис. 2, a)
и карбоциклические циклобутановый
(лобукавир) (рис. 2, b) и циклопропановый
(A-5021) аналоги гуанина (рис. 2, c). Однако
после клинических испытаний соединения
не были одобрены как лекарственные препа-
раты из-за повышенной токсичности [19].

Фосфонатные производные нуклеозидов
В настоящее время в клинике исполь-

зуют три фосфонатных производных ацик-
лических нуклеозидов, которые активи-
руются в клетке, минуя стадию первичного
фосфорилирования: аналог цитидина сидо-
фовир, используемый для лечения цитоме-
галовирусной инфекции, и аналоги аденина
адефовир и тенофовир, применяемые в тера-
пии гепатита В и ВИЧ, соответственно.
Противогерпетическое действие фосфонат-
ных производных ацикловира ранее описа-
но не было, в связи с чем исследования
потенциальной активности фосфонатных
производных ACV и других нуклеозидов
представляли определенный интерес. 

В нашей лаборатории были синтезирова-
ны фосфонатные (Z)- и (E)-изомеры 9-[3-
(фосфонометоксипроп)-1-ен-1-ил] аденина
(14) и фосфонатный аналог ацикловира
(фосфит ацикловира, HpACV) (рис. 3) [20].

Ациклические фосфонатные аналоги
аденина (рис. 3, b и c) ингибировали репли-
кацию ВПГ-1 в культуре клеток Vero, при-
чем концентрация Z-изомера (b), подавляю-
щая развитие вируса на 50% (IC50), была

близка к концентрации РМЕА, известного
антигерпетического препарата. Активность
Е-изомера (с) в аналогичных экспериментах
была существенно ниже. Механизм дей-
ствия соединений заключается в их фосфо-
рилировании до дифосфатфосфонатов аде-
нина, которые избирательно включаются
в цепь вирусной ДНК и терминируют ее син-
тез. Оба изомера подавляли также рези-
стентные к ацикловиру штаммы вируса,
дефицитные по тимидинкиназе, поскольку
для их активации не требуется первой ста-
дии кинирования. Интересным свойством
этих соединений была их способность подав-
лять репликацию вируса иммунодефицита
человека в культуре клеток при концентра-
циях, близких к РМЕА. Синтезированные
дифосфаты соединений были субстратами
как обратной траскриптазы ВИЧ, так и
ДНК-полимеразы вируса герпеса, вклю ча лись
в 3′-конец праймер-матричного комплекса
и терминировали дальнейшую элонгацию
[21]. Полученные соединения являются
одним из немногих описанных в литературе
примеров, одновременно влияющих на раз-
витие как ВИЧ, так и вируса герпеса. 

Интересными оказались свойства H-фос-
фоната ацикловира. HpACV подавлял ре -
пли кацию ВПГ в культуре клеток и пони-
жал вероятность летального исхода для
инфи цированных ВПГ лабораторных жи -
вот ных [22]. Было отмечено, что подобно
ацикловиру HpACV в комбинации с интер-
фероном α проявляет синергический эффект
[23]. Характерной чертой HpACV было
подавление ацикловиррезистентных штам-
мов вируса, дефицитных по тимидинкиназе,
при этом его концентрация была всего в два

Рис. 2. Структурные формулы : 
H2G (a), лобукавир (b), A-5021 (с)

a

c

b

Рис. 3. Фосфонатные производные нуклеозидов:
HpACV (a), карбоциклический изостерный

аналог гуанозина (b), (Z)-9-[3-
(фосфонометоксипроп)-1-ен-1-ил] аденин (с)

a

c

b
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раза выше, чем в случае ацикловирчувстви-
тельных штаммов (в аналогичных экспери-
ментах концентрация ацикловира, ингиби-
рующая эти штаммы, увеличивалась почти
в 500 раз) [24]. При этом появление рези-
стентных к HpACV штаммов отмечалось
через восемь пассажей, в то время как рези-
стентность к ацикловиру была обнаружена
через четыре пассажа, причем диапазон
применяемых концентраций веществ был
для HpACV 100 — 800 мкг/мл, а для ACD
2,5 — 100 мкг/мл. Эти результаты показы-
вают, что резистентность к HpACV возни-
кает существенно медленнее и при более вы -
соких концентрациях по сравнению с ACV,
что указывает на то, что, в отличие от ацик-
ловира, HpACV ингибирует репликацию
вируса без участия тимидинкиназы. При
исследовании метаболизма HpACV на клет-
ках Vero было показано, что после проник-
новения в клетку он в значительной степени
непосредственно превращается в монофос-
фат ацикловира (ACVMP) и только неболь-
шая его часть гидролизуется до ACV [10].

В нашей лаборатории был проведен
сравнительный молекулярно-генетический
анализ мутаций, возникающих при пассиро-
вании вируса в присутствии HpACV и ACV
и приводящих к резистентным штаммам как
к HpACV, так и к ACV, соответственно. Ре -
зуль таты этого анализа показали, что меха-
низм, приводящий к подавлению вируса
в присутствии ACV и HpACV, различен. 

Производные  триазинов
Совместно с Институтом органического

синтеза им. Постовского (Екатеринбург)
нами были изучены ациклические произ -
водные 1,2,4-триазоло[1,5-a]пиримидин-7-
онов  как ингибиторы репликации ВПГ-1
в культуре клеток Vero [25]. Структурные
формулы соединений приведены на рис. 4.

Было показано, что синтезированные
соединения проявляют умеренную антигер-
петическую активность на культуре клеток.
Для изучения механизма действия были
синтезированы трифосфаты этих соедине-
ний и показано, что они ингибируют ДНК-
полимеразу вируса герпеса, причем их
активность зависела от структуры соедине-
ния. Трифосфат соединения 3c (рис. 4), несу-
щий метилтиогруппу, наиболее эффективно
ингибировал встраивание радиоактивно-
меченого АМФ в 3′-конец праймерматрично-
го комплекса. На основании полученных
результатов можно предположить, что
одной из мишеней действия соединений
является герпесвирусная ДНК-полимераза.
Мы пока не знаем, являются ли они ингиби-
торами нуклеозидного типа и связываются
с активным центром энзима, или ненуклео-
зидного и связываются с энзимом вне актив-
ного центра. Испытанные соединения пред-
ставляют собой новый тип ингибиторов
вируса герпеса.

Молекулярно-генетический анализ
клинических, резистентных 
к ацикловиру штаммов ВПГ

Как было отмечено выше, длительное
применение лекарственных препаратов при-
водит к появлению резистентных штаммов
вируса, что делает течение болезни некон-
тролируемым. Так, 4–7% изолятов ВПГ-1,
полученных от иммунодефицитных пациен-
тов, обладают устойчивостью к ACV. В 95%
случаев устойчивость к ацикловиру обуслов-
лена мутациями в гене тимидинкиназы
и только в 5% случаев — мутациями в гене
ДНК-поли ме разы, но встречаются также
вирусы, мутантные по обоим энзимам [26]. 

В генах тимидинкиназы и ДНК-полиме-
разы клинических изолятов и лабораторных
штаммов, резистентных к ацикловиру и
дру гим препаратам, выявлено большое ко -
ли чество мутаций, ряд которых приво дит
к потере активности энзима и возникнове-
нию резистентности к препаратам, актив-
ность которых зависит от тимидинкиназы
вируса (ацикловир, пенцикловир, ганцик-
ловир и другие нуклеозидные препараты).

На рис. 5 показано расположение мута-
ций в тимидинкиназе клинических изоля-
тов вируса, резистентных к антигерпетиче-
ским препаратам. 

Мутация R220H приводит к потере чув-
ствительности вируса к ацикловиру [27],
пенцикловиру и ганцикловиру, мишенью
которых является вирусная тимидинкина-

Рис. 4. Структурные формулы производных 
6-фенил-1,2,4-триазоло[1,5-a]пиримидина 

и (2-5) 6-фенил-1,2,4-триазоло[5,1-c]
[1,2,4]триазин-7-она
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за. В работе [28] описана аналогичная мута-
ция R220K в гене тимидинкиназы ВПГ-2,
приводящая совместно с другими заменами
к изменению субстратной специфичности
энзима. Чувствительность резистентного к
ацикловиру лабораторного штамма, несу-
щего эту мутацию, к другим препаратам,
например GCV и BVDU, также понижена на
1–2 порядка. В то же время соединение AraA,
механизм действия которого не зависит от
вирусной тимидинкиназы [23], подавляет
репликацию этого штамма почти так же,
как и штамма дикого типа. Мы показали,
что эта мутация присутствует в гене тими-
динкиназы лабораторного штамма, рези-
стентного к HpACV. Однако она не влияет на
активность HpACV, поскольку механизм его
действия также не зависит от тимидинкина-
зы [27]. Мутация G59R находится в АТР-
связывающем сайте энзима, важном элемен-
те для функционирования энзима, поэтому
мутация играет существенную роль в пони-
жении его активности. 

В ДНК-полимеразе ВПГ-1 было иденти-
фицировано более 20 мутаций, ряд из кото-
рых существенен для функционирования
энзима. Расположение мутаций в гене ДНК-
полимеразы показано на рис. 6.

Замены I394K, P433S и V585M нахо дят -
ся в 3′-5′-экзонуклеазном домене энзима,
причем мутация V585M располагается
в консервативном участке ExoIII (572-585).
В работе [29] показано, что мутации в этом
участке влияют на чувствительность вируса
к препаратам. Согласно литературным дан-
ным, мутация D581A, расположенная в
непосредственной близости от V585M, при-
водит практически к полной потере 3′-5′-
экзонуклеазной корректирующей активно-
сти энзима при частичном сохранении
полимеразной активности [19]. Потеря или
изменение корректирующей активности

приводит к понижению точности синтеза
ДНК-полимеразой и, следовательно, к повы-
шению скорости возникновения мутаций.

Мутация N608S находится в консерва -
тив ном  участке C и способствует устойчи-
вости лабораторного штамма ВПГ-1 к ACV
и HpACV [24]. Было показано, что замена
L702H в консервативном участке II ДНК
полимеразы ВПГ-1 вызывает резистент-
ность вируса к ацикловиру и сохранению
чувствительности или незначительной рези-
стентности по отношению к пенцикловиру и
ганцикловиру. Замена гидрофобного лейци-
на 702 на пролин может приводить к измене-
нию конформации b-листа в домене ладони,
участвующего в координировании ионов
магния и трифосфатного участка в актив -
ном центре энзима [30]. Аналогич ный
эффект вызывает мутация F716L, поскольку
она располагается рядом с аминокислотным
остатком D717, участвующим в координа-
ции ионов магния.  При замене гидрофобно-
го валина 715 на более полярный метионин
происходит потеря чувствительности вируса
к ацикловиру [31], а замена соседнего гидро-
фобного фенилаланина 716 на полярный
лизин также оказывет сильное влияние
на чувствительность энзима к этому препа-
рату [27]. 

Согласно кристаллографическим дан-
ным [8], мутация M880T, расположенная
достаточно близко от каталитической триа-
ды (D717, D886, D888) и участка связыва-
ния фосфатного остатка нуклеозидтрифос-
фата и ионов магния, может создать
стерические препятствия для связывания
остатков фосфата и обусловить понижение
чувствительности вируса как к аналогам
нуклеозидов, так и к PFA. 

По данным литературы [32], замена
N815S приводит к устойчивости штамма
к ацикловиру и его аналогам. Согласно кри-
сталлографическим данным (22), боковая

Рис. 5. Расположение аминокислотных замен
из разных клинических изолятов относительно

консервативных участков и доменов
тимидинкиназы ВПГ-1

Рис. 6. Расположение аминокислотных замен
из разных клинических изолятов относительно
консервативных участков и функциональных

доменов ДНК-полимеразы ВПГ-1
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цепь N815 находится напротив основания
нуклеотида, входящего в активный центр
энзима. Компьютерное моделирование поз-
воляет предположить, что боковая цепь
мутантного остатка S815 имеет простран-
ственную ориентацию, отличную от таковой
остатка N815 исходного штамма. Мутантная
по этому остатку полимераза не встраивает
ACVMP в растущую цепь ДНК [33].

Мы проанализировали мутации в тими-
динкиназе и ДНК-полимеразе четырех кли-
нически изолированных штаммов вируса гер-
песа, резистентных к ацикловиру (Avd, Che,
Tot, Sha), и показали, что большинство мута-
ций, обусловливающих резистентность, сов-
падают с уже описанными в литературе [27].

Однако в изоляте Che впервые были обна-
ружены аминокислотные замены в ДНК-
полимеразе I159M и E545D, которые нахо-
дятся в 3→5 экзонуклеазном домене и могут
влиять на активность энзима.  Большинство
мутаций в ДНК-полимеразе, найденных
в штамме Sha, также располагаются в экзо-
нуклеазном центре, что обычно приводит
к снижению корректирующей активности
и обусловливает резистентность вируса
к ACV. Таким образом, резистентность и
кли нических, и лабораторных штаммов

объясняется мутациями как в ДНК-полиме-
разе, так и тимидинкиназе вируса герпеса,
причем замены одного и того же аминокис-
лотного остатка на другие аминокислотные
остатки по-разному влияют на чувствитель-
ность энзимов к различным антигерпетиче-
ским препаратам 

Данный обзор не претендует на полное
изложение всего объема материала по
поиску антигерпетических препаратов.
После открытия ацикловира прошло 30 лет,
за это время появилось много эффективных
препаратов, достигнуто существенное пони-
мание стратегии поиска препаратов, один из
результатов которого — создание депо-форм
антигерпетических препаратов. Было опуб-
ликовано много обзоров и статей с подроб-
ным описа нием экспериментальных и кли-
нических исследований (см., например,
[33]). Нам хотелось только показать, что
изучение вируса герпеса и поиск ингибито-
ров остается доныне важной проблемой
и тре бует совместных усилий химиков, био-
логов, фармацевтов.  

Работа выполнена при финансовой под-
держке гранта РФФИ 12-04-00581.   
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ПОШУК ІНГІБІТОРІВ РЕПЛІКАЦІЇ
ВІРУСУ ГЕРПЕСУ: 

30 РОКІВ ПІСЛЯ АЦИКЛОВІРУ

Коровіна О. М. 
Куханова М. К. 
Кочетков С. М. 

Інститут молекулярної біології 
ім. В. О. Енгельгардта

Російської академії наук, 
Москва, Росія

E-mail: kochet@eimb.ru

В огляді здійснено аналіз вивчення та
застосування різних хімічних сполук як
інгібіторів реплікації вірусу герпесу. Проте
він не претендує на повний виклад усіх
досліджень пошуку активних антигерпет ич -
них препаратів. З часу відкриття першого
антигерпетичного препарату — ацикловіру —
минуло 30 років. За цей час з’явилося багато
активних хімічних сполук, які стали основою
для створення антивірусних препаратів,
прийшло істотне розуміння стратегії пошуку
препаратів, результатом якого, зокрема, було
створення депо-форм антигерпетич них
препаратів. На підставі великого обсягу
опублі ко ва ного експериментального матеріа -
лу автори роблять висновок про те, що
вивчення вірусу герпесу і пошук інгібіторів
його реплікації залишається й досі важливою
проблемою і потребує спільних зусиль хіміків,
біологів та фармацевтів.

Ключові слова: вірус герпесу, противірусні
препарати, ацикловір.

SEARCH OF INHIBITORS OF HERPES
VIRAL REPLICATION: 

30 YEARS AFTER ACYCLOVIR

Korovina A. N. 
Kuhanova M. K. 
Kochetkov S. N. 

Engelhardt Institute of Molecular Biology 
of Russian Academy of Sciences, 

Moscow, Russia

E-mail: kochet@eimb.ru

Analysis of study and using of different
chemical compounds as inhibitors of herpes
virus replication is given in the review.
However, it does not apply for full details of all
the studies on active antiherpetic drugs finding.
It’s been over 30 years since the discovery of the
first antiherpetic drugs ⎯ acyclovir. Mean -
while, lots of active chemical compounds
appeared that have been brought to the antiviral
drugs. An essential understanding of strategies
for finding drugs came in, one of which was
establishment of depot forms of antiherpetic
drugs. On the basis of the vast published experi-
mental material the authors concluded that the
study of the herpes virus and search for
inhibitors of its replication is still an important
issue and requires the efforts of chemists, biolo-
gists, pharmacists.

Key words: herpes virus, antiviral drugs acy-
clovir.
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Horseradish peroxidase isoenzyme C
(HRP, EC 1.11.1.7), a heme- and Ca2+-contai -
ning glycoprotein, is a member of the superfa -
mily of plant peroxidases [1–3] that are able to
utilize hydrogen peroxide to catalyze the one
electron oxidation of a wide variety of organic
and inorganic substrates. Whereas plant pe -
roxidases find interest for applications in va -
rious biotechnological processes, like bleaching
and degradation of organic compounds (e.g.
phenols and lignin), HRP specifically is used
in analytical biochemistry and biotechnology
as a marker enzyme for antibodies, DNA and
low molecular mass analytes. Broad substrate
specificity and high catalytic activity and sta-
bility determined the world-wide application
of HRP in bio- and immunosensors, chemilu-
minescent, fluorescent and electrochemical
detection systems, DNA microarrays and
biochips with HRP-based colori metric detec-
tion [4–6, 14, 56].

Progress made in peroxidase gene hetero -
logous expression opened up the prospect to
study structure-function relationships by

means of genetic engineering. The baculovirus
expression system allowed production of
recombinant HRP in soluble, active and glyco-
sylated form [7], however, this system is labo-
rious and not as wide spread as expression in
E. coli. Expression of HRP in yeast indicated
only very low expression of active enzyme [8].

Up to date for the production of wild-type
as well as mutant recombinant HRP the E. coli
expression system is mostly used [9, 10].
Recombinant HRP forms inclusion bodies con-
taining only traces of heme if expressed in bac-
terial cytoplasm. Multistep refolding and
reactivation of recombinant apo-peroxidase
with the prosthetic heme group is complex as
the protein contains four disulfide bonds and
in addition must bind two Ca2+-ions per mole-
cule. Moreover, the plant-derived enzyme con-
tains 18% carbohydrates via 8 glycosylation
sites. Crystal structure of recombinant HRP
has been solved, revealing the presence of two
domains formed by a total of ten α-helices [11]. 

Among of the factors leading to the forma-
tion of inclusion bodies upon expression of
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The article deals with prospects of using recombinant horseradish peroxidase  in analytical biochem-
istry and biotechnology. Problems of recombinant horseradish peroxidase cloning in different expression
systems, possible approaches to their solution, advantages of recombinant recombinant horseradish pe -
roxidase and recombinant horseradish peroxidase-fusion proteins for immunoassays are considered.
Possibility for development of mediatorless bienzyme biosensor for peroxide and metabolites, yielding
hydrogen peroxide during their transformations, based on co-adsorption of recombinant horseradish pe -
roxidase and the appropriate oxidase was demonstrated. The possibility to produce a fully active recom-
binant conjugate of recombinant horseradish peroxidase with human heart-type fatty acid binding pro-
tein, which may be used in competitive immunoassay for clinical diagnosis of acute myocardial infarction,
and recombinant conjugates (N- and C-terminus) of recombinant horseradish peroxidase with Fab-frag-
ments of the antibody against atrazine, which may be applied for atrazine pesticides detection, are
demonstra ted for the first time.
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cysteine-rich proteins is the reduction poten-
tial of E. coli cytoplasm, preventing correct
formation of disulfide bonds [12]. One solu-
tion to this problem was fusion of such a pro-
tein to a signal peptide for secretion into the
bacterial periplasm. After translocation the
signal peptide is cleaved off and a correctly
folded protein with disulfide bonds can be
formed under the oxidizing conditions of this
compartment. This approach has been success-
fully applied for the production of soluble
active recombinant HRP, though with rather
low yield [13].

In biotechnological applications, however,
a more effective and reliable way for produc-
tion of recombinant HRP is desirable.
Introduction of a C-terminal His-tag facilita -
ted renaturation and purification of recombi-
nant peroxidase from inclusion bodies.
Moreover, by addition of a His-tag to the
recombinant peroxidase it was envisaged to
facilitate downstream processing, in particu-
lar of the dilute solutions obtained after the
refolding procedure. The high yield and high
specific activity obtained with the optimized
protocol enables to produce sufficient recom-
binant enzyme for the development of biosen-
sors in which electrons are directly trans-
ferred from the electrode to the immobilized
peroxidase [4, 6] or in which the sensitivity of
the enhanced chemiluminescence reaction is
increased [14]. In particular, His-tag recombi-
nant HRP co-adsorbed with corresponding
oxidases producing H2O2 can be considered as
promising for future multienzyme biosensor
development [4, 5]. 

Principal possibility of the development of
a mediatorless bienzyme biosensor for per -
oxide and metabolites, yielding hydrogen per-
oxide during their transformations, based on
co-adsorption and cooperation of HRPhis,
capable of efficient direct electron transfer,
and the appropiate oxidase, e.g., LysOx, was
demonstrated. Amperometric bienzyme bio -
sen sor for the determination of L-lysine based
on LysOx and HRP containing 6-His tag at the
C-terminus physically co-immobilized on the
surface of polycrystalline gold electrodes is
shown to be simple in manufacturing and
opera tion, sufficiently effective and highly
reproducible. Efficient direct electron trans-
fer between gold electrodes and immobilized
His-tag HRP makes it possible a mediatorless
detection of hydrogen peroxide that is
released during the enzymatic oxidation of L-
lysine, thus decreasing the number of compo-
nents in the system used for the detection
[4–6].

Genetic engineering approach offers new
opportunities for broad application of recom-
binant HRP to design highlysensitive im mu -
no biosensors of a new generation, based on the
recombinant DNA technology.

Survey on recombinant conjugates 
for analytical application

Horseradish peroxidase is a key marker
enzyme for immunodiagnostics. Enzyme
immunoassays for the detection and quantita-
tive analysis of various substances are based
on coupling of marker enzymes like HRP with
antigens or antibodies. However, all the chemi -
cal conjugation methods result in partial inac-
tivation of the enzyme and heterogeneity of
the conjugates, which in turn influence speci-
ficity and sensitivity of the assays. With the
advance of genetic engineering it became clear
that genetic in frame fusions of antigens/anti-
bodies and enzymes would provide many of the
desirable features of conjugates for use in
immunoassays, in particular homogeneity, 1:1
stoichiometry, reproducibility and ease of pro-
duction [15]. 

Early fusion proteins contained the bacterial
enzymes β-galactosidase [16–18] or alkaline
phosphatase [19–21], which can be easily
expressed in E. coli. In addition to these
enzymes, bioluminescent or fluorescent mark-
er proteins such as aequorin or green fluores-
cent protein [22, 23] have been used as fusion
partners for a model octapeptide. Genetic
fusion was also employed to construct conju-
gates with protein A [24] or an in vitro biotiny-
lated polypeptide tag for β-galactosidase [25].
The genetic approach is particularly attractive
for fusions to small peptides with numerous
functional groups, which are difficult to con-
trol [26], or with human proteins which often
are not easily available [27]. Whereas β-galac-
tosidase is solubly expressed in the
cytosplasm, the disulfide-containing alkaline
phosphatase is secreted into the periplasm,
thus also broadening the spectrum of fusions
to disulfide-containing proteins [28, 29]. The
drawback of the lower specific activity of the
bacterial alkaline phosphatase in comparison
to the calf intestinal alkaline phosphatase rou-
tinely used in chemical conjugations could be
partly overcome by using a genetically engi-
neered mutant of the bacterial enzyme with
increased activity [30]. Recombinant conju-
gates of antibodies with alkaline phosphatase
[31–35], luciferase [36], and peroxidase
Arthromyces ramosus [37] were obtained ear -
lier.
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A principal problem associated with β-
galactosidase or alkaline phosphatase fusions
is their tetrameric and dimeric structure,
respectively, which likely leads to an increased
apparent affinity (avidity) of a conjugate in
comparison to the free antigen. This is not
desirable for the development of competitive
immunoassays. On the other hand, horsera -
dish peroxidase, which is very popular for
preparation of enzyme-conjugates [38], can
only be expressed in E. coli in the form of
inclusion bodies. The yield of refolded and
reconstituted (with heme) recombinant per -
oxidase used to be rather low [9, 10], which has
so far precluded the use of this enzyme in the
genetic fusion approach. Progress in heterolo-
gous expression in E. coli and reactivation of
recombinant HRP carrying a C-terminal oligo-
histidine tag (HRPhis) [13] opened the
prospect of producing a recombinant conju-
gate of HRPhis with a marker enzyme for
application in immunoassays.

Recombinant conjugates of HRP 
with protein antigens

Earlier we’ve exemplified that a fusion
protein of peroxidase and human heart fatty
acid binding protein (H-FABP)  can be used as
a recombinant tracer in immunoassays for
detection of H-FABP [39]. This small (15 kDa)
cytosolic protein is a member of a protein fami -
ly specialized in transport of fatty acids and is
highly abundant in heart muscle (0.52 mg/g
heart tissue). Its rapid release into the circula-
tion and its good tissue specificity make it an
ideal early marker for clinical diagnosis of
acute myocardial infarction [27, 40]. 

A fusion protein comprising HRP and
human heart-type fatty acid-binding protein
(H-FABP) was constructed by introducing the
coding part of the human H-FABP cDNA into
the XmaIII site of the expression vector for
horseradish peroxidase, pETHRPhis [13], just
in front of the 6xHis tag (Fig. 1).

Recombinant HRP-FABPhis conjugate has
the same Soret band absorption with a maxi-
mum at 403 nm as native peroxidase and
recombinant HRPhis, indicating that the Fe3+

co-ordination by heme as well as proximal and
distal histidines is not affected. These data
indicate that C-terminal extension of the
recombinant peroxidase with the 15 kDa
human H-FABP has no drastic influence on
the activity of the recombinant conjugate,
which values corresponds to that for recombi-
nant HRPhis alone and the plant-derived
enzyme (1000 U/mg against ABTS substrate)

[13]. At the same time the recombinant conju-
gate bound fatty acids as shown qualitatively
by a gel elution assay with radioactive oleic
acid (data not shown) and was recognized by a
sandwich ELISA with two monoclonal antibo -
dies [27] indicating the structural integrity of
the FABP part.

The competitive assay format with its
reduced number of incubations can be success-
fully employed to develop fast immunoassays.
Solid phase immunoassay is based on competi-
tion of free H-FABP with HRP-FABP conju-
gate for binding sites on microtiter plates
coated with polyclonal antibodies against H-
FABP. A conjugate of plant peroxidase and
human H-FABP has been synthesized based on
periodate oxidation of oligosaccharides [41].

The typical calibration curves shown in
Fig. 2 demonstrate the wide measuring range
(3 orders of magnitude of H-FABP concentra-
tion) and the good detection limit — 1,5 ng H-
FABP per ml of sample (0.05 ng/well). The
intraassay variation coefficient was between 4
and 8% [39]. The detection limit of this new
immunoassay is similar to that observed with
sandwich-type ELISAs using monoclonal anti-
bodies against human H-FABP (0.02–0.1 ng/well)
[27, 40]. Interestingly, at higher concentra-
tions H-FABP competed better with the
recombinant conjugate than with the chemi-
cally prepared conjugate for binding to the
polyclonal capture antibodies. One explana-
tion could be the presence of chemically pre-
pared conjugate consisting of HRP with more
than one H-FABP attached, which would
exhibit a higher apparent affinity due to mul-
tipoint binding to the immobilized antibodies.

To challenge the competitive ELISA we
analyzed a set of plasma samples periodically
withdrawn from one patient with diagnosis of
AMI over a period of 24 h after admission to
the hospital (Fig. 3) [39]. The values for 

Fig. 1. Cloning scheme (A) and spatial model (B)
of HRP-FABP conjugate 

A B
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H-FABP concentrations in the plasma samples
assayed with the competitive ELISA exhibited
good correlation with those obtained by the
reference sandwich ELISA and the developed
EUROCARDI immunosensor  [27, 40].

Thus we have opened up for the first time
the possibility to reproducibly produce a
recombinant conjugate of a protein antigen
with horseradish peroxidase as marker
enzyme for use as tracer in competitive
immunoassays [39]. The applicability of this
genetically engineered fusion protein with a
defined 1:1 stoichiometry for a clinically rele-
vant analyte, the human heart fatty acid bin -
ding protein, has been shown with plasma
from a patient after myocardial infarction.
Our approach paves the way for broad applica-
tion of the popular peroxidase marker enzyme

in competitive immunoassays employing
genetically engineered conjugates. We have
already extended the concept by preparation
of a recombinant conjugate of peroxidase and
human myoglobin, another analyte important
for early detection of myocardial infarction.

Recombinant conjugates of HRP 
with (Fab) antibodies fragments

The functional expression of the recombi-
nant conjugate of HRP and antibody fragments
in E. coli is associated with a number of diffi-
culties, since there is no post-translational gly-
cosylation of proteins in E. coli cells, resulting
in low solubility and aggregation of the resul -
ting protein. This problem can be solved by
replacing the expression system. For instance,
it has been shown that methylotrophic yeast
Pichia pastoris is a more suitable medium for
antibody expression than E. coli cells [42, 43].

HRP [44] and antibody fragments [45] were
successfully expressed individually in P. pas-
toris cells, both in the single-stranded form
scFv [46, 47] and in a Fab form [48]. Moreover,
certain immune conjugates have also been cre-
ated using this expression system [49–51]. It
has been demonstrated that  gene expression in
the Pichia pastoris system in the secreted form
considerably simplifies the scaling of the
process for biochemical applications [52].

Progress in functional secreted expression
of HRP and antibodies in Pichia pastoris [44,
53] open the prospect to produce recombinant
conjugates of HRP with antibodies for appli-
cation in immunoassays. However, the pro-
duction of recombinant conjugates is an appre-
ciably complicated task, since it remains thus
far impossible to reliably predict the structure
of the desired conjugate; hence,  loss of the
functional activity of both the  marker enzyme
and antigen is possible, due to the incorrect
folding of two components.

General versatile expression system for
recombinant conjugates of peroxidase with
Fab fragments of antibodies production has
been elaborated based on pPICZalfa vector and
X33 P.pastoris strain (Invitrogen). These sys-
tems provide secreted, methanol-inducible
expression in cultural medium two types of
conjugates where the peroxidase part geneti-
cally fused to N- or C-terminal part of variable
heavy chain of antibody via short flexible link-
er sequences (Gly4Ser) (Fig. 4) [54].

To exemplify the applicability of this
approach for the first time we have produced
set of conjugates of peroxidase with Fab
against atrazine pesticides (Fig. 4). 

Fig. 2. Calibration curves for the competitive
immunoassay. Competition of  1 — recombinant 
(-�-) or 2 — chemically prepared conjugate (-�-)

with H-FABP 

Fig. 3. Comparison of FABP plasma concentra-
tion, obtained with different immunoassay 

formats. Profile of patient No. 14: -�-sandwich
ELISA, -�- electrochemical immunosensor, -�-

competitve ELISA

1

2
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The developed expression vectors allow
simple recloning of any variable heavy
(PstI/BstEII sites) and light (BamHI/XhoI
sites) chains, thus providing general vectors
for recombinant conjugates of peroxidase with
antibodies production in P. pastoris.

The total yield of recombinant conjugates
was approximately 3–10 mg per 1 L of the
P. pastoris culture supernatant. A relatively
low yield of secreted conjugates correlates
with the yield upon expression of the HRP
gene only [54]. We believe that one of the fac-
tors that have a negative effect on the yield of
the secreted product is the excessive glycosy-
lation of the peroxidase component of the con-
jugate, which is typical of P. pastoris cells. In
order to verify this hypothesis, it may be rea-
sonable to remove all N-glycosylation sites in
HRP or replace HRP with another reporter
protein, such as EGFP.

In order to confirm the antigen-binding
activity of recombinant conjugates, we selec -
ted the scheme of indirect competitive single-
stage ELISA carried out on the wells with an
immobilized atrazine–BSA conjugate. The
data obtained attest to the presence of both

catalytic and antibody activity in all forms.
However, the low activity of the HRP-Fab in
comparison with the C-terminal conjugate
Fab-HRP may attest to the fact that the mutu-
al spatial arrangement of two components of
the chimeric protein in this case results in a
decrease in the catalytic activity of peroxi-
dase. Typical calibration curve (Fig. 5) allows
one to determine the atrazine concentration
over a wide range, from 0.1 to 50 ng/ml; the
variation coefficient being no higher than 8%.
IC50 is equal to 3 ng/ml, which agrees well
with the results of atrazine determination by a
two-stage ELISA procedure using recombi-
nant Fab fragments of the same antibody
K411B [54] and with the data on the single-
stranded mini-antibody (scFv) obtained earlier
in E. coli [53, 55]. Thus, the recombinant con-
jugates of peroxidase with Fab fragments of
antibody against atrazine obtained in the pre-
sent study possess functional activity and can
be used to determine atrazine via ELISA.

We have for the first time demonstrated
the possibility to produce a fully active recom-
binant conjugate of a protein antigen with
horseradish peroxidase as marker enzyme for

Fig. 4. Cloning schemes and spatial models of recombinant conjugates: 
Fab-HRP and HRP-Fab (left and right panel respectively) 
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use as tracer in competitive immunoassay for a
clinically relevant analyte. We have already
extended the concept by preparation of a
recombinant conjugate of peroxidase and
human myoglobin, another analyte important
for early detection of myocardial infarction.

The possibility of using a recombinant,
functionally active HRP (as a marker enzyme)
conjugated with Fab fragments of the anti-
body against atrazine was shown for the first

time. Recombinant conjugates were obtained
in which the Fab fragment of an antibody is
bound both to the N- and the C- terminus of
peroxidase. Both these variants manifest
immunological and catalytic activity. 

Thus successful genetic engineering
towards horseradish peroxidase opens the new
opportunities of using this traditional marker
enzyme for analytical and biomedical applica-
tion.

Fig. 5. Calibration curve for atrazine determination in competitive ELISA 
with recombinant conjugate of Fab-HRP

REFERENCES
1. Chance B. // Arch. Biochem. — 1949. — V 22,

N 2. — P. 224–252.
2. Dunford H. B., Stillman J. S. // Coordination

Chemistry Reviews. — 1976. — V. 19. —
P. 187–251. 

3. Welinder K. G. // Eur. J. Biochem. — 1979. —
V. 96. — P. 483–502.

4. Ferapontova E. E., Grigorenko V. G., Egorov A. M.
et al. // J. Electroanal. Chem. — 2001. —
V. 509, N 1. — P. 19–26. 

5. Ferapontova E. E., Grigorenko V. G., Egorov A. M.
et al. // Biosens. Bioelectron. — 2001. —
V. 16, N 3. — P. 147–157.

6. Presnova G., Grigorenko V., Egorov A. et al. //
Faraday Discuss. — 2000. — V. 116. —
P. 281–289.

7. Hartmann C., Ortiz de Montellano P. R. //
Arch. Biochem. Biophys. — 1992. — V. 297. —
P. 61–72.

8. Vlamis-Gardikas A., Smith A. T., Clements J. M.,
Burke J. F. // Biochem. Soc. Trans. —
1992. — V. 20, N 2. — P. 111S.

9. Smith A. T., Santana N., Dacey S. et al. // J.
Biol. Chem. — 1990. — V. 265. —
P. 13335–13343.

10. Egorov A. M., Gazaryan I. G., Kim B. B. et al.
// Ann. N. Y. Acad. Sci. — 1994. — V. 721.
— P. 73–82.

11. Gajhede M., Schuller D. J., Henriksen A. et al.
// Nat. Struct. Biol. — 1997. — V. 4, N 12. —
P. 1032–1038.

12. Freedman R. B. // Curr. Opin. Struct. Biol. —
1995. — V. 5, N 1. — P. 85–91.

13. Grigorenko V., Chubar T., Kapeliuch Yu. et al.
// Biocatal. Biotransform. — 1999. — V. 17. —
P. 359–397.

14. Rubtsova M. Y., Kovba G. V. Egorov A. M. //
Biosens. Bioelectron. — 1998. — V. 13, N 1. —
P. 75–85.

15. Lindbladh C., Mosbach K., Bulow L. // Trends
Biochem. Sci. — 1993. — V. 8. —
P. 279–283.

16. Porstman T., Kiessig S. T. // J. Immunol.
Methods. — 1992. — V. 150. — P. 5–21.

17. Offensperger W., Wahl S., Neurath A. R. et al.
// Proc. Natl. Acad. Sci. U.S.A. — 1985. —
V. 82. — P. 7540–7544.

18. Peterhans A., Mecklenburg M., Meussdoerf -
fer F., Mosbach K. // Anal. Biochem. —
1987. — V. 163. — P. 470–475.



BIOTECHNOLOGIA ACTA, V. 6, No 4, 2013

92

19. Lindbladh C., Persson M., Bulow L. et al. //
Biochem. Biophys. Res. Commun. — 1987. —
V. 149. — P. 607–614.

20. Gillet D., Ezan E., Ducancel F. et al. // Anal.
Chem. — 1993. — V. 65. — P. 1779–1784.

21. Ezan E., Ducancel F., Gillet D. et al. // J.
Immunol. Methods — 1994. — V. 169. —
P. 205–211.

22. Ramanathan S., Lewis J. C., Kindy M. S.,
Daunert S. // Anal. Chim. Acta. — 1998. —
V. 369. — P. 181–188.

23. Lewis J. C., Daunert S. // Anal. Chem. —
1999. — V. 71. — P. 4321–4327.

24. Lindbladh C., Mosbach K., Bulow L. // J.
Immunol. Methods. — 1991. — V. 137. —
P. 199–207.

25. Wittkowski A., Kindy M. S., Daunert S.,
Bachas L. G. // Anal. Chem. — 1995. —
V. 67. — P. 1301–1306.

26. Wittkowski A., Daunert S., Kindy M. S.,
Bachas L. G. // Ibid. — 1993. — V. 65. —
P. 1147–1151.

27. Schreiber A., Specht B., Pelsers M. M. A. L. et
al. // Clin. Chem. Lab. Med. — 1998. —
V. 36. — P. 283–288.

28. Gillet D., Ducancel F., Pradel E. et al. //
Protein Eng. — 1992. — V. 5. — P. 273–278.

29. Chanussot C., Bellanger L., Ligny-Lemaire C.
et al. // Immunol. Methods. — 1996. —
V. 197. — P. 39–49.

30. Kerschbaumer R. J., Hirschl S., Schwager C.
et al. // Immunotechnology — 1996. — V. 2. —
P. 145–150.

31. Rau D., Kramer K., Hock B. // J. Immuno -
assay Immunochem. — 2002. — V. 23, N 2. —
Р. 129–143.

32. Tachibana H., Takekoshi M., Cheng X. J. et
al. // Clin. Diagn. Lab. Immunol. — 2004. —
V. 11, N 1. — Р. 216–218.

33. Mousli M., Turki I., Kharmachi H. et al. // J.
Virol. Meth. — 2007. — V. 146, N 1–2. —
Р. 246–256.

34. Dong J. X., Li Z. F., Lei H. T. et al. // Anal.
Chim. Acta. — 2012. — V. 736. — P. 85–91. 

35. Xu Z. L., Dong J. X., Wang H. et al. // J.
Agric. Food Chem. — 2012. — V. 60, N 20. —
P. 5076–5083. 

36. Patel K. G., Ng P. P., Kuo C. C. et al. //
Biochem. Biophys. Res. Commun. — 2009. —
V. 390, N 3. — Р. 971–976.

37. Joosten V., Roelofs M. S., van den Dries N. et
al. // J. Biotechnol. — 2005. — V. 120, N 4. —
Р. 347–359.

38. Markaryan A. N., Mashko S. V., Kukel L. V. et
al. // Ann. N. Y. Acad. Sci. — 1991. —
V. 646. — P. 125–135.

39. Grigorenko V., Andreeva I., Borchers T. et al.
// Anal. Chem. — 2001. — V. 73, N 6. —
Р. 1134–1139.

40. Wodzig K. W. H., Pelsers M. M. A. L., van der
Vusse G. J. et al. // Ann. Clin. Biochem. —
1997. — V. 34. — P. 263–268.

41. Nakane P. K., Kawaoi A. // J. Histochem.
Cytochem. — 1974. — V. 22. — 
P. 1084–1091.

42. Robin S., Petrov K., Dintinger T. et al. // Mol.
Immunol. — 2003. — V. 39, N 12. — 
Р. 729–738. 

43. Cupit P. M., Whyte J. A., Porter A. J. et al. //
Lett. Appl. Microbiol. — 1999. — V. 29,
N 5. — Р. 273–277.

44. Morawski B., Lin Z., Cirino P. et al. // Protein
Eng. — 2000 — V. 13, N 5. — P. 377–384.

45. Pennell C. A., Eldin P. // Res. Immunol. —
1998. — V. 149, N 6. — Р. 599–603. 

46. Fischer R., Drossard J., Emans N. et al. //
Biotechnol. Appl. Biochem. — 1999. —
V. 30, Pt 2. — Р. 112–117.

47. Freyre F. M., Vazquez J. E., Ayala M. et al. //
J. Biotechnol. — 2000. — V. 76, N 2–3. —
Р. 157–163.

48. Takahashi K., Yuuki T., Takai T. et al. //
Biosci. Biotechnol. Biochem. — 2000. —
V. 64, N 10. — Р. 2138–2144.

49. Andrade E. V., Albuquerque F. C., Moraes L.
M. et al. // J. Biochem. (Tokyo). — 2000. —
V. 128, N 6. — Р. 891–895.

50. Luo D., Geng M., Schultes B. et al. // J.
Biotechnol. — 1998. — V. 65, N 2–3. —
Р. 225–228.

51. Powers D. B., Amersdorfer P., Poul M. et al. //
J. Immunol. Meth. — 2001. — V. 251, 
N 1–2. — Р. 123–135.

52. Hellwig S., Emde F., Raven N. P. et al. //
Biotechnol. Bioeng. — 2001. — V. 74,
N 4. — Р. 344–352.

53. Lange S., Schmitt J., Schmid R. D. // J.
Immunol. Methods. — 2001. — V. 255. —
P. 103–114.

54. Koliasnikov O. V., Grigorenko V. G., Egorov A. M.
et al. // Acta Naturae. — 2011. — V. 3,
N 10. — P. 85–92.

55. Kramer K., Hock B. // Food Agric. Immu -
nol. — 1996. — V. 8. — Р. 97–109.

56. Rubtsova M. Yu., Ulyashova M. M., Edel -
stein M. V., Egorov A. M. // Biosens.
Bioelectron. — 2010. — V. 26, N 4. —
P. 1252–1260.



Наукові статті

93

ВИКОРИСТАННЯ РЕКОМБІНАНТНОЇ
ПЕРОКСИДАЗИ ХРОНУ 

ДЛЯ АНАЛІТИЧНИХ МЕТОДІВ

О. М. Єгоров1, 2

В. Г. Григоренко1

І. П. Андреєва1, 3

М. Ю. Рубцова1

1Лабораторія інженерних ферментів,
Хімічний факультет МДУ 

ім. М. В. Ломоносова, Москва, Росія
2Відділ мікробіології, 

Російська медична академія
післядипломної освіти, 

Москва, Росія
3Immunotek МДУ, 

Москва, Росія

Е-mail: vitaly.grigorenko@gmail.com

Статтю присвячено перспективам засто-
сування рекомбінантної пероксидази хрону
в аналітичній біохімії та біотехнології.
Розглянуто проблеми клонування перокси-
дази хрону в різних експресійних системах,
можливі підходи до їх вирішення, а також
переваги використання в імуноаналізі
рекомбінантної пероксидази хрону і злитих
протеїнів на її основі. Показано принципову
можливість створення безмедіаторного біен-
зимного біосенсора для виявлення перокси-
ду водню і метаболітів, що утворюють його
під час трансформації, на основі коадсорбо-
ваних рекомбінантної пероксидази хрону та
відповідної оксидази. Уперше показано
можливість одержання функціонально
активного рекомбінантного кон’югату
пероксидази хрону із серцевим протеїном
людини, що зв’язує жирні кислоти, який
може бути застосовано в конкурентному
імуноаналізі для діагностики інфаркту міо-
карда, а також N- і C-кінцевих рекомбінан-
тних кон’югатів пероксидази хрону із Fab-
фрагментами антитіл проти атразину — для
виявлення пестициду атразину.

Ключові слова: рекомбінантна пероксидаза
хрону, злиті протеїни, імуноаналіз, безмедіа -
торний біензимний біосенсор, Fab-фрагменти
антитіл, серцевий протеїн, що зв’язує жирні
кислоти, пестицид атразин.
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Статья посвящена перспективам приме-
нения рекомбинантной пероксидазы хрена в
аналитической биохимии и биотехнологии.
Обсуждаются проблемы клонирования
пероксидазы хрена в различных экспрес-
сионных системах, возможные подходы к их
решению, а также преимущества использо-
вания в иммуноанализе рекомбинантной
пероксидазы хрена и слитых протеинов на
ее основе. Показана принципиальная воз-
можность создания безмедиаторного биэн-
зимного биосенсора для выявления перокси-
да водорода и метаболитов, образующих его
при трансформации, на основе коадсорбиро-
ванных рекомбинантной пероксидазы хрена
и соответствующей оксидазы. Впервые
показана возможность получения функцио-
нально активного рекомбинантного конъю-
гата пероксидазы хрена с сердечным протеи-
ном человека, связывающим жирные
кислоты, который может быть применен в
конкурентном иммуноанализе для диагно-
стики инфаркта миокарда, а также N- и C-
концевых рекомбинантных конъюгатов
пероксидазы хрена с Fab-фрагментами анти-
тел против атразина — для выявления
пестицида атразина.

Ключевые слова: рекомбинантная перокси да -
за хрена, слитые протеины, иммуноанализ,
безмедиаторный биэнзимный биосенсор, Fab-
фрагменты антител, сердечный протеин,
связывающий жирные кислоты, пестицид
атразин.
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Potential and advantages 
of antibodies as bioanalytical receptors

In course of accumulation of knowledge
about antigen-antibody interaction as highly
affine and highly specific reaction an interest
to antibodies as the means for the detection of
antigens of various chemical nature was grow-
ing. The history of immunoassay started from
immune precipitating methods, in which after
extended incubations visually detectable
insoluble antigen-antibody aggregates were
formed. Important is the possibility to carry
out the immunoprecipitation with the use of
unfractionated antiserums, containing anti-
bodies to a defining compound, and various
samples without their pre-processing (except
for very turbid mediums). Such procedural
simplicity, the initial reason of which was the
absence of tools for more sensitive detection of
immune complex, provided high viability of
this approach, applied till the moment for the
assay of many proteins and determination of
blood-group specificity [1]. Maximal reduc-
tion of the determination duration was not
demanded from immune precipitation; obtain-
ing of the results of clinical test in 1–2 days
after sampling was perceived as a norm several
decades ago. More continuing incubation was
not observed as a disadvantage of the proce-

dure, but as a definite guarantee of greater
reliability and reproducibility of the results
due to achievement of final (equilibrium)
stage by the immune-precipitating processes.

An important, revolutionary progress
within the development of immunoassay was
the occurrence of analytical systems, in which
one of implemented immune reagents was the
complex with a marker, detected in extremely
low concentrations. In the beginning of 1950-s
such procedure was fulfilled for radio-active
isotopic tags by Yalow and Berson [2], who
were awarded for this development in 1977
with the Nobel Prize. A bit later the methods
started developing with the use as the tags of
enzymes, fluorophors, other compounds. New
systems of detection were actively described,
allowing to detect various compounds in the
concentrations up to 10–10–10–12 M in several
hours. Transfer to non-isotopic tags excluded
the need in special equipment and safety mea-
sures and thus called even more wide spread of
immune-diagnostics. The main area of its
implementation was and remains to be medi-
cine, which greatly exceeds in the scopes of
commercialization the ecological monitoring,
control of quality and safety of food products
and agricultural raw materials, other areas, in
which immunoassay is also actively used.
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In recent years many researchers has sug-
gested to use in the analysis other receptor
molecules as an alternative to antibodies. On
the one hand, these are natural agents with
similar recombination of structural elements
of a molecule and possibility of obtaining of
millions of its variants with different speci-
ficity [3–5]. On the other hand — synthetic
compounds, in which a mark of an analyte is
created artificially, providing the possibility
of its selective detection [6] [7–10]. Never the -
less, antibodies remain to be and in the near
future, probably shall remain to be the recep-
tor, the most widely implemented for specific
detection and quantification of content of the
compounds of various nature [11]. To a large
extent it is conditioned with a significant
«allowance», which was obtained by antibo -
dies as a result of their active use for decades.
At the moment there are commercially avai -
lable antibodies to dozens of thousands com-
pounds of practical importance. The approa -
ches were developed, which allow obtaining
antibodies to the agents, which traditionally
were not observed as inducers of immune
response — ions of heavy metals [12–14], car-
bon nanoparticles [15, 16], vitamins [17],
highly toxic compounds [18]. The technologies
of obtaining of hybrids and display libraries
allow to perform rapid screening and selection
of antibodies with necessary specificity, and
then producing the given antibodies in unli -
mited quantities [19, 20]. Affinity and speci-
ficity of antibodies can be purposefully
changed with the use of methods of gene engi-
neering, which lately have been intensively
implemented for molecular design of antigen-
binding sites of antibodies [21, 22]. The proce-
dures of conjugation of antibodies with vari-
ous markers were developed, combining high
product output and high level of preservation
of its functional properties [23].

Modern requirements 
to immune-analytical methods

However, although we may give a unique
reply on the question of choosing of bio-recep-
tor element, the situation with the choice of an
analytical method is much more complicated.
Now, as the labels in immunoassay (in com-
mercial tests and in the developments recom-
mended to the introduction into the practice)
are used enzymes, fluorophores, liposomes,
co-factors, various nanoparticles, etc. The
analysis is performed in the volume of a solu-
tion, at the surface of polystyrene plates, elec-
trodes, in flow-through cells, membrane

pores, etc. Formation of immune complexes is
registered by photometric, fluorometric,
amperometric, potentiometric, gravimetric,
magnetic detectors, etc. By this each of these
«etc.» — are the dozens of more rare variants,
representing nevertheless, the interest for the
researchers. 

What is the ground for such variety and is
it needed? Should we choose one, the best at
the moment method, and use exactly it for the
determination of various antigens and for the
solution of various practical tasks? As such
solution shall simplify demands to equipment
and reagents, skills of specialists, interpreta-
tion of obtained outcomes. Unfortunately or
luckily, but such unification appears to be pos-
sible. Immune-chemical methods are used for
solution of various tasks, differing in practi-
cal requirements. On the one hand, these are
tests, performed in specialized, stationary la -
boratories, from which it is expected the maxi -
mum sensitivity and reliability, but is pretty
acceptable the range of several hours between
sampling and obtaining of the assay results.
On the other hand, in a significant number of
cases it is required rapid, for minutes, obtai -
ning of the information directly at the site of
sampling (at the site of the primary screening
medical examination, by attending of a doctor
of the patient in house, in case of self-control
of the patient, at examination of natural and
industrial objects). These two niches of
immunoassay at the moment are successfully
filled with various analytical methods. 

The task of reliable highly sensitive diag-
nostics is solved by enzyme-linked immuno -
sorbent assay, immune-fluorescent assay,
radio-immune assay — heterogeneous methods,
based on continuing (dozens of minutes or
hours) incubations of reagents till achieve-
ment by immunochemical reaction of equilib-
rium condition, separation of bound and non-
bound components and high-sensitive
quantitative registration of corresponding
markers in the set of immune complexes. 

An alternative approach is performance of
homogenous immunochemical reactions,
achieving equilibrium in minutes, and direct
detection on this or that parameters of content
in a reaction medium of created immune com-
plexes. To this group we should assign
immune-analytical systems, based on modula-
tions of activities of an enzyme marker [24],
changing of polarization of a fluorescent
marker [25], registration of immunochemical
complexes on changing of optical properties of
the medium (nephelometry) [26], etc. Due to
the absence of the stage of reagents separation
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and corresponding influence on registered sig-
nal of components of samples (so named
matrix effect) and non-reacted immunore-
agents, and as well as due to relatively low sen-
sitivity (in comparison with the registration
of markers on heterogeneous immunoassays)
the given analytical methods are generally
characterized by sufficiently higher limits of
detection. Initially they were also developed as
the methods for stationary laboratories, but
the development of technologies and miniatu -
rization of the blocks of data processing
allowed suggesting the number of portable
mobile systems, suitable for field tests (first of
all — for the registration of polarization of
fluorescence) [27]. 

To the test-systems for rapid screening
with low sensitivity it is worth to assign also
membrane immunochromatographic test-sys-
tems (test-strips) [28–30], in which rapidness
of detection is assured by the use of homoge-
nous (in the volume of flowing on test-strip
fluid) and rapid heterogeneous (in micro-vo -
lumes of membrane pores) interactions, and
immunoreagents are conjugated with coloured
ultradisperse markers (colloidal gold, latexes,
etc.) for rapid direct detection [31, 32].

So, the modern situation in immune diag-
nostics is characterized by some established
«division of duties» between relatively long
(hours) analytical methods with low limit of
detection and rapid (minutes) methods, defin-

ing sufficiently higher concentrations of tar-
get compound, and in the number of cases —
representing only qualitative information
that its content in the sample is higher than a
definite limit. Each of these classes of methods
is well adapted for its special tasks, and its
practical use is supported by developed tech-
nologies on production of corresponding test-
systems, presence of serial equipment for
assaying and final measurements, informing
and professional training of specialists —
users of the developed test-systems. 

Nevertheless, the established situation
should not be considered as a final optimal
solution. The wish to combine the benefits of
the given approaches and to suggest immune-
analytical systems, comprising high sensitivi-
ty and rapidness of detection is natural. In the
present review we shall observe the develop-
ments held in this area in recent years. The
figure 1 summarizes the existing variety of
approaches, targeted at improvement of the
characteristics of immunoanalytical systems.

Methods of reduction 
of detection limit in immunoassays

Achievement of a low limit of detection of
immunoassay demands the combination of
high-affine interaction of antibodies with cor-
responding antigens and the potential of
marker detection (or a parameter, accompa -

Fig. 1. Variety and evolution of immunoassays. 
Abbreviations: IP — immunoprecipitation, 

ELISA — enzyme linked immunosorbent assay, RIA — radioimmunoassay, FIA — fluorescent immunoassay,
PFIA — polarization fluorescence immunoassay, EMIT — enzyme multiplied immunotechnique, 

SPR — surface Plasmon resonance 
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nying formation of the immune complex) in
extremely low concentrations. 

In 1986 Jackson and Ekins [33] held theo-
retic comparison of non-competitive and com-
petitive immunoassays in the notions of sensi-
tivity, precision, kinetics and working range
of analyte. They defined theoretic limits of
detection of these methods, their connection
with the characteristics of antibodies. 

It’s worth to note, that the peculiarity of
dependence between the binding constant of
immunochemical reaction and the limit of
detection of the target antigen significantly
depends on the accomplished format of the
immunoassay — non-competitive or competi-
tive. In the first case the antigen is detected
directly in the process of immune complex for-
mation, the way it is happening, for example,
in a sandwich format of the analysis with for-
mation of complexes antibody — antigen —
labelled antigen. In the second case a competi-
tion between the antigen in a sample and the
second antigenic agent for binding with anti-
bodies is registered. For non-competitive
analysis it is potentially possible to detect
extremely small concentrations of antigen, if
it is allowed by the sensitivity of marker detec-
tion or direct detection of immune complex, as
well as low background signal. There is a num-
ber of works, describing the possibility to
detect a single antigen molecule with these
sources of signal strengthening [34, 35]. 

A significant role is played by the opti-
mization of the ratio of reagents used. It
should assure, on the one hand, a minimal
limit of detection, and on the other hand —
maximum reliability and (for quantitative
methods) precision of analysis. These require-
ments cannot be performed simultaneously
and demand definite compromise solutions.
For the formats of analyses with direct depen-
dence between the concentration of antigen
and the number of detected markers (such as a
sandwich scheme) increase of concentration of
immune reagents enhances the number of
detected complexes. However this increase
may be accompanied by the growth of non-spe-
cific (background) binding of markers. For
competitive analysis with reverse dependence
between the concentration of analyte and the
number of detected markers the reduction of
the limit of detection is assured by low concen-
trations of immunoreagents [36], but it is
accompanied by low amplitude of signal and
low precision of determination [37].

Despite doubtless importance of affinity of
immune interaction for high sensitive assay,
it should not be suggested that its growth to

infinity shall assure unlimited lowering the
detection limit. In this case the issue about
minimal detected concentration of a marker
becomes critical. Nevertheless, for modern
practice the choice of the most affine antibo -
dies from the variety of available ones allows
reducing significantly the detection limit,
achieving in the number of cases subnanogram
levels [38].

Traditionally immunologists note the exis-
tence of natural limits on affinity of complex-
formation of antibodies with antigens, defined
by the nature of induction of immune
response. This is connected with the fact that
for antibodies with the kinetic constant of dis-
sociation of the order 10–4 sec–1 and less the
time of half-life of the complex of antigen with
B-cell receptor becomes greater, than the time
of endocytosis of this complex. Respectfully,
further increase of the time of half-life of the
complex already does not assist B-cell prolifera -
tion [39]. Maximum value of the kinetic con-
stant of association is defined by the speed of
diffusion of immunoreagents in the solution.
In this respect for the antibodies of IgG class,
specific to protein antigens, the equilibrium
constant of association usually do not exceed
1010 М–1 [40]. However, these limitations do
not exclude the possibility of that, a signifi-
cantly higher level of complementarity with
antigen-binding site of antibodies, and corre-
spondently, a higher constant value of binding
is achieved for some antigens. There is also a
number of works describing non-dissociating
complexes of antigen-antibody with infinite
affinity [9, 10]. Another way to increase the
affinity of immune interaction, successfully
fulfilled in the number of recent develop-
ments, is the targeted design of antigen-bin -
ding parts of recombinant antibodies [41–43].

So, in a non-competitive analysis the use of
high sensitive ways of registration of immune
complexes or bound markers can potentially
lead to significant lowering the detection limit
(fig. 2). For example, the systems of cascade
amplification of signal in immunoassay are
developed actively, in which a marker bound
with immune complex marker after separation
of the reaction mixture components acts as the
inducer of formation of a big number of mole-
cules, which are detected at the final stage of
the test. (The simple variant of such cascade is
a traditional ELISA, which detects not mole-
cule of enzyme bound with the antigen-anti-
body complex as it is, but the products of cata -
lyzed reaction). Although theoretically such
cascade or several cascades can significantly
reduce the detection limit, the restrictor for
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this approach is non-specific binding, resul -
ting in increase of background signal.
Nevertheless, there is a number of develop-
ments in which strengthening of the signal
assures detection of single molecules of anti-
gen. For example, to reach this target can be
used the formation of micro-dispersive col-
loidal complexes on the ground of a single mol-
ecule of a marker [44]. 

Highly sensitive assays may be realized
also by PCR amplification of target nucleotide
sequences [45–47]. The given nucleic acid la -
teral flow immunoassay allow to detect a few
bacterial cells in grams of tested samples [45].

Evidently, that the limit of detection shall
always be worse than the theoretically possible
one, as not only registration of some signal is
necessary, but also confirmation of difference
of its level from non-specific interaction in the
analytical system.

The ways of improvement of analytical
characteristics of heterogeneous

immunoassays

First of all, the sensitive heterogeneous
immunoassay does not necessarily demand
incubation of reagents till achievement of
chemical equilibrium [48]. The simplest solu-
tion, which does not demand the changes of
reagent bases and the means of detection is the
reduction of duration of the assay stages.
Traditionally recommended prolonged stages
of ELISA (an hour and more for each immune
stage) improve first of all reproducibility and
precision of the assay. In the number of cases

it is demonstrated, that incubation duration
can be reduced to 10–15 minutes with not very
big reduction of amplitude of detected signal
and almost without alteration of the assay
operating range [49, 50]. In accomplishment
of kinetic assay its reproducibility starts to
play important role, demanding, for example,
strict match of the times of incubation for all
samples of tested series. However, modern
means of automation [51], used in the number of
immune enzyme analyzers, allow fulfilling
this task. Regarding heterogeneous immuno -
assays it should be considered that the reason
for their extended duration is not heterogene-
ity of interaction (between reagents presen -
ting in the solution and immobilized at the
surface of carrier), but slow diffusion-con-
trolled processes of establishing of equilib -
rium between the layers of fluid, locating at
different distances from a carrier. Conside -
ring this, promising are the developments, in
which this diffusion exchange is significantly
accelerated and reagent medium is structured
in the way that time losses due to diffusion
become insignificant.

For mixing of pre-surface layers and the
total volume of fluid ultrasound processing
recommended itself well for the number of
test-systems demonstrating 2–5-fold reduc-
tion of the analysis duration [52].

An effective solution of the problem of dif-
fusion limitations is transfer of interactions
in microvolumes, which is possible with the
use of highly sensitive systems of detections of
markers (for example, modern fluorescent
detectors) [53–55]. Such miniaturization is
used in many developed immunochips.
Immunoassay at a chip on sequence of stages
matches classic solid-phase immunoassay. The
principle difference is that antibodies mono-
layer is immobilized at the surface of silicon,
quartz or polymeric materials (Teflon, poly-
carbonate) [56] of about 100 μm2 in area. To
compare — the area of only a bottom of the
well of a standard 96-well plate for ELISA
comprises 3·107 μm2, i.e. 300 thousand times
greater ([36]. Currently immunochips are usu-
ally used for multiparametric tests, in the
frameworks of which small areas of binding
are incubated till achievement of equilibrium
with the total sample volume. In this case
achieved immunochemical reaction remains to
be diffusion-controlled, and performance of
the test requires several hours [57].
Incubation of reagents directly in the areas of
binding by the formation of thin layers of
fluid allows sufficient reduction of time for
formation of detected complexes. As a result

Fig. 2. Appoaches for signal amplification 
in immunoassays 
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the duration of the assay can comprise
10–15 minutes, corresponding modern de mands
to express analysis [58, 59].

Significant limitation for the introduction
into practice of immunochip technology yet
5–10 years has been the involvement of com-
plicated and expensive optical equipment —
confocal microscope, CCD-camera, etc — for
highly sensitive detection of a tagged com-
pound in the quantities, which can bind at a
small area of a chip. At the moment to solve
these tasks relatively cheap portable devices
have been invented, which shall assist more
rapid introduction of immunochips into clini-
cal practice [58, 60].

Reduction of duration of heterogeneous
immunoassay is also reached by its transfer
into the flow mode with the use of cells of
small diameter. Flow-injection analysis, sug-
gested by Ruzicka and Hansen [61], is ground-
ed on automatic injection of fixed volume of a
sample into continuous flow of a buffer solu-
tion. Carriers (sorbents) with immobilized
antibodies are used to separate detected speci -
fic complexes in flow-injection immunoassay,
and a detector registers product of enzymatic
reaction after binding of enzyme-marker with
the sorbent. The use of flow-injection systems
for immunoassay incites the transfer of
immunochemical and enzymatic reactions into
kinetic mode, reducing the contact time to se -
veral minutes and respectively reducing the
duration of the assay. The necessary condi-
tions for obtaining of reproducible data in
kinetic mode is stability of such parameters as
the contact time of reagents, temperature and
the volume of analyzed sample. In this respect
for flow-injection immunoassay principal sig-
nificance has the availability of serially pro-
duced devices for automatic performance of
all injection manipulations.

Membrane immunochromatographic assay,
the brief specification of which was presented
in the section 2, can also be qualified as a vari-
ant of flow heterogeneous immunoassay. In a
classical variant the main limitation of
immunochromatography is low sensitivity due
to the use of colloidal dyed particles as direct-
ly detected markers. In recent years a number
of developments have been suggested, which
overcome this limitation and accomplish
amplification of detected signal (see section
3), or transfer to alternative markers,
revealed in lower concentrations [32, 62].
Thus the number of works depicts the option
of more sensitive detection in the membrane
assay of colloidal semiconducting fluorescent
markers [63, 64]. Significant reduction of

detection limit can be achieved due to transfer
from optical detection of coloured markers to
the registration of their other physical proper-
ties, for example, electrical and magnetic.
Thus, highly-sensitive immunochromato-
graphic determination of troponin with the
use of magnetic nanoparticles is described in
[65]. Several immunochromatographic sys-
tems with electrochemical registration of
markers are suggested [66–68], confirming
the potential of this approach. The Table  sum-
marize several example of the application of
different labels in rapid tests.

Homo+heterogeneous immunoanalytical
systems 

Considering benefits and disadvantages of
homogenous and heterogeneous immunoana-
lytical methods it is considered advisable to
combine in one scheme rapid formation of
immune complexes in the solution and the effi-
cacy of their detection in heterogeneous sys-
tems. A promising approach, assuring
achieve ment of this target is implementation
of polyelectrolytes in immunoassay.
Polyelectrolyte separation in immunoassay
can be performed on the ground of:

• Interaction of counterions (polycation-
polyanion) pair [69, 70];

• Interaction of polyelectrolyte-ion of
metal pair [71];

• Monomer polymerization [72–76]. 
The first variant of separation was per-

formed with the use as counterions of linear
water soluble polyelectrolytes: polyanion —
polymethacrylic acid, polycation — poly-N-
ethyl-4-vinylpyrydinia or poly-N-N′-diethyl
dyallialammonium. These polymers interact

Priority labels for rapid immunoassays

Label Example(s) of
application

Spheric gold nanoparticles [97, 98] 

Other gold nanoparticles [99, 100]

Liposomes [101, 102]

Gold nanoparticles + marnetic
particles [103]

Different nanoparticles [104–106]

Fluorescent dyes [107, 108]

Marnatic particles [109, 110]

Quantum dots [64, 111, 112]

Lanthanides [113, 114]

Latex particles [115]

Upconverting phosphor [116, 117]

Eu(III) chelate microparticles [118, 119]
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with each other in a wide range of conditions
almost immediately forming an insoluble com-
plex. Due to this, having obtained a conjugate
of one of polyelectrolytes with an immunore-
agent, we may perform detection of analyzed
antigen in solution as in case of usual rapid
homogenous methods, as then, with the addi-
tion of counterion into the system, to separate
rapidly formed immune complexes (Fig. 3).

Performed comparison of traditional solid-
phase ELISA and ELISA on the basis of poly-
electrolytes for detection of such compounds
as insulin, testosterone, immunoglobulins,
hepatitis B surface antigen demonstrated that
the use of polymeric carriers allows reducing
the time of analysis from 2–3 hours to
15–30 minutes without losses in sensitivity
and specificity [77].

The second variant of separation imple-
ments the polyelectrolyte-ion of metal pair.
The procedure, suggested by Auditore-
Hargreaves K., is based on the use of polyme -
ric carriers, solubility of which depends from
the presence of cations [72]. Water-soluble
polymers can be precipitated, for example,
with the reduction of pH or adding of such
ions as Ca2+, and repeatedly transferred into
the solution — by the increase of pH and
adding of chelating agents (ion-citrate, ethyl-
endiaminetetraacetic acid, etc). Developed is
homogeneous immunoassay on the basis of
algic acid, which assures 30 minutes identifi-
cation of antigens, molecular weight of which
is within the range from 100 to 50000 Da [72].

The third variant, suggested by Hoffman
et al, is grounded on the generation of a solid
polymeric phase from soluble monomer. On
the basis of this principle systems of
immunoglobulins detection with free-radical

and temperature initiation of polymerization
are developed. The first system (polymeriza-
tion de novo) is grounded on the use of two
types of antibodies conjugates: antibodies(1)-
fluorophor and antibodies(2)-organic mono mer
[73–75, 78]. After completion of immuno-
chemical reaction the reaction of polyme -
rization is initiated by free radicals. In the
results of polymerization insoluble polymeric
particles are formed, content of the marker in
which is proportionate to the quantity of anti-
gen in the sample. The second system is based
on implementation of temperature-dependent
polymers [73, 79]. Here, the same as by poly-
merization de novo, two types of conjugated
antibodies are used. Formation of specific
immune complexes happens at the tempera-
ture lower the critical one for the given poly-
mer, and increase of temperature allows sepa-
rating the complex from the solution, by this
the number of marked antibodies, included
into precipitate, is proportionate to the con-
tent of antigen in the sample. The most
promising for this immunoassay are polymers
and co-polymers of acrylamide with N-
alkyаlacrylamide.

Poly-N-isopropylacrylamide and its co-
polymers, except for thermal precipitation,
can be precipitated by 14–20% ammonium
sulfate. Free IgG at do not precipitate such
concentrations of salt. So this method allows
separating free immunoglobulins from conju-
gated with polymer ones.

On the ground of this principle there
immunoanalytical methods with the use of
enzymatic and fluorescent markers were
developed. They demonstrated efficiency for
the detection of immunoglobulin G, hepatitis
B surface antigen, Chlamidia trachromatis
etc. [73, 80].

Together with interpolyelectrolyte inter-
action, an efficient solution, combining all
benefits of homogeneous and heterogeneous
immunoassays, is the implementation of mag-
netic immune sorbents [81–83]. The use of
these particles as a solid phase in immunoas-
say gives the possibility to increase signifi-
cantly the area of surface to immobilize
reagents, distribute them equally along the
total volume of the reaction medium, hence
accelerating heterogeneous interactions. By
this after completion of the first stage of the
assay implementation of outside magnetic
field assures simple and rapid separation of
reagents. The use of magnetic colloidal particles
(MNP) as a solid phase in ELISA allows
improving its analytical characteristics. There
is a number of works on MNP implementation

Fig. 3. Principle of polyelectrolyte separation 
in immunoassay
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in ELISA for the detection of compounds of
various nature — pesticides, hormones, myco-
toxins, allergens, proteins, viruses, bacteria
[84–87]. By this the duration of specific inter-
actions can be reduced to 5–10 minutes, and
the analysis in general up to 20–30 minutes. It
is important also that magnetic separation
allows performing pre-concentration of target
compound from a big sample volume. This con-
centration allows additional reduction of the
detection limit of the target compound 1–2
orders [87].

Ordinary centrifuging can be also used to
separate immunosorbent from the reaction
medium. This approach is accomplished in the
number of test-systems with the use of antibo -
dies, immobilized at the particles of high-dis-
perse latex, usually — polystyrene (which allows
using standard protocols of absorption immobi-
lization being developed for ELISA) [88]. 

Homogeneous immunoanalytical systems 

Implementation of homogeneous methods
of immunoassays is significantly limited with
the influence of sample components on regis-
tered signal, due to which it is complicated to
distinguish this influence from specific com-
plex formation. Pretty solution of this prob-
lem is the use of differential measurements in
the assay, when results of measuring with spe-
cific immune reagents and with antibodies
with the compound, knowingly not present in
the test sample, are compared [89]. 

Nevertheless, solutions with minimal
influence of matrix on the result of the assay
are preferable — despite the absence of the
sepa ration of reaction mixture components
before measurements at homogeneous assay.
In this respect significant interest is drawn by
new markers and new ways of immune com-
plexes registration. Thus, the application of
lanthanides complexes as markers allow to
reduce impact of background signal due to
possibility of prolonged registration and inte-
gration of fluorescence [90, 91]. An alternate
approach is the use of long wavelength
(600–1000 nm) fluorescence that also reduces
background impact from sample constituents
[92–94].

One more promising approach is the use of
the signal, generated by close spatial approach
of interacting immune reagents. For example,
a number of immunoassay systems was
described, grounded on the effect of fluores-

cence resonance energy transfer (FRET) [95,
96], occurring by the approach of two markers,
conjugated with antibody and antigen (Fig. 4).

Conclusion and Prospects

As the presented brief analysis shows, the
developments, targeted at increase of analyti-
cal characteristics of immunochemical test-
systems are extremely diverse. The efforts of
the researchers are not concentrated on accele -
ration of sensitivity or increase of sensitivity
of rapid tests, but suggest various solutions
within the field of options, depicted at the
fig.1. In this respect it is complicated to make
exact forecast regarding more promising
directions of immunoassay. However, it
should be expected that the principle of multi-
level diagnostics, including preliminary
screening and further confirming test shall
preserve in near future. Due it can be also
expected the preservation of two clusters —
more rapid and more sensitive analytical
methods. However, the introduction into prac-
tice of developments, related with analytical
markers, new methods of assay performance
and registration of immune complexes shall
lead to substitution of conventional methods
with new ones. Modern means of registration
of ultra-small signals and data processing
allows effective control over the content of
compounds in samples in extreme low concen-
trations. By this, diagnostic decisions shall be
made considering information about content
of a big number of diagnostically significant
compounds, which shall results into develop-
ment of multiparametric analytical systems,
as well as information about peculiarities of
patient’s metabolism, considered in diagnostic
data bases within the frameworks of the shift
to personified medicine. Simplification and
increase of sensitivity of test-systems for field
assay shall results into their active implemen-
tation in non-medical spheres. 

Fig. 4. Principle of FRET-based immunoassay
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СУЧАСНІ МЕТОДИ ІМУНОХІМІЧНОГО
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ПОЄДНАННЯ ЧУТЛИВОСТІ 
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Огляд присвячено історії та перспективам
розвитку методів імунохімічного аналізу.
Докладно висвітлено переваги і перспективи
використання антитіл як детектуючого аген-
та, сучасні вимоги до методів імуноаналізу та
передумови для формування двох груп методів
(гомогенних експрес-методів з відносно неви-
сокою чутливістю і гетерогенних високочутли-
вих з більшою тривалістю поставлення),
а також можливості поліпшення аналітичних
характеристик цих методів. Обговорено про-
гнози найбільш перспективних напрямів
подальшого розвитку методів імунохімічного
аналізу, зокрема мультипараметричних аналі-
тичних систем. Розглянуто можливість ство-
рення універсальних підходів імуноаналізу,
що поєднують високу чутливість гетерогенних
і швидкість поставлення гомогенних методів
(наприклад, на основі поліелектролітів або
магнітних колоїдних частинок).

Ключові слова: імунохімічний аналіз, гомо -
ген ні та гетерогенні методи.

СОВРЕМЕННЫЕ МЕТОДЫ
ИММУНОХИМИЧЕСКОГО АНАЛИЗА:
СОЧЕТАНИЕ ЧУВСТВИТЕЛЬНОСТИ 

И СКОРОСТИ
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Институт биохимии им. А. Н. Баха, 
РАН, Москва, Россия
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Обзор посвящен истории и перспективам раз-
вития методов иммунохимического анализа.
Детально рассмотрены преимущества и перспек-
тивы использования антител в качестве детекти-
рующего агента, современные требования к мето-
дам иммуноанализа и предпосылки для
формирования двух групп методов (гомогенных
экспресс-методов с относительно невысокой чув-
ствительностью и гетерогенных высокочувстви-
тельных с большей длительностью постановки),
а также возможности улучшения аналитических
характеристик этих методов. Обсуждены прогно-
зы наиболее перспективных направлений даль-
нейшего развития методов иммунохимического
анализа, в частности мультипараметрических
аналитических сис тем. Рассматривается возмож-
ность создания универсальных подходов иммуно-
анализа, сочетающих высокую чувствительность
гетерогенных и быстроту постановки гомогенных
методов (например, на основе полиэлектролитов
или магнитных коллоидных частиц). 

Ключевые слова: иммунохимический анализ,
гомогенные и гетерогенные методы.
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Why OMICS technologies are needed 
for treatment of cancer?

Cancer still kills people. It was easier to
send a man in the outer space or to the Moon,
than to improve survival of patients having
advanced and metastatic cancers. This high-
lights complexity of cancer as a disease, which
is apparently much higher than to build and
launch a space rocket. Carcinogenic transfor-
mation of cells is accepted as the main cause of
cancer [1–4]. Carcinogenic transformation is
defined as a number of changes in the cell
physiology, which lead to expansion of malig-
nant cells in the body, corrupting the normal
physiology, and ultimately killing the person.

The key conclusion of more than 50 years
of intense studies is that the collected knowl-
edge has not reached the critical mass required
to find cure against cancer. The oncogenes and
tumor suppressor model has been a great step
forward [1–4], but today is clear that carcino-
genic transformation of cells is the result of
interaction of hundreds molecules. Out of the
hundreds of these cancer-promoting genes,
RNAs, proteins and metabolites many are the
same as they are in the normal cells. It is their
corrupted activity, mis-localization, and mis-
placed interactions that make them tumor-
promoting (Fig. 1). This confusion has only
underlined complexity of cancer.

A solution to the complexity problem has
been proposed by introduction of technologies
for comprehensive study of carcinogenesis.
These technologies focused on studies of
genomic DNA (genomics), RNAs (transcrip-
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Fig. 1. Two models of tumorigenesis
The first model explains tumorigenesis by

involvement of tumor suppressors and oncogenes
(upper part). The second model explains tumorige-
nesis as a systemic effect of normal and tumori-
genic genes and proteins (lower part). The diffe -
rence is that the systemic tumorigenesis model
postulates that even normal genes and proteins
may contribute to tumorigenesis, if their interac-
tion networks shift from the normal physiological
reactions to the disease promotion.   
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tomics), proteins (proteomics) and metabolites
(metabolomics) [5–7].  Historically, introduc-
tion of nucleotide microarrays to study
expression of RNA was the first strong contri-
bution to the comprehensive exploration of
carcinogenesis [8]. Development of the
microarrays was possible due to successes of
technologies for synthesis of oligonucleotides
and production of cDNA on a large scale and in
automated way. A chip-printing technology
was another component of the success.
Development of sequencing technologies,
especial ly of massive parallel sequencing, has
given boost to comprehensive studies of
genome for the clinical diagnostic [9].
Comprehensive studies of the proteome are
still waiting for a wide use of intact protein
analysis technology. Current technologies of
mass spectrometry, 2D gel and other elec-
trophoresis, or liquid chromatography are not
providing quality that is required for full
description of the human proteome [10, 11].
However, the situation may change with intro-
duction of ZP-technology [12]. The least deve -
loped of the OMICs technologies is metabo lo -
mics. The high variability of physico-chemical
and structural properties of the metabolites
makes it challenging to detect and identify all
metabolites by a single technology. Despite all
shortcomings, OMICs studies have become
essential for success in treatment of cancer,
due to their ability to a comprehensive analy-
sis. Therefore, there is no alternative to deve -
lopment of fast, reliable, informative and
cost-efficient OMICs technologies for diagnos-
tic and treatment of cancer.  

Genomics

Since the discoveries that the genomic
DNA carries hereditary information, and is
the white-print of the most of the living crea-
tures, study of genes, or genomics, has been a
subject of intense developments. This excite-
ment was translated in a slogan that «cancer is
the disease of genes». The slogan’s correctness
is questionable today, as the non-genomic
mechanisms may have a strong impact on
tumorigenesis. How many genes do humans
have? What is the structure of these genes, as
introns and exons? What type and how many
mutations are in the genome of a given
patient? What are epigenetic changes in the
genes? All these questions have importance
for understanding of carcinogenesis, and sub-
sequently for treatment of cancer.

In this section are discussed technologies
for studies of genome, which may have a value

for clinical applications (Fig. 2). These tech-
nologies have been developed to the extent
that they may be applied in the clinic for diag-
nostic, selection of treatment and monitoring
of response of a patient.

Massive parallel sequencing (MPS/NGS)
The excellent research on biochemistry of

DNA paved the way to development of DNA
sequencing techniques. The first generation

Fig. 2. Presentation of genomics 
and transcriptomics technologies that may 

be used in clinical diagnostic:
A — Massive parallel sequencing technologies.

Two main parts of MPS are indicated. The first is
preparation of nucleic acids for sequencing reac-
tions. This is done by preparing single molecule
suspensions, or by anchoring nucleic acids to a
solid surface. The second part is enzymatic reac-
tions to read the sequence. The reactions include
polymerase or ligase reactions, and the sequence
reading is by detecting incorporation of defined
nucleotides which are added to the reaction in
cycles. 

B — Schematic presentation of CGH array, FISH
and ChIP technologies. Amplifications or deletions
of genomic DNA are detected by CGH arrays as
increased or decreased relative signal of the test
DNA in comparison to the control normal DNA.
Binding of specific DNA probes to the chromoso-
mal regions in FISH assays indicate regions of
amplifications, deletions and translocations. For
ChIP, immunoprecipitation of specific regions of
DNA allows detection and profiling of only these
regions, for example detection of transcriptionally
active regions, or DNA regions interacting with
specific proteins, or epigenetically silenced
regions. 

A

B
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DNA sequencing methods are Maxam-Gilbert
fragmentation and Sanger’s dideoxy base-ter-
mination techniques [13, 14]. However, these
techniques in their original forms were too
cumbersome for being used in the clinical
practice. The step toward clinic was by intro-
duction of automated sequencers [15].
Automation allowed to detect gene mutations
of the clinical importance. However, it was
still far from a comprehensive analysis of the
whole genome of a patient in the routine clini-
cal practice. Faster and affordable methods
were needed, and they come with development
of massive parallel sequencing (MPS), known
also as the next generation sequencing (NGS). 

MPS is based on parallel sequencing of
short fragments of DNA, which are then
aligned to produce gene sequences (Fig. 2, A).
The size of sequenced fragments is from 30 to
700 bases, depending on the sequencing
method and instrumentation [16, 17]. This re -
latively short length of the sequenced frag-
ments imposes limitations on the quality of
definition of the complete genes sequence. 

MPS has been used successfully for analy-
sis of mutations in genes, with the emphasis
on the exon analysis. Focus on exons allows
generation of data which could be used in clini -
cal diagnostics within relatively short assay
time. As an example, the full exon sequencing
and detection of the mutation profile of a
tumor cells may be completed within 30 days
[18, 19]. The second example is the contribu-
tion of MPS to profiling of mutations in dif-
ferent sub-types of cancer, providing insights
into molecular heterogeneity of tumors [19].
Understanding this heterogeneity is essential
for development of personalized treatment of
patients. The expectation is that MPS will
become a standard and routine examination of
cancer patients. The nearest years will show
whether this expectation will indeed be rea -
lized in better treatment of patients. 

CGH, PCR, FISH and ChIP tests
Pre-MPS era had given rise to a number of

methods to assess structure and mutations of
the genes (Fig. 2, B). Comparative Genomic
Hybridization Array (CGH) was used to detect
gene aberrations on the whole genome level
[20]. However, the resolution power of CGH
arrays has been in the range of 5 kB to 0.2 kB,
and variations in the gene structure have been
the core information delivered by CGH [20]. 

Fluorescence in situ hybridization (FISH)
is used to detect rearrangements of selected
genes, e.g. deletions, amplifications and
translocations [21, 22]. Clinical application of

FISH is limited by its low number of moni-
tored DNA fragments, and relatively large
work-load for performing the test. Multi -
plexing FISH by using different probes with
different detection wavelength, and use of
nano-devices to minimize and automate the
test are 2 developments which make FISH still
useful in the clinical diagnostic [21, 22].

Polymerase-chain reaction (PCR)-based
analysis of the genomic DNA is used less and
less in the clinical diagnostic. The niche for
PCR has become analysis of pre-selected muta-
tions [23]. However, PCR is more used for
analysis of RNAs than genomic DNA.
Chromatin Immuno-Precipitation (ChIP) has
proven the high informative value in studies
of chromatin re-arrangements and methylation
of the genomic DNA [24]. Therefore, the unique
information which may be delivered by ChIP
tests is the profile of epigenetic changes in the
genome. On the other hand, complexity of the
ChIP tests limits its clinical applications. 

Complexity and low automation level of
the CGH array, FISH, PCR, and ChIP tests
are major hinders for their use in routine clin-
ical diagnostic (Fig. 2, B). Cost efficiency of
these assays is also lower, as compared to tests
with the recent developments of MPS.
Therefore, each of the genome profiling tech-
nologies will have their niches. MPS will with
high probability dominate the whole genome
profiling, while CGH, FISH, PCR and ChIP
tests will focus on selected genes and genome
areas. 

Transcriptomics

Historically, mRNA profiling by expres-
sion arrays has been the first true OMICs tech-
nology. The ground of this technology was laid
by excellent works on the biochemistry of
oligonucleotides and generation of cDNA.
PCR-based analysis of mRNA expression was
competing with the RNA expression arrays,
but PCR was inferior due to the higher com-
plexity and lower robustness. mRNA profiling
has also been proposed for the clinical diagnos-
tic. However, arrival of the massive parallel
sequencing technologies has given the real
boost to RNA profiling by providing flexibili-
ty, speed and additional information about
mRNA, microRNAs and long non-coding
RNA, e.g. expression and mutations [25].

Massive Parallel Sequencing of RNAs
MPS technologies used for profiling of

RNAs are similar to those used for profiling
genomic DNA, but the focus is on mRNA,
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siRNA/miRs, and lncRNA. The difference is
only in preparation of samples for analysis
[26–29]. RNAs are more sensitive to degrada-
tion, located in nuclei and cytoplasm, and have
different sizes, as compared to the genomic
DNA. These features make challenging MPS
of RNAs, as variability in quality of the samples
would be reflected in discrepancies of pro-
duced data. Despite the challenges, informa-
tion delivered by MPS of RNAs allows better
insight into molecular activities in the
tumors. A number of examples confirmed
value of RNA MPS for making clinical deci-
sions [30, 31]. For example, MPS sequencing
of RNAs in tamoxifen-resistant breast cancer
cells identified 1728 RNAs associated with the
resistance. This number of the affected RNAs
indicates that the acquisition of the tamoxifen
resistance is a complex process, with involve-
ment of many activities. On the other side,
this study opens for better monitoring of the
resistance, and the most important, it pro-
vides the basis for selection of more efficient
treatment by combined blocking of the key
RNA-related regulators of the resistance [31].  

Expression arrays
RNA expression arrays are undergoing

evaluation of their use in the clinical diagnos-
tic. Only 5 years ago, RNA expression arrays
were at the leading edge of entering clinical
diagnostic. The limitation at that time was not
in the technology itself, but in applicability of
the generated information for diagnostic and
making decision about treatment. While mea-
suring expression of RNA provided large 
volumes of information for research purpose,
this information was difficult to translate into
diagnostic and prognostic values. The reasons
were discrepancies between mRNA expression
and expression and activity of the correspon -
ding proteins. Another critical limitation was
not sufficient robustness of the arrays. As an
example, RNA microarrays from different
suppliers could produce different detection
values for the same RNAs [32].

The niche for RNA expression arrays is
changing from the all-gene coverage approach
to measuring a set of RNAs of importance for
specific type of cancer or a set of cancer drugs.
Such arrays are combined now with dedicated
systems biology tools to extract disease-rele-
vant information. For example, the arrays
have been used to identify long non-coding
RNAs associated with breast cancer [33].
MicroRNA arrays are another novel niche-
approach that may be the way to discover can-
cer-associated microRNAs [34].

PCR-based analysis
PCR-based RNA analysis is in the situa-

tion similar to RNA expression arrays.
Notably, PCR-bases analysis is not anymore
considered for a comprehensive full-transcrip-
tome screening of RNA expression. PCR-
based analysis is currently used for measuring
defined sets of up to 100 different RNAs, pre-
dominantly mRNAs. For example, focused
analysis of expression of the key genes
involved in acute myeloid leukemia unveiled
19 up-regulated and 25 down-regulated genes
[35]. An important advantage of the PCR-
based assays is their technical simplicity. Such
assays may be used even in a small size labora-
tory, and for the low cost. Introduction of
companion diagnostic into clinical practice
also contributes to the niche-development of
PCR-based tests. As examples, PCR-based
tests of mutations in BRAF, EGFR, BCR-
ABL, PDGFRs and MEK1 genes are proposed
to the clinic as companion diagnostic of drugs
acting on these kinases [36, 37].

Thus, MPS technologies have begun to
dominate a comprehensive RNAs profiling,
while RNA expression arrays and PCR-bases
assays are specializing in measurements of
pre-selected sets of RNAs. It has to be notes
that the recent developments of systemic
analysis tools have strongly contributed to
extraction of information useful for clinical
diagnostic, prognostic and selection of treat-
ment.

Proteomics

All known anti-cancer drugs act directly on
proteins or require proteins for their activity
[38]. This makes proteomics essential for diag-
nostic and selection of treatment. Early
approaches of monitoring expression of the
drug targets have shown their positive contri-
bution to cancer diagnostic and treatment.
Such approaches are currently a standard of
routine diagnostic, and are applied over-
whelmingly by using immunohistochemistry
(IHC). Measurements of the expression of
Her2, EGFR, ER, PgR in tumors by IHC are
standards when an oncologist has to decide
about use of Herceptin, Iressa, or antihormo -
nal therapy [39]. The drawback of such
approaches is in the limited number of mea-
surements, as a single assay measures only one
protein. This is why a comprehensive profiling
of the whole proteome has been expected to
improve diagnostic. As the minimum, the clini -
cal oncologists need to evaluate a drug target
itself, and all proteins which may affect drug
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efficacy [40]. This requires to measure in a
single assay up to thousands of proteins. This
is why proteomics experiences strong pressure
to deliver good diagnostic tools.

Proteomics technologies may be classified
on the basis of what they study, e.g. proteins,
peptides or epitopes, how they separate the
analytes, and what they detect to identify pro-
teins. Studying proteins or their products pep-
tides, or protein epitopes, are the main cut-off
points for deliverables of the proteomics tech-
nologies (Fig. 3). Peptidomics approaches by
the Liquid Chromatography-Mass Spectro -
metry/Mass Spectrometry (LC-MS/MS) have
recently been popular [41, 42]. However, LC-
MS/MS is not capable to detect and identify
the intact proteins and their isoforms.
Therefore, there were too low correspondence
of claimed identification of proteins, and the
real impact of these results on the clinical
diagnostic [42]. 2D gel electrophoresis (2D-
GE) has been the technology to study intact
proteins [43–45]. However, 2D-GE has limited
protein separation capacity. Novel intact-pro-
tein proteomics techniques have been under
development [12, 43]. The protein arrays are
considered of being closest to enter routine
clinical diagnostic. Proteomics has also other
technologies for separation and identification
of proteins, which are too laborious to be used
in clinic. Therefore, in this section I focus on
proteomics technologies which may have an
impact on the clinical diagnostic, intact-pro-
tein proteomics, peptidomics and protein
arrays (Fig. 3).

Intact-protein proteomics
The key feature of the intact-protein pro-

teomics is that the studied analytes are pro-
teins. Therefore intact-protein proteomics is
the most informative profiling of the pro-
teome among all proteomics technologies.
Despite such importance, technologies of the
intact-protein proteomics have not had capaci-
ties to describe the whole proteome.
Variability of physico-chemical properties of
proteins has been the main barrier. 

2D-GE has been the most common tech-
nique of the intact-protein proteomics.
Classical 2D gels may separate up to 5,000 pro-
teins in one gel. pH zoom-in gels were reported
to separate between 7,000 and 10,000 proteins
[43–46]. Recently developed ZP-technology
may be the breakthrough of the intact-protein
proteomics, with its capacity to separate more
than 20,000 proteins in a single run [12].
Separated proteins have to be identified, and
today the best identification technique is mass
spectrometry. MALDI TOF mass spectrometry
has been successfully used in combination
with 2D gels. 

2D-GE and ZP-technology have been used
for cancer diagnostic in the clinic (see examples
in the section #6 below). However, these tech-
niques are rather labor intensive, and are not
enough well automated for routine use in a
clinical diagnostic laboratory. The use of these
techniques has been in the translational cancer
research, and in managing a limited number of
patients. To be suitable for use in the routine
clinical diagnostic at a large scale, an instru-
ment with fully automated manipulations
would be required. For the moment, all
attempts to create such an instrument have
not been successful.

Other techniques employed in the intact-
protein proteomics are free-flow electrophore-
sis, capillary electrophoresis and liquid chro-
matography [46–49]. However, none of these
techniques is capable to detect all proteins of
the human proteome, and provide sufficient
separation of even those proteins that were
detected. Significant efforts have been invest-
ed in development of protein mass spectrome-
try. However, mass spectrometry is unlikely
to succeed in analysis of full-length proteins
due to limitations of the ion optics and physi-
cal properties of sub-atomic particles.
Therefore, significant developments have to
be made to prove that these techniques have a
future in the clinical diagnostics.

The intact-protein proteomics has another
advantage over other proteomics technologies, as
it allows unbiased analysis of protein activities.

Fig. 3. Proteomics technologies that may be used
in clinical diagnostic

Proteomics technologies to study intact proteins,
peptides and protein epitopes are indicated. What
these technologies measure, and type of delivered
information are mentioned. Pluses indicate cur-
rent and expected in the nearest years levels of
application of the technologies in the routine clini-
cal diagnostic.
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For example, it allows detection of all kinases
which may be inhibited by a tested kinase-
inhibiting drug [50]. The comprehensiveness
of the tests means that it would be analyzed
not only intended target of the drug, but also
all kinases in the tested tumor. This provides
information about efficacy of the drug, and
about potential off-target and side-effects.
Among other activities which can be tested by
the intact-protein proteomics, there are acety-
lation, ubiquitylation, PARylation, proteoly-
sis, and glycosylation [51]. Taking into
account introduction in the clinical practice
drugs affecting these post-translational modi-
fications, the diagnostic value of the intact-
protein proteomics is going to increase. 

Peptide-based proteomics
Peptide-based proteomics is strongly asso-

ciated with use of mass spectrometry [41, 42].
The focus of mass spectrometry on peptides is
because of 2 limitations. The first limitation is
due to biochemistry of proteins, and the sec-
ond is due to the physics of ions and sub-ato -
mic particles. The biological limitation is
because of the enormous complexity of the
mass spectrum of an intact protein. Many
combinations of isotopes distribution in an
intact protein, and multiple charge ioniza-
tions of the protein make it challenging to
obtain a well defined protein spectrum of the
high resolution. On top of that, if there is a
mixture of proteins with the molecular masses
in the same range, separation of these proteins
by mass spectrometry would be very difficult
to achieve. The physical limitation is imposed
by changing mass values of proteins in diffe -
rent conformations and as polymers. Atomic
interactions change the total energy of the
protein as compared to the sum of masses of
the amino acids. The energy change is relative-
ly low for peptides, and does not have a signi -
ficant effect on the mass value of the peptide.
However, for the molecules of mass higher
than 20,000 daltons, the change of energy may
be in the range of 900 MeV. This may be trans-
lated in the mass change corresponding to
more than 0.7 dalton, as 1 atomic mass unit is
equal to 931,49 MeV. Such uncertainty of the
mass of large molecules makes irrelevant
applications of the high resolution mass spec-
trometry. What is the reason to rely on the
resolution of less than 0.001 dalton, if the
uncertainty of masses due to the large size of
the intact proteins is of more than 0.7 dalton?

However, mass spectrometry has a poten-
tial to be used in the clinical diagnostic. The
niche of mass spectrometry-based diagnostic

is in measurements of a limited set of peptides,
which then would serve as biomarkers. The
types of peptides to be measured define type of
mass spectrometry technology. For example,
MALDI TOF mass spectrometry is used to
detect peptides ionized from a tumor section
[52]. While detection of the peptides flying in
the instrument is rather robust, the challenge
is to control ionization of the peptides.
Variations in ionization are due to differences
in composition of the tissue in its different
areas, thickness of the section, and slightest
differences in application of the matrix.
Variable ionization efficiency generates false
differences in distribution of the measured
peptides in the tissue. Proposed solutions with
using internal controls may help to overcome
the ionization problem, but it will complicate
the technology. Such a complication would
have a negative impact on the clinical applica-
tions of MALDI MS imaging. Other issues of
MALDI MS imaging are technical problems of
the size of the laser beam, speed of the spectra
acquisition, and processing of the collected
data [52]. All together, it makes that MALDI
MS imaging is not yet ready to enter routine
clinical diagnostic.

However, when peptides are the biomar -
kers, mass spectrometry may be the method of
choice. As an example, detection of peptides in
brain may have a diagnostic value [53]. With
controlled sample preparation methods and
internal MS standards, mass spectrometers
may become standard equipment in the clinical
laboratory. In 2013, the cost of a good quality
mass spectrometer is affordable for specia -
lized diagnostic laboratories. Another impor-
tant initiative is generation of the Peptide
Atlas, which provides peptides that may be
used as internal standards [54]. When such
peptides added to the samples, it provides a
reference of the quality of analyte detection,
and for the quantification of the marker pep-
tide in the sample. Thus, peptide-based pro-
teomics is dominated by mass spectrometry,
and may have use in diagnostic based on detec-
tion of peptides as markers. 

Protein arrays
Among all proteomics technologies, pro-

tein arrays are the most advanced on the way
into routine clinical use. Protein arrays mea-
suring expression of a defined set of proteins
are the most probable candidates for the rou-
tine diagnostic [55–57]. The protein array
technology is well developed, and it has been
extensively tested. To generate a protein
array, it is required to select name of proteins
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and epitopes to be detected. Generation of cap-
turing agents, e.g. primary antibodies, detec-
tion reactions, e.g. secondary antibody and a
signal generation system, and selection of a for-
mat for the array — all these steps can be done
with the already available and robust methods.

Thus, the strong side of protein arrays is
the well established technologies and know -
ledge of the targets to be measured. The weak
side is the need to ensure stability and speci-
ficity of the capturing molecules, e.g. antibo -
dies. Another weak side of the protein arrays
is the lack of unbiased analysis. With the
arrays, one gets an answer only to questions
about pre-defined proteins. If there is an off-
target effect, it would be difficult to identify
it with the arrays. Therefore, protein arrays
may be a great tool for companion diagnostic,
when measurements of up to 100 targets are
required for diagnostic. 

Metabolomics: mass spectrometry 
and nuclear magnetic resonance 

spectrometry

Metabolome represents very diverse set of
chemical compounds in the human body.
Nucleic acids and proteins have single poly-
meric structures of nucleotides or amino
acids, respectively, even if the monomers may
be quite diverse. However, metabolites are
much more diverse as chemical structures.
Metabolites are different types of polymers,
e.g. glycans and lipids, and non-polymeric low
molecular weight organic and inorganic mole-
cules [58, 59]. This chemical diversity of
metabolites creates a big challenge for their
comprehensive analysis.

On the other side, metabolomics holds
promise of being of the high importance for
diagnostics. Robust metabolome profiling of
patients would contribute to prediction of
drug pharmacokinetics, and response of the
body to treatments. Metabolic syndrome and
metabolic insufficiency are among the most
serious complications in treatment of cancer.
Metabolome profiling would provide a tool to
predict response to treatments, and therefore
has its role in the clinical diagnostic. 

Nuclear magnetic resonance (NMR) and
mass spectrometry are two techniques which
dominate studies of the metabolites [58–60].
However, none of these techniques have yet
capacity to be incorporated in the routine clini -
cal practice. NMR has the best efficiency in
identification of metabolites, but sensitivity
has not been sufficient for application of NMR
to small quantities of clinical samples.

Notably, the quantities of metabolites in clini-
cal samples are estimated at the picomolar
level, while NMR requires micromolar quanti-
ties [58–69]. Mass spectrometry has higher
sensitivity, but the drawback is in identifica-
tion of ionized metabolites. Ionization degree
and stability, or rather instability, of metabo-
lites upon ionization limits coverage and iden-
tification of metabolites, and therefore appli-
cation of mass spectrometry [58, 60]. The
physical principles of NMR and MS, and the
physico-chemical features of metabolites sug-
gest that NMR may take the lead. This is
because physics of NMR allows enhancing sen-
sitivity, and it may pave the way to the break-
through in metabolome-based diagnostic.

Integration of OMICs technologies 
in personalized cancer diagnostic: 

examples of applications

Clinical OMICs technologies are at diffe -
rent stages of development, and therefore
deliver results of different quality. For diag-
nostics, the quality is defined by the type of
measured analytes, comprehensiveness of the
coverage of all analytes, sensitivity of detec-
tion, suitability of primary data for an analy-
sis, and ability to deliver results to support
diagnostic and selection of treatment. In this
section, I would like to give examples of how
OMICs technologies may help in management
of patients.

When a patient arrives to a Hospital,
decision has to be made about type of diag-
nostics to be applied. The samples for diag-
nostics may be blood and/or tumor biopsy as a
surgically resected tumor or as a needle biop-
sy. The blood is used for preparation of circu-
lating tumor cells (CTC), immunological
tests, and use of the blood cells for mutation
analysis of selected genes. The tumor materi-
al is used for preparation of an organ culture,
primary tumor cells, and for biochemical
tests. 

Functional Molecular Diagnostics (FMDx)
evaluates responsiveness of individual
patient’s tumors to different drugs by testing
responsiveness of the living tumor samples in
organ culture (Organ Culture FMDx), testing
targets and modulators of the drugs’ action
(Functional Biochemical Assays), and by un -
biased testing of the tumor’s proteome profile
(Proteomics FMDx). These assays measure in a
real time how the patients’ tumor may respond
to different drugs before the patient is offered
treatment, and whether the tumor is of an
aggressive type (Fig. 4). 
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In this section, examples of diagnostic
with use of OMICs technologies are discribed.
The Functional Molecular Diagnostic (FMDx)
was developed to help oncologists in diagnostic
and selection of treatment. FMDx consists of a
number of tests to evaluate a molecular profile
of a tumor, predict development of the di -
sease, and select treatment tailored to the
patient. The presented here examples describe
3 clinical cases. For the reason of the patients’
integrity, no personal details are provided.
The descriptions are to illustrate how OMICs
technologies were integrated in the diagnostic
efforts.

Case 1. Personalization of treatment with
Proteomics FMDx

A lump was detected in both breasts of a
woman. The lumps were removed surgically.
No spreading to the lymph nodes, and no
metastases were detected. The question of the

oncologists was whether these 2 tumors were
related, i.e. primary tumor in one breast and
metastasis in the other, what is prediction of
aggressive development of the disease, and which
drugs would be most suitable for this woman.

The aliquots of the lumps were prepared
for the proteomics study, by extracting pro-
teins and performing proteome profiling
(Fig. 5). 2D gel electrophoresis and mass spec-
trometry were used for generation of the pro-
teome profiles of the tumors. The intact-pro-
tein proteomics was applied, which allowed
detection of multiple isoforms of the tumor
proteins. MALDI mass spectrometry was used
to identify proteins, and the systems biology
was used to build a network of relations
between the tumor-related proteins. The net-
work topology analysis and exploration of
functional domains represented by the net-
work, indicated that the tumors were of the
similar profile. It means that the tumors in
both breasts had the same origin, suggesting
metastasis. However, the proteome profiles
showed that the tumors were not of the aggres-
sive type, and therefore unlikely that the di -
sease would relapse. Immunohistochemistry
tests did not provide conclusive basis for selec-
tion of chemotherapy or adjuvant therapies.
Therefore, the results of Proteomics FMDx
ensured oncologists that the most efficient
treatment would be by applying tamoxifen,
and restrain from chemo- and other adjuvant
therapies. The woman has been regularly mo ni -
tored for recurrence. Thus, for this patient,
combination of the proteomics and systems
biology, allowed to conclude about prognosis
of the disease development, select the most sui -
table treatment, and preserve quality of life.

Fig. 4. Overview of Functional Molecular
Diagnostic

The 3 components of FMDx are shown. The com-
ponents are Organ Culture FMDx, Functional
Biochemical Assays and Proteomics FMDx. Organ
Culture FMDx is performed with living tumors,
and evaluates sensitivity to drugs. Functional
Biochemical Assays are used to evaluate mecha-
nisms and efficacy of the drugs. Proteomics FMDx
allow unbiased analysis of the molecular profile of
the tumor, including diagnostic, prediction of
tumor aggressiveness, and selection of drugs ac -
ting on the tumor.  

Fig. 5. Workflow of Proteomics FMDx
The tumor sample from the patient is subjected to

proteome profiling, which then is analyzed by the
systems biology tools. Systemic analysis identifies
regulatory mechanisms deregulated in the tumor,
and identify drugs which would have a tumor-elimi -
nating effect.
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Case 2. Personalization of treatment with
Organ Culture FMDx

A patient was diagnosed with metastatic
pancreatic cancer. Surgery was not applicable,
due to multiple metastases. The oncologist
required information about efficiency of
drugs which were considered for treating this
patient. 

Biopsies of the primary tumor and metas-
tases were collected. Organ culture samples
were prepared immediately after resection of
the tumors. Organ culture samples were pre-
pared by using FMDx proprietary technique,
and were exposed to drugs. The oncologist was
interested in response to 5-fluorouracyl, oxali-
platin and gemcitabine. Two additional drugs
were also tested. The first is an inhibitor of
EGF receptor kinase, Iressa, and the second
drug is an inhibitor of TGFβ type I receptor
kinase, SB431542. During incubation of the
tumor tissues with the drugs, it was observed
very strong effect of 5-fluorouracil, signifi-
cant but partial response to oxaliplatin and
gemcitabine. Iressa and SB431542 both
showed an cell-killing effect, but the response
was partial (Fig. 6, A). In parallel, Functional
Biochemical Assays were applied to the tumor
samples. These tests showed significantly
enhanced activity of pro-mitogenic kinase
Erk1/2, as compared to the Erk1/2 activity in
the control carcinoma cells (Fig. 6, B). Other
biochemical tests showed that EGF and TGFβ
signaling pathways were active, but at the lev-
els comparable to the control carcinoma cells.
The biochemical tests indicate that inhibitors
of Erk1/2 pathway, e.g. MEK1 or Raf
inhibitors, may have a strong inhibitory
impact on the tumor growth for this patient.
The tests confirmed also that Iressa and
SB431542 indeed may have tumor-suppress-
ing effect. Thus, the Organ Culture FMDx and
biochemical tests provided the oncologist with
information about efficacy of the tested drug,
and indicated that the combination of
chemotherapy with adjuvant therapy may be
beneficial for the patient.

Organ Culture FMDx delivers informative
results during the first 2 weeks of culturing.
Longer culturing leads to changes in structure
of the tumor tissue, and changes in physiology
of tumor cells. These changes affect pattern of
the cell response to the drugs. However,
longer culturing allows obtaining primary cul-
ture of tumor cells which detach from the
tumor tissue. These primary culture cells may
be further used for research purposes. For this
patient, a culture of primary cells was
obtained. Thus, Organ Culture FMDx deliv-

ered information about sensitivity of the
tumors of the patient to the selected drugs. 

Case 3. Generation of individualized cancer
vaccine

There is a strong confidence among oncolo-
gists that as long as the vital functions of a
body are not compromised, there is a chance of
curing even advanced cancer. One of the cura-
tion strategies is deciphering of the molecular
profile of the tumor, and finding combination
of drugs which may kill this tumor. These
strategies are mentioned in descriptions of the
cases #1 and #2. The case #3 describes the
strategy to employ immunological protective
mechanisms of the patient’s body. 

A

B

Fig. 6. Organ Culture FMDx
Organ Cultures are prepared from the tumor

biopsy. A — Images of the organ culture cultured
in a medium only (Control), or incubated with
drugs as indicated. Arrows show clusters of living
cells. Organ cultures were incubated with the
drugs for 48 h. Note presence of living cells in cul-
tures incubated with gemcitabine, oxaliplatin,
Iressa and SB431542. 

B —Functional Biochemical Assay with the same
tumor samples as in (A). The assay was to evaluate
activity of Erk1/2 kinase. Note strongly enhanced
Erk1/2 signal in the tumor sample, as compared to
conditionally tumorigenic and the metastatic con-
trol samples. Note that the Erk1/2 signal in the
tumor corresponds to the Erk1/2 characteristic in
the non-aggressive tumor cells. This assay indi-
cates that the drugs inhibiting Erk1/2 may be ben-
eficial for this patient.   
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The idea of the individualized cancer vac-
cine is based on the fact that the body is capa-
ble to recognize the tumor epitopes, but the
response is too weak to remove the tumor.
Therefore, boosting of the anti-tumor immu-
nity is required. Currently, the first type of
the anti-tumor vaccines is based on identifica-
tion of tumor-recognizing lymphocytes, which
are then expanded in vitro, and injected in the
patient. The second type of vaccines is based
on identification of tumor antigens which
stimulated immunological response, even
though weak and not sufficient to eliminate
the tumor. These antigens are then purified,
and used to boost the anti-tumor immune
response.

The presented here case is an example of
how such an antigen-based vaccine could be
developed (Fig. 7). The patient described in
this case could not be subjected to biopsy, due
to the weak general condition and numerous
metastases. Therefore, a blood sample was
taken, and plasma was prepared. The plasma
was used to detect tumor-specific antigens.
The antigen array was prepared by 2D-GE, and
transferring of separated proteins from the
gels on the membranes. The transferred tumor
proteins were probed with the patient’s plas-
ma, and with plasma of healthy individuals.
To discriminate tumor and non-tumor anti-
gens further, protein arrays from the non-
tumor samples were prepared, and probed with
plasma from the patient and from healthy
individuals. All these tests allowed identifica-
tion of 2 strong tumor-specific antigens
(Fig. 7, A). These antigens were then tested as a
scratch-test on the patient. As expected, the
antigens showed immunological reactions, with
one of the antigens showing reaction justifying
use of this antigen for development of the indi-
vidualized vaccine (Fig. 7, B).  This selected
antigen was prepared in quantities required for
vaccination. The antigens were purified, and
were subjected to tests of chemical purity, toxi-
city and sterility. The last test before applica-
tion of such a vaccine is the scratch-test of
responsiveness on the patient. The result was
considered positive when there was observed a
swelling and redness response after 2 days.
Thus, application of proteomics allows genera-
tion of truly individual cancer vaccine.

Prospective
Complexity of cancer requires comprehen-

sive evaluation of tumors and patients.
Therefore, OMICs technologies have come to
stay. We may expect significant improve-
ments in quality of results delivered by profi -

ling of genome, transcriptome, proteome and
metabolome of a cancer patient and her/his
tumors. Cost efficiency of OMICs technologies
will allow performing such profiling on every
patient. As an example, FMDx is already
affordable for routine use in the cancer clinics.

Developments of OMICs technologies are
promoted by the combination of biochemistry,
cell and molecular biology, engineering,
physics, chemistry and mathematics. When in
1961 Yurij Gagarin opened the era of manned
space flights that was the result of collabora-
tion between many different professionals. The
same is valid for cancer — to make a break-
through and find cure of cancer, a single dis-
covery is not enough. It has to be a combined
effort. And the biggest challenge is to create
such an organization which would focus on
fighting cancer with understanding complexi-
ty of this disease and hosting diverse expertise.

Support to the works in the authors labora-
tory from the Swedish Cancer Foundation (CF),
the Swedish Research Council (VR), Radium -
hem mets Research Funds, Eurocan Platform,
COMPAS, Swedish Institute and Erasmus pro-
gram at KI and UWM are acknowledged. 

A B

Fig. 7. Development of individualized vaccine 
as part of FMDx:

A — Proteomics is an important part in identifi-
cation of tumor-specific antigens. Upper panel
shows proteins separated in a 2D gel, and recog-
nized by the antibodies of the patient. Lower panel
shows the same proteins immunoblotted with anti-
bodies from a healthy individual. #1 and #2 indi-
cate proteins recognized as immunogenic tumor-
related antigens. 

B — Identified immunogenic tumor-related anti-
gens were purified, and prepared as a vaccine. The
scratch test with the vaccine is shown. The scratch
test is performed before applying the vaccine, as
part of controls. Note that the antigen #1 pro-
duced immunological response. The area of the
skin is shown in the lower part of the image, and
the computer-assisted analysis of the swelling is
indicated in the upper part as the area marked by
the red line.  
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У ЛІКУВАННІ РАКУ: 

ВНЕСОК OMIC-ТЕХНОЛОГІЙ 
У ДІАГНОСТИКУ ЗАХВОРЮВАННЯ

С. Сушельницький 

Кафедра онкології-патології 
Каролінського інституту, 

Стокгольм, Швеція

E-mail: serhiy.souchelnytskyi@ki.se

Рак — хвороба, яка є показовою
ілюстрацією успіхів, невдач і перспектив
сучасних біомедичних досліджень. Розви -
ток відповідних технологій став вирі -
шальним чинником поліпшення якості
лікування раку. Впровадження в клінічну
практику досягнень технологій геноміки,
РНК-профілювання та протеоміки забез пе -
чило основу для розроблення нових
діагностичних засобів, лікарських препара -
тів і методів лікування. 

У статті обговорено внесок OMIC-
технологій у персоналізацію діагностики та
лікування цього захворювання. Акцент
зроблено на технологіях, які показали
можливість відповідного доставлення діаг -
нос тичних засобів, що може бути вико рис -
тано в клініці для простих діагностичних
тестів. Як ілюстрацію наведено три клі ніч -
них випадки з використанням доступних на
сьогодні методів персоналізованої діагнос -
тики раку.

Ключові слова: персоналізоване лікування
раку, діагностика, геноміка, транскрип то -
міка, протеоміка, метаболоміка.
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ТЕХНОЛОГИЙ В ДИАГНОСТИКУ
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Рак — болезнь, которая является показа-
тельной иллюстрацией успехов, неудач и
перспектив современных биомедицинских
исследований. Развитие соответствующих
технологий стало решающим фактором
улучшения качества лечения рака.
Внедрение в клиническую практику дости-
жений технологий геномики, РНК-профи-
лирования и протеомики обеспечило основу
для разработки новых диагностических
средств, лекарственных препаратов и мето-
дов лечения. 

В статье обсуждается вклад OMIC-техно-
логий в персонализацию диагностики и
лечения этого заболевания. Акцент сделан
на технологиях, показавших возможность
доставки диагностических средств, что
может быть использовано в клинике для
простых диагностических тестов. В качестве
иллюстрации приведены три клинических
случая с использованием доступных на сего-
дняшний день методов персонализирован-
ной диагностики рака.

Ключевые слова: персонализированное
лечение рака, диагностика, геномика, транс -
крип томика, протеомика, метаболомика.
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The development of cell, tissue and organ
culture methods was rapidly accelerated in the
second half of the previous century after
establishing robust cell culture techniques and
media formulation for in vitro growth of plant
material [1–8]. A stunning number of articles
have been published on in vitro induction and
maintenance of non-differentiated cells and
the regeneration the plants from them whet-
her through organogenesis or somatic embryo-
genesis. Fine protocols were established for
the culture of enzymatically isolated single
cells and protoplasts [9], which were able to
regenerate into plants [10–12]. In vitro cultu-
re methods became an essential part of many
micropropagation protocols. Culture of plant
cells and organs in bioreactors were used for
the production of different secondary metabo-
lites and pharmaceuticals. In vitro techniques
were used for production of mutants, haploids,
virus-free material, and also for maintenance
and preservation of rare genotypes and speci-
fic cell cultures [13–15].

The first positive results on Agro bac te -
rium-mediated transformation in plants were
reported in 1983 [16–18]. A simple method for
transferring genes into plants through the
inoculation of leaf discs with Agrobacterium
tumefaciens followed by in vitro culture and
regeneration of whole plants was reported by
Horsch et al. [19]. Different methods for DNA

delivery into plant cell, including electropora-
tion [20], PEG treatment [21, 22], microinjec-
tion [23], sonication [24], biolistics or particle
bombardment [25], silicon carbide WhiskersTM

treatment [26, 27], were used for specific
transformation purposes and different types
of cells and genotypes. However, Agrobac -
terium-mediated transformation became
a preferred method. Agrobacterium tumefaci-
ens is a natural vector system for transgenes
delivery into a wide range of plants species,
providing an efficient and «clean» insertion of
DNA into the plant genome and deserved to be
called the «tzar of genetic engineering» [28].
In the past 30 years the discovery and applica-
tion of new transformation technologies
essentially sped up the improvement of major
cultivated crops. The first, really commerci-
ally grown plants hit the market in the mid —
1990s. 

Practically all transformation systems
were based on in vitro culture methods. It was
impossible to transform whole plant organism
at once. All techniques were based on transfor-
ming single cells of callus, leaves, pollen, roots
or other organs and than regeneration of
plants through somatic embryogenesis or
organogenesis. Routine and highly efficient
transformation methods for many important
crop and particular genotypes were implemen-
ted in many biotechnology companies.
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However, laborious and time consuming in
vitro methods of transformation limited the
production of transgenic events. The biotech-
nology industry requires simple, high throug-
hput, genotype independent transformation
systems, which also could be marker- and
selection-free. Whole plants, seeds, mature
embryos, flowers, meristems, stolons and
other plant organs became a target for trans-
formation with a purpose to produce transge-
nic plants without using in vitro methods. The
application of meristematic cultures has become
a valuable tool for transformation of some
recalcitrant species since it is less genotype
dependant and due to possible short culture
period had less potential problems with somac-
lonal variation [29]. 

In this report, as a tribute to cell biologists
and their huge impact in development of
modern biotechnology, the overview of con-
ventional techniques used for transformation
of important crop plants and some advance-
ment in this area will be presented.
Comprehensive reviews on molecular aspects
of transformation and on milestones in plant
tissue culture can be found elsewhere [30, 31].
Herein the information on transformation will
be updated with emphasize on transformation
through embryogenesis in some legumes,
woody plants and cereals which are commonly
considered as recalcitrant.

Soybean transformation

Roundup Ready® soybean developed by
Monsanto was one of the first transgenic crop
commercialized in 1996. For the development
of this new product a bacterial gene for a glyp-
hosate-tolerant variant of EPSP syntase (CP4)
[32] was transferred, by particle bombard-
ment, into embryonic axes of excised soybean
embryos, which were regenerated into plants
by organogenesis [33]. Further improvements
in soybean transformation were with the deve-
lopment of Agrobacterium-mediated transfor-
mation of cotyledon explants, which also
underwent organogenesis [34]. Considerable
advancement in soybean transformation was
observed after development of new high
throughput technology based on Agrobac te -
rium-mediated transformation of excised
mature embryos [35, 36]. In the meantime a lot
of research was concentrated on the develop-
ment of embryogenic culture transformation
and/or regeneration of plants through somatic
embryogenesis [37, 38]. First efficient induc-
tion of embryogenic culture from immature
cotyledons was described by Lippmann and

Lippmann [39]. The most reproducible particle
bombardment transformation system was
based on soybean embryogenic culture proto-
cols which came from the labs of Finer and
Parrott [40–42]. Soybean embryogenic cultures
were also transformed by using Agro bacterium
[43, 44] but this method turned out to be less
efficient and not always reproducible.

Although embryogenic cultures of soybean
are not the best target for transformation
some biotechnology laboratories and compa -
nies are still using it for commercial produc-
tion of transgenic plants. Since it was demon-
strated that somatic embryos could be
comparable to seeds in terms of quantity and
especially quality of oil and protein [45–47],
transformation of embryogenic cultures and
production of transgenic soybean somatic
embryos has been used in assays for rapid ana-
lysis of seed traits [48]. To some extend the
wide application of embryogenic culture in
transformation was limited due to genotype
dependence. The cultivar Jack has given the
best in vitro response, however, other genoty-
pes can also be used for induction of embryo-
genic culture but with lower efficiency. 

For the initiation of somatic embryos from
immature cotyledons usually MSD40 medium
containing 40 mg/l 2,4-D [49] is used. MSD20,
which is the same medium as MSD40 but with
20 mg/l 2,4-D, is used for maintenance of
embryogenic culture. For liquid culture the
FN Lite medium [50] with 10 mg/l 2,4-D plus
0.5 mg/l Picl (or 0.1 mg/l Kin) is recommended.
Embryogenic cultures on MSD20 are more
developed while on FN Lite the culture is more
globular and much greener. Established embryo -
genic cultures are usually transformed by bio-
listic methods. Detailed condition and media
for induction of culture and transformation
with biolistics can be found in different publi-
cations [41, 51, 52]. For selection of transgenic
embryo-cultures hygromycin was mainly used. 

At Monsanto our research confirmed the
feasibility of using embryogenic cultures for
transformation and developed a transforma-
tion system with NPTII as selectable marker.
Embryogenic cultures were established from
immature cotyledons of Jack and other geno -
types. The scheme for isolation of immature
cotyledons from pods and the induction of
somatic embryos is shown on Fig. 1, A. Initia -
tion of somatic embryos from immature cotyle-
dons and the morphology of callus on MS40 and
FN Lite medium can be seen on Fig. 1, B, C, D.

Efficient delivery of foreign DNA (NPTII/GFP
construct) was established by particle bom-
bardment. As a target for bombardment we
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used a young embryogenic callus grown in a
dim light on MS20 medium. In spite of effici-
ent DNA delivery into cells (high transient
GFP expression was observed after 24 h of cul-
ture, Fig. 2, A) the recovery of stable transfor-
mants was very low. Several antibiotics and
different selection pressure were tested for
selection. It was found that kanamycin even at
concentration of 200 mg/l did not bleach and
inhibit the growth of green embryogenic cul-
tures. Suitable for selection was paromomycin
with an optimal concentration 50 mg/l. First
stable transgenic events were usually identified
after 3 weeks of selection (Fig. 2, B). Selected
callus was propagated in the presence of paro-
momycin and than transferred to a new
medium for embryogenesis (Fig. 2, C, D). Very
fast embryogenesis and embryo maturation
was established on SHAM medium (modifica-
tion of FNL0S3 [52]). The embryos after 9
days of culture on this medium are shown (in a
blue and day light) on Fig. 2, D, E. After matu-
ration the developed embryos were germinated
on SHAM or MS media without plant growth
regulators (PGR).

In general, the low transformation frequen-
cy (TF) of soybean embryogenic cultures, ob -
served in our work and in other reports, is pro-
bably due to the origin of the transformation
target which is highly developed multicellular
somatic embryos, and their sensitivity to selec-
tion agents. Even in spite of repetitive forma-
tion of somatic embryos observed in in vitro cul-
tures, the chances for recovery of transgenic
events are low. Due to development of novel and
extremely robust alternative transformation
techniques it is difficult to see a wide applica-
tion of soybean embryogenic cultures in com-
mercial production of genetically modified soy-
bean plants although it is still very valuable for
fundamental research and for development of
different transformation assays. 

Cotton transformation
Cotton is another economically important

agricultural crop which is transformed by
Agrobacterium or particle bombardment and
mainly regenerated via somatic embryogene-
sis. Insect resistant, Bollgard® cotton, which
was first transformed in 1987 [53, 54], was
commercially released in 1996. Cotton is
woody dicotyledonous plant, and it is truly
recalcitrant to in vitro regeneration with very
strict genotype dependence. Since the first
reports on transformation, successful regene-
ration via embryogenesis is mainly limited to
cotton varieties with a Coker pedigree.
Although regeneration of cotton via organoge-
nesis has been reported [55] there are only a
few available publications on transformation
and regeneration through organogenesis [56,
57]. Agrobacterium-mediated transformation
of Coker genotype with regeneration by means
of somatic embryogenesis was the most effici-
ent method for generating transgenic cotton
plants [58, 59]. This method, however, is
labor-intensive and time-consuming.
Agrobacterium-mediated transformation
system via embryogenesis usually requires a
period of up to twelve months for production
of transgenic cotton plants and in comparison
to other crops is rather inefficient.
Regeneration and transformation methods
were also established for other cotton genoty-
pes [60–63] and, in spite of low efficiencies,
were utilized for specific needs. 

Other methods, like particle bombardment
[64, 65] or WhiskersTM-mediated transforma-
tion [66], have been exploited for the transfor-

Fig. 1. Scheme for isolation of immature cotyle-
dons from a soybean pod (A), induction of somatic

embryos on MS40 medium (B) and embryogenic
callus on MS20 and FN Lite media (C, D). Bar: 1 mm

A D

C

B

Fig. 2. A — Transient GFP expression in soybean
embryogenic callus (1 day after bombardment

with NPTII/GFP construct). B, C, D — GFP expres-
sion in single somatic embryo, callus and mature
somatic embryos obtained from embryogenic cal-

lus after 9 days of culture on SHAM medium. 
E, F — Maturation of somatic embryos in suspen-

sion culture and their germination.

A

D

CB

FE
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mation of embryogenic cotton suspension cul-
tures. There are also a few reports on pollen
and pollen-tube-pathway transformations [67,
68]. In several protocols transformation of the
meristem in the shoot apex with particle bom-
bardment or Agrobacterium was used [69–71].
A similar approach was applied by Balasub ra -
mani et al. [56] who conducted Agrobacterium
transformation of the embryonic axis of germi-
nated seeds. In these intact plant tissue cases
the transformation is rapid and genotype-inde-
pendent. Since there is no callus stage and
practically no cell dedifferentiation (it is based
on multiple shoot formation) the chances of
somaclonal variation are low. At the same time
very light selection pressure used for meristem
transformation can often be associated with
chimerism of the produced shoots and plants
[59]. No doubts that such methods with further
improvements will be used as the foundation
and essence for new industrial technologies. 

Here it will be summarized the improve-
ments made at Monsanto on the conventional
transformation of Coker 130 genotype through
embryogenesis which were presented earlier
[72]. This protocol is similar to others and
includes several steps: 1) Agrobacterium tume-
faciens inoculation of hypocotyls cuttings and
co-culture; 2) Induction of «creamy and soft»
friable, undifferentiated callus; 3) Initiation and
selection of embryogenic callus (EC); 4) Embryo
maturation and germination; 5) Transplan -
ting into soil. We developed and implemented
a liquid-based culture system that drastically
increases the efficiency of plant production.
For protocol development Agrobacterium
tumefaciens, a modified C58 strain of the bac-
terium with NPTII/GFP and NPTII/GUS
constructs and kanamycin selection (70 mg/l)
were used. Some production steps of transge-
nic cotton are illustrated on Fig. 3. 

Callus induction was performed in plates with
liquid medium. With a new culture system we
could speed up the production of EC and eliminate
multiple sub-culturing. Higher concentration of
gelling agent in the regeneration medium especi-
ally covered with nylon «mesh» (100% nylon
organza fabric) provided faster conversion of
embryogenic callus and maturation of embryos
(Fig. 3, F, G, H). Overall, with an optimized liquid
transformation system the time frame for plant
production could be cut in half.

Further improvements were connected
with the development of Agrobacterium-medi-
ated transformation system based on using EC
as an initial explant. The initial EC material
was easy to maintain on medium without
growth regulators and could be transformed with

Agrobacterium only if EC was desiccated during
co-culture with the bacteria. Earlier it was
demonstrated that desiccation during co-culture
enhances the T-DNA delivery into plant cells and
could be critical for transformation of callus [74].
Using GFP and GUS as reporter marker it was
shown that transgenic plants could be produced
in about 3 months after transformation (Fig. 4).

Fig. 3. Different stages 
of cotton hypocotyls transformation:

A-E — Transgenic callus formation in liquid WPSEL
medium which contains Lloyd an McCown salts
according to Phytotechnology Labs, 2 ml/l Gamborgs
B5 vitamins (500x, Phytotechnology Labs, 0.1 mg/l
2,4-D, 0.5 mg/l kinetin, 30 g/l glucose, pH 5.8. 
A, B — 7 d old callus under day and blue light; C —
GFP expression in 1 month old callus; D — 1 month
old callus, cultured in a liquid medium; E — EC forma-
tion after 3 month of selection; F, G — Formation of
globular embryos on TRP medium (MS salts and 2 ml/l
Gamborg B5 vitamins according to Phyto technology
Labs, 0.1 g/l casein hydrolysate, 30 g/l glucose, 2.5 g/l
Phytagel®, pH 5.8); H — Embryo maturation on
TRP medium with 7 g/l agarose; I — Embryo germi-
nation on ShSu medium (Stewart and Hsu salts and vita -
mins [73], 5 g/l sucrose, 2.5 g/l Phytagel, pH 6.8).

Fig. 4. Agrobacterium-mediated transformation
of embryogenic callus:

A — Friable EC used for transformation; B — Tran sient
GUS expression in embryogenic callus; C — GFP
expression after 14 days of selection; D, E — Callus
culture under blue and day light after 1.5 month; F —
GFP expression in somatic embryos during matura-
tion after 2.5 months; G — Plantlet formation from
somatic embryos after their maturation. Bar: 1 mm
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Corn transformation

Corn is one of the most economically
important crops which was considerably
improved by modern biotechnology. Although
the first positive results on the transforma-
tion of corn and regeneration of transgenic
plants were reported in 1990 [75, 76] only in
1997 did Monsanto Company bring to the mar-
ketplace the GMO plant, insect-protected corn
in the form of YieldGard® Corn Borer. Similar
products were developed by other companies.
In 1996 Ciba-Geigy and Mycogen introduced
E-176 corn and in 1997 Novartis introduced
Bt-11corn. Particle bombardment of corn
embryogenic cultures was used for producing
the first product. Later not only single traits
but stacked traits were added to corn pro-
ducts. To create biotech products two trans-
formation techniques for transgenes delivery
have mainly been employed: Agrobacterium-
mediated transformation [77–80] and particle
bombardment transformation [81, 82].
Although corn, like other cereals, is not a
natural host for Agrobacterium sp.,
Agrobacterium-based transformation is the
preferred method and has several advantages
over biolistics. New Agrobacterium-transfor-
mation methods are very efficient and in com-
parison to bombardment provide a higher
number of events with single intact transge-
nes. Now new products like Genuity™

SmartStax™ (Monsanto), Herculex® Xtra
Roundup® Corn 2 (Dow Agrosciences and
Pioneer Hi-Bred), Agrisure® GT/CB/LL
(Syngenta), Optimum® AcreMax® Insect
Protection (Pioneer Hi-Bred, DuPont) and
many other have combinations of stacked
traits against different insects and tolerance
to a number of herbicides for broad spectrum
weed control. In 2011 twelve countries have
planted biotech crops with two or more traits.

Type I culture in transformation. From
the very first publication on corn in vitro rege-
neration [83] it was accepted that somatic
embryogenesis is the principal way of plant
regeneration in corn and other cereals. The
induction of so-called «Type I» callus was
established from immature embryos (IE) of
inbred line A188. The same compact, organized
«embryogenic» type of callus was induced
from IEs of number genotypes [84–88]. Right
now in most transformation protocols the
plants are regenerated through Type I culture.
The transformation of IEs and regeneration
through somatic embryogenesis or organoge-
nesis is the most popular choice for transgenic
plant production. The wide application of
Agrobacterium-mediated transformation of

monocotyledonous species and particularly
corn became feasible after development of an
efficient transformation method for rice
described by Hiei et al. [89]. The disarmed
Agrobacterium, which was induced by aceto-
syringone and carried a «super binary» vector
with selectable marker genes, was used to
establish a corn transformation protocol with
freshly isolated IEs [78, 80, 90, 91]. After con-
siderable improvement Agrobacterium-media-
ted transformation of freshly isolated or pre-
cultured IEs became a routine practice for
efficient production of transgenic corn [80,
92]. However, some corn genotypes possess a
high competence for embryogenesis and rege-
neration but they are not susceptible to
Agrobacterium. In Fig. 5 a high level of GUS
and GFP transient expression in IEs of propri-
etary genotype, L1 is shown (Fig. 5, B, C), and
poor transient GUS expression in IEs of anot-
her tested proprietary genotype L2 (Fig. 5, A). 

In order to obtain a high TF with «dif-
ficult» genotype it could be necessary to do an
essential protocol modification and media
optimization. Very often it can be easier to
screen the breeders potential candidate-geno-
types for «culturability» (competent for in
vitro culture and regeneration) and «transfor-
mability» (competent for transformation)
using several standard protocols. Sometimes it
could be a good idea to test for transformation
of other explants. Thus, one genotype which
was difficult to transform using freshly isola-
ted IEs (Fig. 5, A) turned to be highly trans-
formable when young callus of cultured IEs
were used as initial explants for transforma-
tion (Fig. 5, D). 

High TF can be achieved with freshly isola-
ted IEs or propagated in vitro callus obtained
from IEs or seedlings [80, 93]. Because of
potential somaclonal variation, extended
maintenance of callus in vitro is not recom-
mended. Production of seedling-derived callus
using mature seeds has a high impact on trans-

Fig. 5. Transient GUS and GFP expression in
freshly isolated (A, B, C different genotypes) and

transient GUS expression in callus cells after cul-
turing of IEs for 8 days. GUS staining for 3 hours.

Bar = 0.5 mm

A
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formation technology since it is considered as
«greenhouse-independent» (it does not require
growing plants for IEs). Transformation tech-
nology based on using seedling-derived callus
can be efficiently utilized in dihaploid pro-
grams and potentially speed up the breeding
process. Haploid Type I callus can be produced
from seedlings of haploid seeds conventionally
obtained after crossing a corn variety with a
haploid inducer line. Haploid seeds are easy to
identify due to the presence in the inducer line
of visible pumule and cap markers. Routinely
about 75% of haploid callus lines from seed-
lings remain haploid. Isolated haploid callus
can be transformed and after doubling homo-
zygote dihaploid transformed plants can be
regenerated [94, 95]. 

Different selection scheme can be used for
preferential growth of transformed cells and
regeneration of transgenic plants. For com-
mercial production of transgenic plant genes
conferring resistance to antibiotics, herbici-
des and mannose have been used [96].
Selectable marker genes can be removed since
they are not required for expression of the
gene of interest. There are several methods
available for marker removal from transgenic
plants: co-transformation with 2 unlinked T-
DNAs («2T transformation») followed by seg-
regation of the marker gene in progeny [97-
99], homologous recombination between direct
repeats [100] and site-specific recombination,
including the most popular Cre/lox system
[101, 102]. Extremely appealing is marker-
free, selection-free transformation technology
[103, 104]. 

Only with very high TF it is possible to do
the transformation without selection and con-
duct identification of transgenics by molecu-
lar screening of all produced shoots or plants.
Since we developed a very efficient IEs trans-
formation protocol for L1 line with TF in some
experiments higher than 60% we checked the
feasibility of using no selection for production
transgenic plants. 

Using ABI Agrobacterium containing a
construct with the uidA (GUS) reporter gene
we tried to track the formation of stable trans-
genic events during different stages of culture
and evaluate the efficiency of transformation
without selection. After 10 days of culture
post- transformation with no selection it was
found that almost all IEs formed a callus with
several GUS positive regions. After several
weeks of culture the callus derived from each
IE was divided into 10–20 pieces and cultured
further (Fig. 6). It was found that all callus
pieces from a single IE were GUS negative, a

few were chimeric and one was non-chimeric,
GUS positive. A similar picture was observed
in several other cases when the batch of callus
pieces derived from single IE were stained.
Among plants regenerated without selection
we also identified several GUS positive (Fig. 6,
D). Although in our experiments the TF was
very low this method after improvements of
screening at the callus stage can be useful.
Such a marker-free/selection-free protocol
allows doing the transformation of corn with
1T constructs without any additional markers
and in comparison to transformation with 2T
constructs it reduces the breeding timeframe
and simplifies the downstream breeding pro-
cess. 

Type II culture in transformation. A new
type of embryogenic callus named as «Type
II»was described by Green [105, 106] and
Armstrong, Green [107]. Type II culture de -
rived from immature embryos is a very fine,
friable callus which can directly form somatic
embryos. Efficient induction and sustainable

propagation of embryognic callus was
established with A188 inbred genotype on N6
[7] medium supplemented with 6 mM proline
[107]. The induction of this type of callus is
highly genotype dependent. It was demonstra-
ted that many hybrids which have A188 as one
parent also demonstrate the embryogenic
response found in A188. The well known geno-
type with Type II response is «Hi-II» derived
from progeny of A188×B73 cross [108].
Quantitative trait loci (QTLs) that control
regenerable callus formation and plant regene-
ration in maize have been identified for the
Type II callus response [109, 110]. Embryo -
genic Type II callus was usually initiated from

Fig. 6. GUS expression in callus derived from IEs
on different stages of culture and regeneration

(without selection) after transformation 
with GUS construct:

A, B — Transient GUS expression in IEs callus after
6 days and 14 days of culture; C — Callus pieces on
regeneration medium; one transformant and few
himeric clumps were identified among callus pieces
originated from one IE; D — GUS positive plantlets
from no-selection experiment. Bar: 1 mm
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IEs but the induction of such culture from
immature tassels of HiII genotype has also
been reported [111]. The Hi-II line is not an
inbred but Lowe et al. [112], after crossing Hi-
II with the FBLL genotype followed by mul-
tiple backcrosses transferred the Type II
embryogenic response developing the FBLL-
MAB inbred line. The availability of suitable
inbred lines for transformation is particularly
desirable since modern breeding of corn is
based on the utilization of inbred parents for
production of hybrid seeds possessing «hybrid
vigor» or heterosis. It is typical that bree-
ding/biotechnology companies have their own
proprietary germplasm that are bred for traits
like yield or disease resistance not for in vitro
«culturability» and «transformability». Some
of these elite genotypes require, for in vitro
growth, completely new combinations of PGR
in media for them to be transformed with high
efficiency. It was demonstrated that Type II
callus is not limited to A188 genotypes or close
relatives and can be obtained from different
genotypes [113, 114]. Type II callus can be
directly used for transformation [76] and can
be a good source for protoplast isolation and
production of transgenic plants [115]. Still,
genotype specificity is much higher for Type II
callus than for Type I callus. Due to the high
genotype dependence the regeneration
through somatic embryogenesis from Type II
callus has been used less and less in the com-
mercial transformation of corn. 

Meristem culture in transformation. Corn
and other cereals can also be regenerated via
organogenesis. First multiple shoot formation
from apical meristem of immature embryos
was reported in 1992 [116]. Induction of orga-
nogenic cultures from corn seedling meristem
was described by Zhong et al. [117, 118]. The
same type of culture was initiated from meris-
tematic tissue of the nodal area of seedlings,
leaf bases of young leaves and other explants
containing highly meristematic cells. The cul-
ture medium for multiple shoot induction usu-
ally contains high concentration of cytokinins
(0.5–10 mg/l 6BA) and no or low concentra-
tion of auxins (0–0.5 mg/l 2,4-D). The same or
similar types of media were used for multiple
shoot induction in oat [119], sorghum [120],
millet [121], wheat [122], barley [123] and
other monocots. Meristem culture depending
on the stage of development may have multiple
buds resembling shoot apex with apical meris-
tem and primordial leaf, enlarged buds, highly
meristematic zones with multiple buds or
more developed multiple shoots (Fig. 7).
Meristem shoot culture can be maintained for

extended period of time and can easily produce
plants on the medium without PGR [124].

Shoot apical meristems and derived orga-
nogenic cultures were recommended for use as
sustainable explants for genetic transforma-
tion of cereal crops [119]. This organogenic
type of culture, referred to as apical meristem
culture, shoot meristematic culture, multiple
shoot culture, and multiple bud culture, has
been transformed by particle bombardment
[125, 126]. Induction of this type of tissue
appears is less dependent on specific genotype
in comparison to Type II and Type I cultures
[119]. For wide implementation of organoge-
nic culture in production work it still requires
the development of efficient delivery of
foreign DNA via Agrobacterium.

General remarks on corn morphogenesis.
The morphology, characteristics of Type I,
Type II, and meristem culture with the possible
conversion pathway of one type culture to
another are presented on Fig. 8. Depending on
the genotype the conversion of one type of cul-
ture to another can be very fast but often
requires several subcultures. Conversion of
organogenic meristem culture of LH198 x HiII
and L1 line into Type I callus is presented
below (Fig. 9, A, B). Conversion of FBLL-MAB
Type II callus into shoot meristem culture is
shown on Fig. 9, C, D, E.

In scientific lexicon Type I culture is com-
monly described as «embryogenic» which is
not completely correct. It is known that term
somatic embryogenesis describes a develop-
mental process of somatic cells which results
in a morphological structures similar to zygo-
tic embryos and typically had a distinct deve-
lopmental stages. In comparison to Type II cal-
lus which is truly embryogenic, Type I callus is
not. It is more organogenic since at light con-
dition it is easy converts into leafy structures
and forms shoots (Fig. 10). Detailed histoche-
mical and ultrastructural study show that
Type II callus does contains embryogenic units
(which give rise to somatic embryos) while
Type I callus has mainly a meristematic cells
and extensive vascular network [127, 128].

Fig. 7. Different development stages of corn shoot
meristem culture:

A — Enlarged bud; B — Adventitious buds forma-
tion from highly meristematic tissue; C — Established
meristem shoot culture. Bar: 2 mm

A CB
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Greening of this type of callus, formation of
leafy structures, followed by multiple buds
and shoot formation are especially pronounced
in production experiments where for a fast
regeneration the callus is exposed for a short
time to 6BA (MSBA medium according to
[80]). As it is shown on Fig. 11, Type I callus

after a short culture in light on 6BA medium
formed green leafy structures with multiple
buds at the base of them. On PGR-free medium
these buds formed shoots which could be later
rooted. Formation of multiple buds (apical
meristem) from Type I callus in corn is demon-
strated on Fig. 11, A, B. Because of this rege-
neration pathway there is no stage of somatic
embryogenesis and it is properly to call this
way of morphogenesis as organogenesis. At
the same time the regeneration of Type I callus
through embryogenesis is also possible. In
several publications compact Type I callus was
regarded as «fused deformed and normal

Fig. 8. Regenerable types of in vitro corn culture, their main characteristics, and conversion 
pathway of one type culture to another

Fig. 9. Conversion of organogenic meristem cul-
ture of LH198 x HiII (A) and L1 line (B) into Type

I callus. Bar: 2 mm. C, D, E — Conversion of
FBLL-MAB Type II callus into meristem culture

with multiple buds; 2 and 4 weeks culture on
MSV34 medium [80]. Bar: 0.9 mm

Fig. 10. A — Type I callus formation from IE
LH198 x HiII (in dark). B — The same IE cultured

another 10 days on the same medium (on light). 
C — Piece of callus on higher magnification

which converts into leafy structures. Bar: 1 mm

A CB
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somatic embryos with an incomplete shoot-
root axis» [129, 130]. Biochemical analyses of
Type I callus also have shown the presence of
specific markers of embryogenesis in this type
of callus [131, 132]. It was confirmed that

Type I callus on PGR-free medium in darkness
can produce very fine callus clumps which in
suspension culture could initiate single soma-
tic embryos (Fig. 11, C, D, E). Because of pre-
sence of two types of cells which regenerate
through organogenesis or embryogenesis pro-
bably it would be more correct simply to call
Type I callus as regenerable callus and only
Type II callus refer as embryogenic. 

In conclusion, it is expected that the pre-
sented results on corn, especially in compari-
son to the data on other species regenerated
through embryogenesis, will clarify some
peculiarities of corn culture and transforma-
tion. Hopefully this will be useful for resear-
chers working on further improvements of
transformation technologies.

I would like to thank Dave Duncan and
Chuck Armstrong for critical review of the
manuscript.

This review is dedicated to Prof. S. Komi sa -
renko on his70th anniversary in honor of his
landmark accomplishments in biochemistry
and modern biotechnology.

Fig. 11. A, B — Multiple buds and shoots forma-
tion in corn after 1 week culture on 6BA contain-

ing medium, followed by PGR-free medium. 
Bar: 0.5 mm; 

C, D, E — Germination of corn somatic embryos
of L1 line on PGR-free medium;

C — Bar: 1 mm; D, E — Bar: 2 mm.
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КУЛЬТУРА ТКАНИН РОСЛИН
У БІОТЕХНОЛОГІЇ: 

ОСТАННІ ДОСЯГНЕННЯ В ГАЛУЗІ
ТРАНСФОРМАЦІЇ ЗА ДОПОМОГОЮ

СОМАТИЧНОГО ЕМБРІОГЕНЕЗУ
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Генетична трансформація рослин стала
важливим інструментом біотехнології для
вдосконалення багатьох сільськогосподар-
ських культур. Міцну основу для швидкого
розроблення та впровадження біотехнологій у
сільському господарстві було закладено досяг-
неннями методу культури тканин рослин. До
30-річчя трансформації рослин у статті описа-
но успіхи, проблеми та останні зміни в методо-
логії трансформації. Основну увагу приділено
традиційним і новим підходам для генетично-
го вдосконалення сої, бавовни і кукурудзи.
Наведено також результати трансформації цих
культур, які були суттєво вдосконалені завдя-
ки здобуткам сучасної біотехнології.

Ключові слова: культура тканин рослин,
трансформація, генетичне вдосконалення
сільськогосподарських культур.
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ПОСЛЕДНИЕ ДОСТИЖЕНИЯ В ОБЛАСТИ
ТРАНСФОРМАЦИИ ПОСРЕДСТВОМ
СОМАТИЧЕСКОГО ЭМБРИОГЕНЕЗА
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Генетическая трансформация растений
стала важным инструментом биотехнологии для
усовершенствования многих сельскохозяй-
ственных культур. Прочная основа для быстрой
разработки и внедрения биотехнологий в сель-
ском хозяйстве была заложена достижениями
метода культуры тканей растений. К 30-летию
трансформации растений в статье описаны успе-
хи, проблемы и последние изменения в методо-
логии трансформации. Основное внимание уде-
лено традиционным и новым подходам для
генетического совершенствования сои, хлопка и
кукурузы. Представлены также результаты
трансформации этих культур, которые были
значительно усовершенствованы благодаря
достижениям современной биотехнологии.

Ключевые слова: культура тканей растений,
трансформация, генетическое усовершенст во -
ва ние сельскохозяйственных культур.
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Natural contaminations such as the emis-
sion of poisonous gases during a volcanic erup-
tion and earthquakes, swamps poisoned evapo-
rations, synthesis of toxic compounds by lower
(microorganisms) and higher plants, etc., in
comparison with the human contribution in
the environmental contamination is much less
impressive. As a result of urbanization, the
unpredictable growth of industry and trans-
port, production of chemicals for agriculture,
military activities, etc. the concentration of
anthropogenic toxicants spread in nature,
especially in some regions exceeds all the per-
missible standards. In spite of difficulties in
quantitative, as well as in qualitative estima-
tion, and having a tendency to be increased,
the amount of spread out contaminants
exceeds annually one billion of tons. Most dan-
gerous among these contaminants are consi -
dered as emergent because of their persistence,
bioaccumulation, and toxicity along with our
awareness of their prominent occurrence in
the environment. In different ways, huge
amounts of these hazardous substances or
toxic intermediates of their incomplete trans-
formations are accumulated in the different
niches of biosphere, significantly affecting
ecological balance. Lately, many ecological
technologies have been elaborated, targeted to

minimize the flow of toxic compounds to the
biosphere and to control their level or state [1,
2]. Despite the definite positive effect from
the realization of these technologies (physical,
chemical, mechanical etc), the intensive flow
of toxic compounds to the biosphere is still
increasing. 

Nevertheless, the plants kingdom assimi-
lates toxic compounds, removing them from
the environment, naturally providing long-
term protection and monitoring against their
environmental dispersal. Obviously, microor-
ganisms and plants represent the main power
of nature permanently straggling for the
maintaining of ecological balance. 

Plants being recently recognized as impor-
tant ecological tool and in order to properly
evaluate their detoxification potential; the
following ecobiological specificities of these
organisms should be emphasized:

– Higher plants simultaneously contact
three main ecological niches: soil, water and air.

– Well-developed root system of higher
plants determines soil-plant-microbial inter-
action, representing unique process, signifi-
cantly affecting the overall plant metabolism.

– Large assimilating surface area of plant
leaves (adaxial and abaxial), significantly
exceeding in size the above ground surface
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under the plant, permits the absorption of con-
taminants in a big quantity from air via the
cuticle and stomata.

– Unique internal transportation system
in both directions, distributing all penetrated
compounds throughout the entire plant.

– Autonomous synthesis of vitally impor-
tant organics and extra energy during pro-
longed remediation process. 

– Existence of enzymes catalysing oxidation,
reduction, hydrolysis, conjugation and other
reactions of multistage detoxification process. 

– Large intracellular space to deposit
heavy metals and conjugates of organic
contaminants.

– Functionalization and further transfor-
mation of organic contaminants in plant cells
(conjugation, deep oxidation, etc.). 

The contaminants penetration into the
roots essentially differs from the leaves.
Substances pass into roots only through cuti-
cle-free unsuberized cell walls. Therefore,
roots absorb substances much less selectively
than leaves. Roots absorb environmental con -
taminants in two phases: in the first fast
phase, substances diffuse from the surroun -
ding medium into the root; in the second they
gradually distribute and accumulate in the tis-
sues. The intensity of the contaminants
absorption process, characterized by various
regulations, depends on contaminants solubi -
lity, molecular mass, concentration, polarity,
рН, temperature, soil humidity, etc. [2, 3]. 

Nowadays there are experimental data
obviously demonstrating plants potential to
activate a definite set of biochemical and physio -
logical processes to resist the toxic action of
contaminants by the following mechanisms: 

– Excretion
– Conjugation of contaminants with intra-

cellular compounds and further compartmen-
talization of conjugates into cellular
structures

– Decomposition of environmental conta-
minants to standard cell metabolites or their
mineralization.

Commonly, plants gradually degrade
entering cells organic contaminants to avoid
their toxic action. According to contaminants
assimilating potential plants are differing up
to four orders of magnitude that allowed to
classifying plants as strong, average and weak
absorbers of different structure contami-
nants. For instance the most active assimila-
tors uptake up to 10 mg of benzene per 1kg of
fresh biomass per day, the assimilation poten-
tial of the weak absorbers is measured in hun-
dredths of mg [4]. 

The fate of entered plant cell contaminants
depends on their chemical nature, external
temperature, variety of plants and phase of
vegetation, etc. The simplest pathway of
entered the plant cell organic contaminants is
excretion. The essence of excretion is that the
toxicant molecule does not undergo chemical
transformation, and being translocated
through the apoplast, is excreted from the
plant. This pathway of xenobiotic (contami-
nant) elimination is rather rare and takes
place at high concentrations of highly mobile
(phloem-mobile or ambi-mobile) xenobiotics. 

In the great majority, contaminants being
absorbed and penetrated into plant cell under-
go enzymatic transformations leading to the
increase of their hydrophilisity-process simul-
taneously accompanied by decreasing of toxici -
ty. Below are presented successive phases of
contaminants initial transformations in accor-
dance to Sandermann’s green liver concept [5]
(Fig. 1).

Functionalization is a process whereby a
molecule of a hydrophobic organic xenobiotic
acquires hydrophilic functional group
(hydroxyl, carboxyl, amino, etc.) as a result of
enzymatic oxidation, reduction, hydrolysis,
etc. Due to the introduction of functional
group the polarity and correspondingly reac-
tivity of the toxicant molecule is enhanced.
This promotes an increase of intermediates
affinity to enzymes, catalysing further trans-
formation.

Conjugation takes place a basic process in
phytoremediation and consists in formation of
chemically coupled contaminant to endogenous
cell compounds (proteins, peptides, amino
acids, organic acids, mono-, oligo-, polysac-
charides, lignin, etc.) forming of peptide,
ether, ester, thioether or other type covalent
bonds. Intermediates of contaminants initial

Fig. 1. The main pathways of organic contaminant
transformation in plant cells
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transformations or contaminants themselves
possessing functional groups capable of reac -
ting with intracellular endogenous compounds
are susceptible to conjugation. 

Commonly, immediately after penetration,
the main part of the toxicant molecules under-
goes conjugation and only a small amount is
deeply degraded (0.1–5% depending on conta-
minants structure). Conjugation is a wide
spread defence mechanism in higher plants
especially in cases when penetrated into plant
cell concentration of the contaminants exceeds
the plant’s transformation (decomposition)
potential. Increased amount of deep degrada-
tion to regular plant sell metabolites, or CO2
and water is achieved in case of linear, low
molecular structures of contaminants [2]. The
toxicity of conjugates compared to parent
compounds is decreased due to binding with
non-toxic cellular compounds. Conjugates
are kept in a cell for a certain period of time
without causing visible pathological devia-
tions in cell homeostasis. Conjugates forma-
tion also gives the plant cell extra time for
the internal mobilization, induction of
enzymes responsible for contaminants further
transformation. Relatively quickly, after the
termination of plant incubation with the con-
taminant, conjugates are no longer found in
plant cells. 

Some attempts have been made by authors
(unpublished data) to estimate different plant
(soybean, ryegrass) cells potential to accumu-
late conjugated benzene in their cells in case of
toxicant saturation. In spite of incomplete
information it was suggested that for geneti-
cally non modified plants it could be, as a mini -
mum, several molecules of contaminant conju-
gates per each plant sell. Although
conjugation is one of the most widely distribu -
ted pathways of plant self-defence, it cannot
be assumed as energetically and physiological-
ly advantageous for the plant process. Firstly
formation of conjugates leads to the depletion
of vitally important cellular compounds, and
secondly unlike deep degradation, formation
of conjugates is maintaining contaminants
basic molecular structure, and hence results
only in partial and provisional decreasing of
its toxicity. 

Compartmentation in most cases the final
step of conjugates processing temporary
(short or long) storage of conjugates in defined
compartments of the plant cell takes place.
Soluble conjugates of toxic compounds (coupled
with peptides, sugars, amino acids etc.) are
accumulated in cell structures (primarily in
vacuoles), while insoluble conjugates (coup led

with, lignin, starch, pectin, cellulose, xylan)
are moved out of the cell via exocytose in the
apoplast being accumulated in cell wall [5].
The compartmentalization process is analo-
gous to mammalian excretion, essentially
removing toxic part from metabolic tissues.
The major difference between detoxification
in mammals and plants is that plants do not
have a special excretion system for the
removal of contaminants conjugates from the
organism. Hence they use a mechanism of
active transport for the removal of the toxic
residues away from the vitally important sites
of the cell (nuclei, mitochond ria, plastids,
etc.). This active transport is facilitated and
controlled by the ATP-dependent glutathione
pump [6] and is known as «storage excre -
tion» [7].

The described above pathway of toxic com-
pound processing i.e., functionalization →
conjugation → compartmentalization, is well
illustrated by the processing of anthropogenic
contaminants of different structures. One of
such examples demonstrating the transforma-
tion of organochlorine pesticides is the
hydroxylation of 2,4-D followed by conjuga-
tion with glucose and malonyl residues and
deposition in vacuoles [8].

The Enzymes. Anthropogenic organic tox-
icants decomposition processes are closely
related to many aspects of higher plants cellu-
lar metabolism. In prolonged and multifunc-
tional detoxification processes quite a few
enzymes are actively involved. According to
catalyzed reactions they are directly or indi-
rectly participating in detoxification process. 

Ttransformations of contaminants during
fun ctionalization, conjugation and compart-
mentation are of enzymes function. It is
remarkable that due to their unusual flexibility
in the absence of xenobiotics, in plant cell these
enzymes catalyse reactions typical for regular
plant cell metabolism. Below are presented
enzymes directly participating in the transfor-
mation process of anthropogenic contaminants:

2,4-D transformation for deposition in vacuoles
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– Oxidases, catalyzing hydroxylation,
dehydrogenation, demethylation and other
oxidative reactions (cytochrome P450-con-
taining monooxygenases, peroxidases, phe-
noloxidases, ascorbatoxidase, catalase, etc.).

– Reductases, catalyzing the reduction of
nitro groups (nitroreductase).

– Dehalogenases, splitting atoms of halo-
gens from halogenated and polyhalogenated
xenobiotics.

– Esterases, hydrolyzing ester bonds in
pesticides and other organic contaminants.

Conjugation reactions of contaminants in
plant cell are catalyzed by transferases:
Glutathione S-transferase (GST), glucurono -
zyl-O-transferase, malonyl-O-transferase,
glucosyl-O-transferase, etc. Compartmenta -
tion of intermediates of contaminants trans-
formation-conjugates takes place under the
action of ATP-binding cassette (ABC) trans-
porters [9]. Depending on the structure of the
contaminant some other enzymes may also be
involved in their degradation process. 

Prolonged in time cellular decomposition
of contaminants involves participation of
enzymes providing plant cell with extra ener-
gy needed for the defence processes, induction
of the enzymes, and provision of cells by vital-
ly important secondary metabolites. Enzymes
involved in these and similar processes obvi-
ously indirectly participate in the detoxifica-
tion of contaminants. The correlation between
the penetration of organic contaminants
(alkenes, aromatic hydrocarbons, polycyclic 

aromatic hydrocarbons) in plant cells and the
corresponding changes in the activities of
enzymes participating in energy supply
(malate dehydrogenase) and nitrogen metabo-
lism (glutamate dehydrogenase, glutamine
synthetase) has been revealed. As it has been
shown the activities of the enzymes are highly
affected by xenobiotics concentration, expo-
sure time and mode of illumination [10].

Ecologically the most advantageous path-
way of organic contaminants transformation
in plants is their deep oxidative degradation.
In higher plants mainly the following enzymes
are responsible for this process: cytochrome
P450-containing monooxygenese, peroxidase
and phenoloxidase. To correctly evaluate the
universality of the action of these enzymes,
responsible for the degradation of different
structure organic contaminants, some of their
specificities should be emphasized. 

Cytochrome P450-containing monooxyge-
nases (EC 1.14.14.1) are mixed-function
enzymes located in the membranes of the endo-
plasmic reticulum (microsomes) [11].
Monooxygenase system contains redox-chain
for electron free transport, the initial stage of
electron transfer is a NADPH-cytochrome
P450 reductase (EC 1.6.2.4); the intermediate
carrier — cytochrome b5, and the terminal
acceptor of electrons — cytochrome P450.
When NADPH is used as the only source of
reductive equivalents, the existence of an
additional carrier, a NADH-dependent flavo-
protein is required. NADH may also be oxidized

Plants oxidative metalloenzymes

Enzyme Physiological
function

Existence in
cell Localization Specificity to

toxicants
Limiting fac-

tors Stability

Cytochrome
P450 contain-
ing monooxy-

genase

Participation
in a number of
intracellular
synthesizing

reactions

Small amount,
inductive

nature

Endoplasmati
c reticulum,

cytosole

Very high
affinity to

nonpolar toxi-
cants

NADPH,
NADH

Labile, inacti-
vating during
substrate oxi-

dation

Peroxidase

Hormonal re -
gulation, lig-

nification,
response on

stress, remo -
ving of pero -

xides 

Large
amount,

inductive
nature

Cell wall,
vacoules,

cytosole, tono-
plasts, plas-

tids, plas-
malemma

Affinity to
aliphatic com-

pounds

Hydrogen pe -
roxide or
organic

hydropero -
xides

Stable

Phenoloxidase

Oxidative
transforma-
tion of phe-

nols, lignifica-
tion, cell

defence  reac-
tions

Large
amount, pre-

sents in latent
form too,
inductive

nature

Chloroplasts,
cell wall,

cytosole, tono-
plasts

Affinity to
aromatic com-

pounds

Endogenous
phenols Stable



BIOTECHNOLOGIA ACTA, V. 6, No 4, 2013

136

by the NADPH-dependent redox system. In
the latter case cytochrome b5 is not required.
The cytochrome P450-containing monooxyge-
nases use NADPH and/or NADH reductive
equivalents for the activation of molecular
oxygen and incorporation of one of its atom
into lipophilic organic compounds (XH) that
results in formation of hydroxylated products
(XOH) [12]. The second atom of oxygen is
used for the formation of a water molecule
(Fig. 2).

Plant cytochrome P450-containing
monooxygenases play an important role in the
hydroxylation of organic contaminants [5].
The enzymes participate in the reactions of C-
and N-hydroxylation of aliphatic and aromat-
ic compounds, N-, O-, and S-dealkylation,
sulpho-oxidation, deamination, N-oxidation,
oxidative and reductive dehalogenation, etc.
[12, 13]. The resistance of plants against her-
bicides is mediated by their rapid intracellular
transformation into hydroxylated pro ducts
and subsequently conjugated to carbohydrate
moieties in the plant cell wall. For examples,
N-demethylation and ring-methyl hydroxyla-
tion of the phenylurea herbicide chlorotoluron
in wheat and maize is cytochrome P450-depen-
dent processes [14, 15]. For some phenylurea
herbicides in the Jerusalem artichoke cyto -
chrome P450-mediated N-demethylation is
sufficient to cause significant or complete loss
of phytotoxicity [16].

Peroxidase. In higher plants, peroxidase
activity increases in response to stress. Among
multiple functions of this enzyme one of major
is the protection of cells from oxidative reac-
tions imposed of all photosynthetic plants. The
great catalytic versatility of the peroxidase is
its predominant characteristic, and, there-
fore, no single role exists for this multifunc-
tional enzyme.

The peroxidase is defined by the following
reaction:

RH2 + H2O2 → 2H2O + R.

The peroxidases catalyze a number of free
radical reactions. Alternatively, the com-
pound that is directly oxidized by the enzyme
further oxidizes other organic compounds,
including xenobiotics. This notion is based on
the wide ubiquitous distribution of this
enzyme in plants (the isozymes of peroxidase
in green plants occur in the cell walls, plas-
malemma, tonoplasts, intracellular mem-
branes of endoplasmic reticulum, plastids and
cytoplasm), and the high affinity and wide
substrate specificity of plants peroxidases to
organic xenobiotics of different chemical
structures. In literature the participation of
plant peroxidases in hydroxylation reactions
of xenobiotics has been widely discussed. For
example, peroxidases from different plants
are capable of oxidizing N,N-dimethylaniline
[17], 3,4-benzpyrene, 4-nitro-o-phenylen -
diamine [18], 4-chloroaniline [19], phenol,
aminoflourene, acetamino phen, diethylstilbe-
strol, butylated hydroxytoluene, hydroxy -
anisoles, benzi di ne, etc. [5]; horseradish
(Armoracia rusticana) peroxidase oxidizes tri-
tium-labelled [C3H3] TNT [20].

Phenoloxidases, group of the copper-con-
taining enzymes (other names-tyrosinase,
monophenol monooxygenase, phenolase,
monophenol oxidase, etc.) are spread within
the plant cell organelles catalyzing both
monooxygenase and oxygenase reactions: the
o-hydroxylation of monophenols (monopheno-
lase reaction) and the oxidation of o-diphenols
to o-quinones (diphenolase reaction).
Currently accepted enzyme nomenclature clas-
sifies hydroxylating phenol oxidase as mono-
phenol monoxygenase (EC. 1.14.18.1) and o-
diphenols oxidizing phenol oxidase as catechol
oxidase (EC 1.10.3.1). Plant phenol oxidases
appear to be a group of specific enzymes, oxi-
dizing wide range of o-diphenols, such as
DOPA (dihydroxyphenylalanine), catechol,
etc, but unable to convert m- or p- diphenols to
the corresponding quinons, Substrate specifi-
city of catechol oxidase from Lucopus europae-
us and characterization of the bioproducts of
enzymatic caffeic acid oxidation, FEBS
Letters, 445, 103–110). The active center of
phenol oxidases contains two cooper atoms and
exists in three states: «met», «deoxy» and
«oxy». 

Phenoloxidases actively participate in the
oxidation of xenobiotics of aromatic struc-

Fig. 2. Microsomal monooxygenase system
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ture. As it has been demonstrated phenoloxi-
dase from spinach, analogously to many other
plants, oxidizes aromatic xenobiotics (ben-
zene, toluene), by their hydroxylation and fur-
ther oxidation to quinone [4]. In a number of
the cases, if the xenobiotic is not a substrate
for the phenoloxidase, it may undergo co-oxi-
dation in the following manner: the enzyme
oxidizes the corresponding endogenous phenol
by forming quinones or semi-quinones or both,
i.e. compounds with a high redox potential.
These compounds activate molecular oxygen
by forming oxygen radicals, such as superox-
ide anion radical (O2–) and hydroxyl radical
(.OH) [21], that gives compounds the capacity
for the further oxidation of xenobiotic. The
formation of these radicals enables phenoloxi-
dase to participate in contaminants degrada-
tion processes also by co-oxidation mechanism
presented below (Fig. 3).

Analogously, nitrobenzene is oxidized to
m-nitrophenol, and the methyl group of [C3H3]
TNT [20] is oxidized by phenoloxidase from
tea plant. The information confirming partici-
pation of this enzyme in the oxidative degra-
dation of xenobiotics in higher plants is sparse
[4], despite the fact that participation of phe-
noloxidase should definitely be expected while
xenobiotics degradation. Laccase of basidial
fungi, analogous to higher plant phenoloxi-
dase, have been better explored. Laccase
degrades different aliphatic and aromatic
hydrocarbons [22], and actively participates in
the enzymatic oxidation of alkenes [23]. Crude
preparations of laccase isolated from the white
rot fungus Trametes versicolor oxidizes 3,4-
benzopyrene, anthracene, chrysene, phenan-
threne, acenaphthene and some other PAHs
[24]. The intensity of oxidation of these antro-

pogenic contaminants is increased in the pres-
ence of such mediators as: phenol, aniline, 
4-hydroxybenzoic acid, 4-hydroxy benzyl alco-
hol, methionine, cysteine, reduced gluta -
thione, and others compounds-substrates of
laccase [25]. These data indicate that in the
cases of fungal laccase and plant o-diphenolo -
xidase, the oxidation of hydrocarbons is car-
ried out by a co-oxidation mechanism [4].

Apparently metalo-enzymes differing in
their localization in plant cell organelles,
structural organization, mechanisms of
action, substrate specificity allow plants first-
ly to oxidise wide spectrum of organic conta -
minants including aromatic structures con-
taining contaminants and secondly regulate
inter-replacement of these enzymes during
contaminants (xenobiotics) oxidative degrada-
tion caused due to inability or decreased
potential of any of these enzymes to carry out
further oxidation of structurally unsuitable
intermediates.

Deep degradation of organic xenobiotics
(contaminants) is multistage, mainly oxida-
tive enzymatic process and only insignificant
amount of toxic molecules undergo direct
degradation, the majority of the conjugated
with endogenous metabolites contaminants
(above 80%) are accumulated in vacuoles and
apoplasts and their further transformation
takes place with some delay. The emission of
14CO2 (up to 5% in case of labelled linear conta-
minants) indicates that in plant cells the for-
mation of conjugates and their compartmen-
talization is followed by deep oxidation of the
toxic parts of their molecules [4, 26].

Based on the number of experimental data
it is supposed that the most rate-limiting stage
of the whole process of xenobiotics transfor-
mation seems to be the initial hydroxylation of
nonpolar contaminants. As a result of func-
tional group introduction molecule of trans-
formed contaminants becomes easily accessi-
ble for further enzymatic transfomation. 

The transformation of the small molecular
weight aliphatic xenobiotics as methane in tea
plant (Thea sinensis) proceeds by the forma-
tion of fumaric acid. Transformation of
ethane, propane and pentane leads to the for-
mation of low molecular mass compounds
largely composed by di- and tricarbon organic
acids. Labelled fumaric, succinic, malonic, cit-
ric and lactic acids are identified in plant
leaves exposed to these low molecular mass
alkanes, with most of the radioactivity incor-
porated into succinic and fumaric acids. The
absence of oxalic acid directly indicates that
ethane in plants is oxidized monoterminally.

Enzymatic oxidation of o-diphenols (upper) 
by phenol oxidase and non-enzymatic co-oxidation 

of benzene (lower)
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The oxidation of ethane at one terminal carbon
atom leads to the formation of acetyl-CoA,
which in turn participates in the Krebs cycle
[27].

Long chain alkanes are subjected to similar
transformations. For instance, after 40 min of
incubation of leek leaves with an emulsion of
exogenous [14C] octadecane in water, 9.6% of
the total label is detected in esters, 6.4% in
alcohols, and 4% in organic acids [28].

The most significant input in understand-
ing in plants detoxification process has been
revealed by discovery of plants ability to
transform (oxidatively decompose) benzene
and phenol via aromatic ring cleavage. As a
result of such degradation carbon atoms of
contaminants are incorporated into organic
acids and amino acids. Similar data were
reported for nitrobenzene, aniline, toluene, α-
naphthol, and benzidine transformation in
plants [29, 30]. Oxidation of benzene and phe-
nol by crude enzyme extracts of plants forms
muconic acid as a result of ring cleavage, with
catechol formation, as intermediate.

Further oxidation of muconic acid results
in formation of fumaric acid. Labelled muco -
nic and fumaric acids are found in plants
exposed to labelled benzene or phenol.
Cleavage of the aromatic ring in endogenous
substrates proceeds by the transformation of
3,4-dihydroxybenzoic acid into 3-carboxymu-
conic acid [31]. Phenoxyalkyl-carboxyl acids
containing four and more carbon atoms in
their side chain often undergo β-oxidation in
plants. For instance, 2,4-dichlo ro phenoxy -
butyric acid is oxidized resulting by formation
of 2,4-D [32–34].  

Finally contaminants degradation pro-
ceeds to standard cell metabolites or minera -
lization. Degrading xenobitic the plant cell not
only avoids its toxic action but also utilizes its
carbon, nitrogen, and other atoms for intracel-
lular biosynthetic and energetic needs. The
totality of such transformations is the essence
of the plants detoxification process. Direct

complete xenobiotic degradation in a plant cell
is however accomplished only at low, metabo -
lic, concentrations of environmental contami-
nants and respective time (it may last days or
weeks). 

Ultrastructure. To evaluate the ecological
potential of plants, the data proving the
responses at the level of cell ultrastructure
under the action of contaminants, as the most
precise indications of plants exploitation,
should also be emphasized. Undoubtedly, pen-
etration even a small concentrations of conta-
minants into plant cells leads to invisible, but
most often measurable deviations in cell meta-
bolic processes such as: induction of enzymes,
inhibition of some intracellular metabolic
processes, change the level in regular se -
condary metabolites, etc. The existence in
plant cell contaminants in increased concen-
trations provokes clearly noticeable deviations
in cells ultrastructural organization. It has
been shown that the complex of changes and
alterations in the main metabolic processes of
plant cell elicited by organic pollutants (pesti-
cides, hydrocarbons, phenols, aromatic amines,
etc.) are connected with the deviations of cell
ultrastructural architecture. The sequence
and deepness of the destruction in plant cell
organelles are determined by the variety of
plant, chemical nature, concentration and
duration of the contaminant action, etc. [35,
36]. This course of events has been experimen-
tally demonstrated in a number of various
higher plants exposed to different 14C-labelled
toxic compounds. In these experiments due to
the penetration, movement and localization of
contaminants in plant cells changes in ultra-
structural organization has been shown.
Apparently, the negative affects of toxic com-
pounds on cell ultrastructure, depending on
its concentration, could be divided on two

Transformation of ethane in higher plants Oxidative degradation of benzene in plant cells
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types, being different for each contaminant
and plant: 

– metabolic, which is digested by the plant
in spite of insignificant negative effect by the
mobilization of plants internal potential

– lethal, leading to indigestible deviations
and to the plant death. 

On the Fig. 3 is shown maize root apex cells
exposed to 14C-nitrobenzene action, its pene-
tration across the plasmalemma and localiza-
tion in subcellular organelles. Studies of pene-
tration of 14C–labelled xenobiotics into the
plant cell indicate that labelled compounds at
the early stages of exposure (5–10 min) are
detected in the cell membrane, in the nuclei
and nucleolus (in small amounts), and, seldom,
in the cytoplasm and mitochondria. As a result
of prolonged exposure the amount of a label
significantly increases in the nucleus, at the
membranes of organelles, in tonoplasts, and
further in vacuoles, i.e. xenobiotic  becomes
distributed in most of subcellular organelles,
but ultimately there is a tendency of contami-
nants primary accumulation in vacuoles. 

The general picture of the evolving action
of organic contaminants on plant cells with
duration of exposure is the following:

Initially, changes in the configuration of
the nucleus become noticeable. Simul ta -
neously inhibition of DNA synthesis takes
place. The barrier function of the plasmalem-
ma and its ability to accumulate calcium are
damaged. Ca2+ concentration in the cytoplasm
is increased; Ca2+   –ATPase activity is inhibit-
ed. Mitochondria with swollen cristae and
packed matrix becomes noticable, the plastids
are electron-dense and enlarged.

Prolonged action of contaminants leads to
a widening of the cisternae of the endoplasmic
reticulum and Golgi apparatus, vacuolization
of the cytoplasm. The size of cytoplasm is
thereby decreased and the periplasmic space
concomitantly enlarged. In some cortical cells
of the root apices, the number of ribosomes in
the hyaloplasm is increased, and the formation
of polysomes is observed. Lysis of mitochon-
dria and depletion of ribosomes from the endo-
plasmic reticulum of membranes take place.
Multiple contacts between the endoplasmic
reticulum and the plasmalemma, vacuoles,
nucleus, and membranes of the mitochondria
are detectable. The enhancement of the size of
the nucleus and chromatin coagulation, indi-
cating a disturbance of the DNA synthesis
process, is observed. Nuclei acquire deviant
shapes because of the development of many
protuberances of the nuclear membrane. In
leaf cells, chloroplast shape and composition

become ill defined, the external membrane is
not visible, the orientation of the system is
disturbed, and matrix is brightened with large
osmiophilic inclusions. In the cytoplasm accu-
mulation of the differentiated cells of the root
caps that secrete mucus, is visible. Some of
these hypertrophied vesicles are fused for -
ming a large deposit of mucus. Inhibition of
the process of maturing secretory vesicles
translocation towards the cell periphery is
often correlated not only with the swelling of
vesicles, but also with the disappearance of the
normal dictyosomes.

Prolonged exposure to environmental con-
taminants causes extensive destruction of the
cell and plant death.

Obviously plants, as remediators, for a
long time the most effectively act at low and
shallow contamination of soil and air, when no
significant changes in cell ultrastructure
might be detected. Nevertheless, it should be
underlined that plants subjected to high con-
centrations for relatively short periods in
most cases are able to recover from slight devi-
ations in cell ultrastructure and thus maintain
their vital activities. 

Phytoremediation is a unique cleanup
strategy. The realization of phytoremediation

Fig. 3. Electron micrographs showing the penetra-
tion and movement of 14C-labelled nitrobenzene

(0.15 mM) in a maize root apex cell
The xenobiotic penetrated through the plasmalem-
ma (1), moved to the cytoplasm (2), and thereafter

translocated into vacuoles (3, 4). 
1 — ×48 000; 2 — ×36 000; 
3 — ×50 000; 4 — ×30 000

1

43

2
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technologies implies the planting on a contami -
nated area with one or more specific, previous-
ly selected plant species with the potential to
extract contaminants from soil. A precise sur-
vey of the vegetation on site should be under-
taken to determine what species of plants
would have the best growth at the contaminat-
ed site. Based on the number of experimental
results including the use of labeled xenobiotics
and electron microscopic observations, the
deep degradation of anthropogenic contami-
nants in higher plants could be considered as
narrow but permanently working pathway
having much less potential than conjugates
formation process (especially in case of conta-
minants saturation). 

During the last decade phytoremediation
from a conceptual methodology has become
into ecologically important commercial tech-
nology for the cleaning of environment. The
successful realization of phytoremediation
technologies greatly depends on the synergetic
action of microorganisms and plants. In order
to increase the ecological potential of plants,
definite progress has already been achieved by
the cloning of genes of the enzymes participa -
ting in contaminants transformation/accumu-
lation. A number of genetically modified
plants having especially high accumulation
potential and correspondingly large intracel-
lular volume to deposit metabolite — xenobio -
tic conjugates have been created. Some publi-
cations [37, 38] are devoted to the discussion
of these and other problems concerning the
uptake of inorganic contaminants. In these
publications where transgenic plants, charac-
terized by enhanced tolerance to cadmium and
lead (70–75 mM), which inevitably points to
their hyperaccumulation potential, are
described. Data indicate the doubling of the
lead content in transgenic plants has also been
detected [39]. 

Among the large diversity of plants with
perspectives for phytoremediation the poplar
family attracts special interest. Owing to its
strong root system it is characterized by the
increased absorption ability. Multiple gene-
engineering modifications of this plant have
presented convincing evidence for the expedi-
ency in practical usage of some plants-trans-
formants generated. Cloning of Glutathione S-
transferase was successful in creation of
several perspective transgenic clones. The
transfer of cytochrome P450 genes to different
plants has been a wide spread activity for last
decade [40]. Some of the created transgenic
plants generally are characte rized by high
resistance to herbicides of diffe rent structure

and have clearly observable high detoxification
potentials [13]. 

Transgenic plants have also been studied in
connection with degradation of several (some)
particular contaminants. For this purpose the
widely distributed explosive TNT has general-
ly been chosen. In order to increase the degrad-
ability of TNT and similar compounds, the
transgenic plants (several) contained the gene
of bacterial enzyme (pentaeritrole tetranitrate
reductase, EC 1.6.99.7) were received [41].
Transgenic tobacco has been analysed for its
ability to assimilate the residues of TNT and
trinitroglycerine. Seedlings of the transgenic
plants extracted explosives from the liquid
area much faster, accomplishing denitration
of nitro groups, than the seedlings of common
forms of the same plants, in which growth was
inhibited by the contaminants [42]. Trans -
genic tobacco thus differed substantially from
the common plant by its tolerance, fast uptake
and assimilation of significant amounts of
TNT. Analogous experimental results have
been obtained with other plant species [43]. 

There are douzens of publications concer -
ning successful improvement of plant detoxi-
fication abilities by cloning the genes of trans-
ferases and oxidases, which intensively
participate in contaminant transformation
processes [13, 40]. 

Obviously, attempts to improve artificially
ecological potential of higher plants will be
continued, and the results will be the more
substantial from the viewpoint of their even-
tual practical realization. The positive effect
of these investigations could be much more
impressive if all aspects of the quite compli-
cated and multistage detoxification process
would be better elucidated with regard to
plants physiology and biochemistry. Such
information would allow the creation of more
rational and effective strategy for the gene
engineering technique application. 

Until recently plants were considered as
organisms having a naturally limited poten-
tial for contaminants conjugation and accu-
mulation. Last decade have clearly revealed
the potential of plants to absorb and decom-
pose organic contaminants and accumulate
inorganic contaminants from soil, water and
air. Depending on the nature of the organic
xenobiotic and the type of plant, typically 1 kg
of green biomass takes up from the air daily
amounts ranging from microgram’s to tents of
milligrams of pollutants [2, 4, 44]. Plants pos-
sessing the universal cleaning up (i.e. applica-
ble to soil, groundwater and air) capabilities
are the only agents carrying out the process of
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remediation by transporting metals to above
ground parts of plants. Some plants are indeed
known as hyper accumulators of metals. For
the superterranean instance transgenic plants
of Indian mustard, poplar, tobacco, Thlaspi,
Arabidopsis, etc. possess especially high poten-
tials for metal accumulation and transportation
[39, 45, 46].

Elimination of contaminants located dee -
per than two metres in the soil is connected
with limitations in time, since mass transfer
processes at that depth and deeper proceeds
much more slowly than in upper parts. Hence
extraction by roots and the subsequent trans-
port may become the rate-limiting factor of
the whole process. Therefore, plant-microbial
action-based technologies would need exces-
sive time to achieve a satisfactory clean stan-
dard of soil. In case of contaminants high con-
centration, phytoremediation as a final
«polishing step» must follow other technolo-
gies such as excavation, treatment or dispos-
al, etc. Other case when phytoremediation is
not successfully applied is the high concentra-
tions of soil contaminants such as polychlori-
nated biphenyls and dioxins. At high concen-
trations of these compounds no plants can

grow up in contaminated soil. In such extra-
ordinary cases phytoremediation technology
alone in any realistic time cannot clean up the
soil. 

On the other hand plants are very promi -
sing detoxifiers qua ecologically safe technolo-
gies around hotbeds of contamination [2],
Vegetation cap, Phytoremediation cover,
Hydrologic control, Evapotranspiration cover
or any other plant based technology) — ecolo -
gically friendly and of significant ecological
importance. Elaboration of a new ecological
concept, unifying worldwide experience accu-
mulated for last 30 years and realizing of new
plant-based approaches in the world scale
should lead to the increase of the ecological
potential of the whole planet. The universality
of phytoremediation consists in the uptake
nearly of all types of organic contaminants
and heavy me tals and their accumulation in
intracellular structures or oxidative minera -
lization. 

Owing to the still wide terrestrial and
aquatic distribution of plants we should con-
sider these organisms as a very important bio-
logical instrument having tremendous ecolo -
gical potential.
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ДЕГРАДУВАННЯ 
АНТРОПОГЕННИХ КОНТАМІНАНТІВ

ВИЩИМИ РОСЛИНАМИ

Г. Квесітадзе 

Національна академія наук Грузії
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Еволюційно зумовлена здатність мікро-
організмів різних таксономічних груп до елі-
мінації забруднювальних речовин з навко-
лишнього середовища загальновідома й
широко обговорюється в літературі. Водночас
донедавна вважали, що рослини, які займають
близько 40% суші, мають обмежений потенці-
ал зв’язування забруднювальних речовин і
накопичення їх усередині клітинних органел.
Автор статті, ґрунтуючись на 40-річному
досвіді роботи в цій галузі, розглядає з погля-
ду сучасних уявлень різні аспекти екологічно-
го потенціалу рослин; механізм заміни ензи-
мів, що беруть участь в оксидативній
деградації органічних забруднювальних речо-
вин; роль у цьому процесі фенолоксидази; кри-
терії оцінки потенціалу рослин до детоксифі-
кації за таким точним індикатором, як зміна
рослинних клітин на ультраструктурному
рівні під дією забруднювальних речовин.

Ключові слова: вищі рослини, антропогенні
забруднювальні речовини, оксидативна
деградація, фенолоксидаза.

ДЕГРАДАЦИЯ 
АНТРОПОГЕННЫХ КОНТАМИНАНТОВ
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Г. Квеситадзе 
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Эволюционно обусловленная способность
микроорганизмов различных таксономиче-
ских групп к элиминации загрязняющих
веществ из окружающей среды общеизвестна и
широко обсуждается в литературе. В то же
время до недавнего времени считали, что расте-
ния, занимающие около 40% суши, обладают
ограниченным потенциалом для связывания
загрязняющих веществ и накопления их внут-
ри клеточных органелл. В представленной
статье автор, основываясь на 40-летнем опыте
работы в данной области, рассматривает с
точки зрения современных представлений раз-
личные аспекты экологического потенциала
растений; механизм замены энзимов, уча-
ствующих в оксидативной деградации органи-
ческих загрязняющих веществ; роль в этом
процессе фенолоксидазы; критерии оценки
потенциала растений к детоксификации по
такому точному индикатору как изменение
растительных клеток на ультраструктурном
уровне под действием загрязняющих веществ.

Ключевые слова: высшие растения,
антропогенные загрязняющие вещества,
оксидативная деградация, фенолоксидаза.
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Adhesive organelles of bacterial pathogens
are crucial virulence factors, mediating
attachment to the target cells of their hosts
and initiating infectious process. They also are
involved in biofilm formation making bacteria
more resistant to immune response.

Gram-negative pathogens possess two
major classes of proteinaceous adhesins [1]:

• The fimbrial adhesive organelles, repre-
sented by the linear homopolymers or hete ro -
polymers (up to 7 distinct subunits) of hun-
dreds to thousands of protein subunits;

• The non-fimbrial adhesins consisted of
a single protein or homotrimers.

The superfamily of fimbrial organelles,
assembled by the chaperone/usher (CU)
machinery, is divided in two functionally dis-
tinct families: monoadhesins and polyadhesins
[1, 2].

Monoadhesins comprises in main the thick
rigid and thin flexible adhesive pili of a com-
plex subunit composition (up to 7 distinct sub-

units), which typically display only one adhe-
sive domain on the tip of the pilus. The assem-
bly of monoadhesins is assisted with the FGS
(having a short F1-G1 loop) class of periplas-
mic chaperones [3, 4]. The monoadhesins are
encoded in main by the gene clusters of the γ1-,
γ2-, γ4-, and γ-monophyletic groups [5].

Polyadhesins, typically, have non-pilus,
amorphous or capsule-like morphology. They
either comprise homopolymers, which consist
of only one type of subunit, or heteropoly-
mers, which consist up to 6 distinct subunits.
The notable property of polyadhesins is that
all subunits of homopolymers or one of the
main structural subunits of heteropolymers
possesses one or two independent binding sites
specific to different host cell receptors [1, 2].
Assembly of one subfamily of polyadhesins is
assisted with the FGL (having a long F1-G1
loop) class of periplasmic chaperones [3, 4].
FGL chaperone-assembled polyadhesins are
encoded exclusively by the gene cluster of the
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γ3-monophyletic group [5]. The assembly of
another subfamily of polyadhesins is assisted
with the FGS class of chaperones. FGS chaper-
one-assembled polyadhesins are encoded in
main by the gene cluster of the κ-monophyle tic
group [5]. Recently a novel member of polyad-
hesin family, the Escherichia coli common
pilus (ECP), has been revealed [6]. The ECP
has the unique architecture. It is composed of
two sequentially combined polyadhesive
homopolymers of EcpA and EcpD subunits,
recpectively, with a dual role in biofilm forma-
tion and host cell recognition. The ECP is
assembled via alternative CU pathway [7] and
encoded by the gene cluster related to the α-
monophyletic group [5].

Polyadhesins are functioning as an armory
for penetration through the host immune
shield. The polyadhesin-binding to the target
cells triggers subversive signal by aggregation
of host cell receptors that allow pathogens to
mislead and evade immune defense [1, 2].
Their binding is orchestrated with the type III
secretion system, which is extremally impor-
tant for bacterial virulency [8]. Polyadhesins
also are involved in biofilm formation making
bacteria more resistant to immune response
[6]. Because of this, the polyadhesive orga -
nelles are potential targets for immune coun-
termeasures against bacterial infections, in
particular for anti-adhesion therapy with anti-
bodies as one of alternatives to antibiotic ther-
apy [9, 10].

Several excellent reviews focused on the
results of the structure/functional studies of
FGS-chaperone assembled fimbrial monoad-
hesins have been published recently. Among
the later were the reviews by [11–15].
However, the last comprehensive review on
the structure, function, phylogenesis and clin-
ical applications of polyadhesins was pub-
lished by us more than three years ago [1]. The
recently accumulated significant knowledge
on different aspects of biogenesis of the growing
family of Gram-negative polyadhesins and
their clinical applications requires a new
analysis and generalization.

ORGANIZATION OG GENE CLUSTERS 
ENCODING POLYADHESINS 

Genes of proteins involved in the expres-
sion and assembly of polyadhesive fibers via
the CU pathway are arranged into compact
gene clusters, which are located either on the
chromosome or on the plasmids of Gram-nega-
tive bacteria. Depending on the structural
properties of periplasmic chaperones and phy-

logenetic classification, suggested by [5], they
can be divided into three families:

• FGL chaperone-comprising gene clusters
related to the γ3-monophyletic group;

• FGS chaperone-comprising gene clusters
related to the κ-monophyletic group;

• Alternative chaperone-comprising gene
cluster(s) related to the α-monophyletic
group.

FGL Chaperone-Comprising Gene Clusters
related to the γ3-Monophyletic Group

Our studies, which opened the way to find-
ing a family of polyadhesins, began with the
cloning and sequencing of the genes respon -
sible for the formation of the capsule of
Yersinia pestis, the causative agent of pneu-
monic plague.

Encoded by the caf gene cluster fraction 1
(F1), capsular antigen from Y. pestis compri ses
aggregated high-molecular-weight linear
polymers of a single subunit Caf1 [1, 2, 8, 16-
18]. The genes of the caf gene cluster, caf1,
caf1M, caf1A and caf1R, encode, respectively,
for Caf1 subunit, periplasmic chaperone
Caf1M, an outer membrane assembler, the
molecular usher Caf1A and the protein Caf1R
regulating gene cluster transcription [19–32].

The psa gene cluster from Y. pestis encodes
proteins for expression and assembly of the
fimbrial pH6 (Psa) antigen comprising the
high-molecular-weight polymer of the PsaA
subunit [33]. PsaB functions as the periplas-
mic chaperone and PsaC as the molecular
usher. Two additional proteins, PsaE and
PsaF, have been shown to regulate the tran-
scription of the psaA gene [34]. Another tran-
scriptional regulator, RovA, interacts with
the psaE and psaA promoter regions, sugges -
ting that RovA is an upstream regulator of the
psa gene cluster [35]. Identical psa gene clus-
ters are present in Y. pestis and Y. pseudotu-
berculosis [33].

Closely related to the psa gene cluster of Y.
pestis, Y. enterocolitica contains myf encoding
the Myf fimbriae, which are built up of MyfA
subunits [36]. The psa and myf clusters have a
similar general organization. Moreover, pro-
teins encoded by these gene clusters display a
significant sequence similarity, suggesting
that the pH6 (Psa) antigen and Myf fimbriae
have a common function in the different
species of Yersinia. Like PsaE and PsaF enco -
ded by psa, the MyfE and MyfF proteins
encoded by myf play a role in the regulation of
cluster transcription [37].

The cs-3 gene cluster from E. coli encodes
for proteins for expression and assembly of the
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colonization factor-3 that forms CS-3 fimbriae
comprising the high-molecular-weight poly-
mer of the CS-3 subunit [38]. CS3-E functions
as the periplasmic chaperone and CS3-D as the
molecular usher.

The nfa gene cluster from E. coli encodes
proteins for the expression and assembly of
the nonfimbrial adhesin, NFA-I, comprising
the high-molecular-weight polymer of the
NfaA subunit [39]. NfaE functions as the
periplasmic chaperone and NfaE as the mole -
cular usher.

A group of E. coli gene clusters, afa-3, afa-8,
agg, aaf, agg-3, dafa, dra and daa, which
encode proteins for the expression and assem-
bly of the afimbrial adhesins Afa-III and AfaE-
VIII, the aggregative adherence fimbria type
I, II and III (AAF/I, AAF/II and AAF-III), the
diffuse adherence fibrillar adhesin (Dafa), the
Dr hemagglutinin flexible fimbriae and the
F1845 (DaaE) fimbrial adhesin, respectively,
have a peculiar feature: each gene cluster
encodes additional subunit D, for which an
invasive function was suggested (putative
invasin subunit) [40, 41]. DraE and AfaE-III
adhesins may assemble into a flexible fiber,
which provides the link between the usher at
the outer membrane and the putative invasion
subunit located at the tip of the fiber [42–44].
However, expression of DraD invasin subunit
is independent of the DraC usher and DraE
fimbrial subunit [45]. In addition, polymeriza-
tion of DraE fimbrial subunits into fimbrial
structures does not require the expression of
DraD. Then, it was shown that type II secre-
tion in E. coli strain Dr1 leads to DraD translo-
cation to the bacterial cell surfaces [46]. Later,
it was demonstrated that the DraD subunit is
not required for β1 integrin recruitment or
bacterial internalization [47, 48]. Therefore,
the function of D subunits is still in question.

The Salmonella spp. gene clusters saf, sef,
cs6-1 and cs6-2, which encode proteins for the
expression and assembly of the atypical fim-
briae Saf, the filamentous fimbriae-like struc-
tures SEF14/18 and the colonization factors
CS6-1 and -2, respectively, have another com-
mon peculiar feature: all of these gene clusters
encode two adhesin subunits. The SefB chape -
rone of S. enteritidis assists in the assembly of
two distinct cell-surface structures, SEF14
and SEF18, which are homopolymers of SefA
and SefD subunits, respectively [49]. The CssC
chaperone assists in assembling thin CS6 fib-
rillae, which are composed of two heterologous
CssA and CssB subunits [50].

FGS Chaperone-Comprising Gene Clusters
related to the κ-Monophyletic Group

The gene cluster pef is responsible for
expression of plasmid encoded (PE) fimbriae
of S. typhimurium composed of only one struc-
tural subunit, which probably functions as an
adhesin subunit. A cosmid carrying the pef
operon was introduced into E. coli and expres-
sion of fimbrial filaments composed of PefA
was confirmed by flow cytometry and immune
electron microscopy [51]. PE fimbriae were
purified from the surface of E. coli and the
resulting preparation was shown to contain
PefA as the sole major protein component.
Binding of purified PE fimbriae to a glycan
array suggested that this adhesin specifically
binds the trisaccharide Galss1–4 (Fuca1–3)
GlcNAc, also known as the Lewis X (Lex) blood
group antigen.

The gene clusters fan, lda, fae and ral
encode proteins for the expression and assembly
of the F4 (K88), Lda and F5 (K99) thin flexible
pili and rabbit-specific enteropathogenic
E. coli (REPEC) fimbriae of E. coli, respective-
ly [52–54]. These pili/fimbriae consist of four
or five subunits. However, F4 (K88), F5 (K99)
and Lda pili do not display specialized adhe-
sive domains on the tip of the pilus, but carry
binding sites on their main structural subunit
(FanG, FaeG and LdaG) [52, 54, 55]. The over-
all arrangement of the ral gene cluster closely
resembles that of the fae cluster, with homolo-
gous genes occupying the same relative posi-
tion in each cluster. The ral cluster also has
some of the more specific features of the fae
cluster, such as the overlapping reading
frames of the genes encoded chaperone and
usher and the apparent absence of promoters
within the region carrying the structural
genes [53]. This general similarity, together
with the significant levels of homology exhib-
ited by individual genes, makes it reasonable
to propose functions for the ral gene products
based on the known roles of their Fae counter-
parts. Thus, it was proposed that RalC, RalF
and RalH are minor fimbrial subunits of the
fimbrial structure, which is primarily com-
posed of RalG, the major fimbrial subunit
[53]. The gene cluster afr encodes proteins for
the expression and assembly of the E. coli
AF/R1 pili [56]. The subunits encoded by the
afr gene cluster have the highest percentage
amino acid identity with the subunits encoded
by the ral cluster [53].

The fed gene cluster, encoding the F18 fim-
briae, is composed of five genes, encoding the
major subunit FedA, the usher protein FedB,
the periplasmic chaperone FedC, the minor
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pilin FedE and the adhesin FedF [57, 58].
Based on usher phylogeny, the fed cluster falls
into the κ-fimbrial clade of CU systems [5].
However, it was demonstrated [59] that FedF,
the F18 adhesin responsible for ABH gly-
cosphingolipid binding, is a two domain
adhesin typical for monoadhesive fimbrial
organelles.

Alternative Chaperone-Comprising Gene
Cluster(s) related to the α-Monophyletic
Group

The most characterized member of this
new family, ecp (or mat) gene cluster, encodes
the E. coli common pilus (ECP), composed of
two sequentially combined polyadhesive
homopolymers of EcpA and EcpD subunits,
respectively, with a dual role in biofilm forma-
tion and host cell recognition [6]. The ecp oper-
on is composed of six genes: ecpR, ecpA, ecpB,
ecpC, ecpD, and ecpE. Examination of EcpR
revealed its function as transcriptional regu-
lator [60], whereas primary sequence analysis
of EcpB, EcpC, and EcpE [6] detected low but
significant similarity with a variety of chaper-
one and usher proteins from the CU family [5].
The typical sequence identity is <17% with all
known usher (EcpC) and chaperone (EcpB and
EcpE) structures. Although sequence analysis
of EcpD (∼60 kDa) revealed no matches with
other proteins, inspection of the N termini in
EcpA and EcpD showed a significant level of
similarity [6]. The mat (or ecp) gene cluster
was related to the α-monophyletic group of
alternative CU pathway [5, 7].

The ECP is highly conserved between
enteric bacterial species [6]. Serratia protea-
maculans, S. odorifera, Klebsiella sp., K. pneu-
moniae, and Enterobacter cancerogenus pos-
sess fimbrial subunits with high homology to
EcpA (80%, 82%, 98%, 97%, and 96%
sequence identity, respectively), which may
suggest a role for ECP in stabilizing multi-
species biofilms by interactions through EcpA
orthologs.

STRUCTURE 
OF POLYADHESIN SUBUNITS 

Structure of Chaperone-Complemented
Subunits

Chaperone-free subunits of fimbrial
polyadhesins [18, 24] and monoadhesive fim-
briae/pili [61, 62] are highly unstable and
prone to form aggregates. Hence, structural
information on many subunits of these
organelles was obtained by studying chaper-
one–subunit complexes [17, 18, 63–67].

Figure 1 shows ribbon diagrams of the
Caf1M–Caf1 [17, 18] and SafB–SafA [66] com-
plexes. These complexes reveal the chaperone-
bound conformation of FGL chaperone-assembled
polyadhesin subunits. The polyadhesin sub-
units Caf1 and SafA have an incomplete
immunoglobulin-like fold. Despite the lack of
significant sequence similarity, polyadhesin
subunits display similar organization of the B,
C, E and F β-strands, which are known to form
a common structural core of the immunoglo -
bulin-like fold [68]. End of the F1–G1 loop and
the beginning of the G1 β-strand in Caf1M
harbor a subunit-binding motif of five alter-
nating bulky hydrophobic residues (V126,
V128, V130, F132 and I134) [17, 18]. The
same region in the SafB molecule harbors a
similar five-residue motif of one small
hydrophobic (A114) and four bulky hydropho-
bic residues (L116, L118, L120 and I122) [66].
The rest of the F1–G1 loop (residues 104–123
in Caf1M and 104–113 in SafB) is disordered
in the crystal structures. Another subunit-
binding motif in FGL chaperones of three
alternating hydrophobic residues (Y12 in
Caf1M/F12 in SafB, V14 and I16) is localized
in a long N-terminal sequence, which forms
the A1 strand. A1 and G1 β-strands are the
edge strands of the β-sandwich fold of the 
N-termi nal domain. In the complex A1 and
G1, β-strands are extended due to the partial

Fig. 1. Ribbon presentation of the crystal struc-
tures of Caf1M–Caf1 and SafB–SafA complexes. 

The chaperones are blue with G1 and A1 edge
strands in violet; the subunits are red. The two con-
served Cys residues in the whole FGL family that
form disulfide bond are shown as ball-and-stick.
The hydrophobic residues in the G1 strand of the
chaperones that interact with the P5–P1 pockets of
the subunits are also shown as ball-and-stick. The
SafB residue A114, which interacts with the P5
pocket, is in equilibrium between a bound (left, type
I structure) and an unbound (right, type II struc-
ture) state in the P5 pocket. The structures were
redrawn based on the coordinates of atoms pub-
lished by [17, 18] (PDB accession number 1P5V) and
[66] (PDB accession numbers 2CO6 and 2CO7). All
figures were prepared with PYMOL [69]
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ordering of the N-terminal sequence and the
F1–G1 loop, respectively, to form a binding
platform, exposing the hydrophobic residues
of the binding motifs. In addition to this bin -
ding structure, Caf1M and SafB chaperones
apply a pair of conserved positively charged
residues (R20 and K139 in Caf1M and R20 and
K127 in SafB) to bind subunits by anchoring
their C-terminal carboxyl groups.

Fig. 2, A, C illustrate how the Caf1 subunit
is complemented by the Caf1M chaperone [17,
18]. The absence of the seventh (G) strand
results in a six-stranded β-sandwich where the
hydrophobic core of Caf1 is partially exposed
in a long and deep hydrophobic groove. Caf1
interacts mainly with the N-terminal domain
in Caf1M (Fig. 1). These two proteins bind via
edge strands in Caf1 and in the N-terminal
domain of Caf1M to form a closed barrel with
a common core [17]. Strand G1 in Caf1M is
hydrogen-bonded to strand F in Caf1.
Chaperone A1 strand is hydrogen-bon ded to
subunit strand A. Hydrophobic residues from
the Caf1M chaperone G1 strand are donated to
the Caf1 subunit to compensate for the miss-
ing G strand (Fig. 1 and 2). The longer G1
donor strand of the Caf1M chaperone inserts a
motif of five bulky hydrophobic residues
(P1–P5 residues; Fig. 1 and 2) into five binding
pockets in the hydrophobic groove of the Caf1
subunit (P1–P5 binding pockets).

The crystal structures of the Caf1M–Caf1
and SafB–SafA complexes show a considerably
larger interactive area between the chaperone
and the subunit than that found in the FGS
chaperone–pilin complexes [63–65, 67]. This
is a result of the presence of a more extended
hydrophobic groove in the Caf1 and SafA sub-
units than in pilus subunits, which is comple-
mented by subunit-binding motifs of Caf1M
and SafB containing the additional FGL-spe-
cific sequences. However, the major
F1–G1–loop–G1 β-strand-binding motif of
SafB contains four rather than five bulky
hydrophobic residues (L116, L118, L120 and
I122), which interact with the hydrophobic
P4–P1 pockets of the subunit’s groove. The
fifth donor residue inserting into pocket P5 is
a small A114. Two crystal forms of the
SafB–SafA complex were observed that differ
in the extent of ordering around A114 (Fig. 1)
[66]. In type I crystals, A114 is ordered and is
inserted into the P5 pocket of the SafA sub-
unit (Fig. 1). In type II crystals, this residue is
disordered and does not insert into the P5
pocket (Fig. 1). As a result, the loops and secon -
dary structure elements in the SafA subunit
that form this P5 pocket are also disordered

and are not observed in the electron density
map. These two structures suggest equilibri-
um between the two states of the SafB–SafA
complex as a result of a weak binding of the
chaperone G1 donor strand at the P5 site of the
SafA-binding groove [66].

Structure of Subunits in the Fiber
The elucidation of crystal structure of Y.

pestis F1 minimal fiber Caf1M–Caf1′–Caf1′′
(ternary complex) was an important step in
understanding the general principles of sub-
unit assembly via the CU pathway. This struc-
ture revealed the fiber conformation of the
organelle subunit (Caf1′′) and subunit–sub-
unit interactions in fibers [17, 18]. The struc-
ture of Caf1M and the chaperone-bound Caf1′
subunit is virtually the same as in the
Caf1M–Caf1 binary preassembling complex.
However, in contrast to the disordered N-ter-
minal region of Caf1 in binary complex, the N-
terminal region of Caf1′ is ordered and forms
an antiparallel donor β-strand interaction
with the last (F) β-strand of the chaperone-free
Caf1′′ subunit (Fig. 2, B). The donated strand
produces a bona fide immunoglobulin-like

Fig. 2. Structure of the Caf1 polyadhesin subunit
complemented with Caf1M chaperone (A, C). 

The Caf1 polyadhesin subunit is shown in red
with donor strands from Caf1M chaperone (blue).
Only interacting chaperone–subunit strands are
shown. B — Ribbon diagram of the native
Caf1M–Caf1′–Caf1′′ complex. Caf1M is blue,
except for G1 and A1 β-strands (violet). The chape -
rone-bound Caf1' subunit and N-terminal donor
strand (Gd) are red; the Caf1′′ subunit correspond-
ing to the tip of growing fiber is green. The N- and
C-termini are labeled in the same colours as the rib-
bons. The redrawing is based on the coordinates of
atoms of structures published by [17, 18] (PDB
accession numbers 1P5V and 1Z9S). A and C were
prepared with PYMOL [69]

A C

B
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topology in the fiber subunit. The N-terminal
donor strand was denoted as ‘Gd’ (d for donor)
because it plays the same structural role in the
fiber as it does in the (C-terminal) G strand of
the canonical immunoglobulin fold [17]. Thus,
the release of the subunit from the chape -
rone–subunit complex and its incorporation
into a growing fiber involves an exchange of
G1 and A1 donor strands of the chaperone to
the Gd strand of the neighboring subunit in
the fiber. The replacement of the G1 strand by
the Gd strand also involves a change of direc-
tion of the donor strand from parallel to
antiparallel to the F β-strand of the subunit.
This process was predicted earlier for FGS
chaperone-assembled adhesive pili [63, 64]
and for FGL chaperone-assembled polyad-
hesins [16] and was termed ‘donor-strand
exchange’. A similar ‘topological transition’
[65] was also observed for the P pilus subunit
PapE bound to a peptide designed to have the
sequence of the proposed donor strand of the
PapK subunit, suggesting that the donor-
strand exchange takes place during assembly
of both types of the organelles.

Chaperones preserve Folding Energy of
Subunits for Driving of the Fiber Assembly

No energy input from external sources is
required to convert periplasmic chape -
rone–sub unit preassembly complexes to free
chaperone and secreted fibers [70], in spite of a
much more extensive interface between a chape -
rone and a subunit than that between fiber sub-
units [17]. Some clues as to how the process can
be energetically driven have been provided by
structural studies [17, 18, 65, 67]. Compari son
of a chaperone complemented (Caf1′) with a
fiber subunit (Caf1′′) revealed a large confor-
mational difference [17, 18]. The fiber confor-
mation was referred to as the ‘closed’ or the
‘condensed’ conformation [18]. The observed
difference between open and closed conforma-
tions, involving a rearrangement and conden-
sation of the subunit hydrophobic core, sug-
gested that periplasmic chaperones might trap
subunits in a high-energy molten globule-like
folding intermediate state [17]. A model was
proposed in which release of the subunit, fol-
lowed by Gd donor-strand complementation,
allows folding to be completed, driving fiber
formation [17]. In contrast to the bulky
hydrophobic donor residues in the chaperone
G1 donor strand, many smaller donor residues
in the subunit N-terminal Gd donor segment do
not intercalate between the two sheets of the
subunit β-sandwich, allowing close contact
between the two sheets [17, 18].

A significant stabilizing contribution from
the final fine packing of the hydrophobic core
of the subunit is suggested by the melting of
the native ternary complex. Structurally
observed complete collapse of the Gd-comple-
mented fiber Caf1′′ subunit results in a dra-
matic increase in enthalpy and transition tem-
perature for melting the fiber module.
Thermodynamic studies provide strong evi-
dence for the hypothesis that collapse of the
subunit hydrophobic core shifts the equilibri-
um toward fiber formation [18].

Recently, the mutagenesis of the binding
motifs of the Caf1M chaperone and Caf1 cap-
sular subunit was performed and analyzed the
effect of the mutations on the structure, sta-
bility, and kinetics of Caf1M–Caf1 and
Caf1–Caf1 interactions [32]. The results sug-
gest that a large hydrophobic effect combined
with extensive main-chain hydrogen bonding
enables Caf1M to rapidly bind an early folding
intermediate of Caf1 and direct its partial
folding. The switch from the Caf1M–Caf1 con-
tact to the less hydrophobic, but considerably
tighter and less dynamic Caf1–Caf1 contact
occurs via the zip-out–zip-in donor strand
exchange pathway with pocket 5 acting as the
initiation site.

MOLECULAR ARCHITECTURE 
OF ADHESINS

The final architecture and morphology of
linear fibers depend on the subunit composi-
tion and the mode of subunit–subunit interac-
tions. These factors determine a coiling of
secreted linear fibers into different struc-
tures. Fig. 3, A shows the scheme of coiling of
FGS chaperone-assembled thick rigid monoad-
hesive pili with a diameter of 7–8 nm. The
data on the architecture of monoadhesins were
reviewed by [11–15, 71–76]. The scheme of
FGS chaperone-assembled thin flexible hetero-
polyadhesins with a diameter of 2–4 nm is
shown in Fig. 3, B. The data on the architec-
ture of FGS chaperone-assembled hetero-
polyadhesins were reviewed by [77]. The
scheme of FGS chaperone-assembled homo-
polyadhesins with a diameter of about 2 nm is
shown in Fig. 3, C [51]. The structures of FGL
chaperone-assembled polyadhesins with a
diameter of about 2 nm are shown in the Fig. 3,
D and E [42, 78]. Fig. 3, F and G show the
structures of alternative chaperone-assembled
polyadhesin ECP [6], composed of two sequen-
tially combined polyadhesive homopolymers
of EcpA and EcpD subunits, respectively
(Fig. 3, F), with a dual role in biofilm formation
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and host cell recognition and polyadhesive
homopolymer of EcpD subunits (Fig. 3, G) with
a separate role in host cell recognition. The
scanning electron microscopy images show
that the pili of EcpA subunits are thin flexible
fibers that extend several micrometers away
from the bacterial surface and have a high ten-
dency to aggregate into well-ordered parallel
and 12-nm antiparallel superstructures,
implicating an important role for EcpA in
biofilm formation [6]. The FGL chaperone-
assembled polyadhesins can aggregate to form
amorphous masses or capsules, for example
the F1 capsular antigen [79], NFA-I [39],
NFA-I-like Dr-II [80] or afimbrial adhesins III,
VII and VIII [40, 81].

In the case of FGS chaperone-assembled
monoadhesive fimbriae/pili, the specialized
adhesive subunit always occurs at the tip of

fimbriae, either as the distal end of thin (~2.5
nm) and flexible fimbriae (e.g. F17G from F17
fimbriae) or at the edge of a thin (~2.5 nm) tip
fibrillum that is stuck onto a relatively rigid,
1–2-mm-long and ~7.5-nm-wide right-handed
helical pilus rod (e.g. PapG of P pili and FimH
of type I pili) (Fig. 3, A) [82]. This specialized
subunit is called an adhesin. All adhesive sub-
units of monoadhesive fimbriae/pili are two-
domain adhesins [63, 82–86]. A two-domain
adhesion consists of an N-terminal receptor-
binding domain that can be stably expressed
on its own and a rather conserved C-terminal
pilin domain. Both domains have an
immunoglobulin-like fold and are joined via a
short interdomain linker. The few known crys-
tal structures of tip-located receptor-binding
N-terminal adhesin domains of monoadhesive
fimbriae/pili, PapGII, FimH and F17G/GafD,
show that, despite little or no sequence identity,
common to them all is an elongated β-barrel
jelly-roll fold that contains the receptor-binding
groove [63, 82–86]. The adhesin domains differ
in disulfide patterns, the size and location of the
ligand-binding groove, as well as in the mecha-
nism of receptor binding. In particular, their
glycan-binding sites have evolved in different
locations onto this similar scaffold, and with
distinct, highly specific binding properties.

Subunits of monoadhesive fimbriae are
called pilins. In particular, P fimbriae are
composed of ~1000 copies of the major subunit
protein PapA, which polymerize to form a
rigid stalk connected to a flexible tip consis -
ting of limited copies of the minor subunit pro-
teins PapE and PapF and receptor-binding
adhesin PapG at the distal end [87, 88]. Type I
pili are composed of up to 3000 copies of the
subunit FimA, which form a stiff, helical pilus
rod, and subunits FimF, FimG and FimH,
which form the linear tip fibrillum. All sub-
units in the pilus interact via the donor-strand
complementation, in which the incomplete
immunoglobulin-like fold of each subunit is
complemented by insertion of an N-terminal
extension from the following subunit.

In the case of FGL chaperone-assembled
polyadhesins, all subunits may possess two
independent binding sites specific to different
host-cell receptors [42, 43, 46, 47, 89–91].
Dimensions of the bacterial polyadhesive
fibers Dr, whose assembly is assisted by the
FGL chaperone, were investigated with nega-
tive-stain electron microscopy [42]. Thin flexible
fibers (2 nm diameter) were observed. The
results are entirely consistent with the model
with end-to-end contact between each subunit
(Fig. 5) [42] and are reminiscent of the model

Fig. 3. A — Schematic presentation (elaborated
by the authors) of the structure of FGS chaper-
one-assembled thick rigid monoadhesive fimbri-

ae/pili (P pili as example) [75, 76]; B — FGS
chaperone-assembled hetero-polyadhesins (F4,
K88 pili as example) [77]; C — FGS chaperone-
assembled homo-polyadhesins (PE fimbriae as

example) [51]; D, E — FGL chaperone-assembled
polyadhesins (D — AfaE polyadhesin as example

[42]; E — CS6 heteropolyadhesin as example [78]);
F, G — alternative chaperone-assembled polyad-
hesin ECP [6] composed of two sequentially com-
bined polyadhesive homopolymers of EcpA and

EcpD subunits, respectively (F), with a dual role
in biofilm formation and host cell recognition or
polyadhesive homopolymer of EcpD subunits (G)

with a separate role in host cell recognition.
Periplasmic chaperones and outer membrane ushers

are in blue and light orange, respectively. Adhesin
subunits are in red. Structural subunits are in yel-
low. Green arrow shows chaperone/usher-indepen-
dent secretion of AfaD subunit (shown in green) via
type II secretion system [46] and its potential display
on the tip of the AfaE fimbrial polyadhesin [42]

A            B           C          D         E         F          G 
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of capsular F1 antigen from Y. pestis, Caf1
[17]. Similar thin fibers have been observed
for the pH6 antigen [33]. In addition to the
predominance of thin fibers Dr, the electron
microscopy also revealed a thicker morphology
with overall dimensions larger than the linear
model suggested [42]. Thick fibers are not con-
sistent with end-to-end contact and imply that
more extensive intersubunit interactions also
exist. This would rigidify the resulting rod by
the tighter coiling of a single fiber or formation
of a trimeric coiled-coil arrangement of fibers.

The ultrastructure of the Y. pestis capsule
was examined with whole bacteria and nega-
tive stain transmission electron microscopy
[92]. Bacteria were grown to the logarithmic
phase at 37 °C, pH 7.4. The appearance of the
capsule was more clearly visible than reported
in previous studies, in which the capsule gene -
rally appeared as an amorphous haze or as a
dense mass surrounding the bacteria [79, 93,
94]. The Y. pestis KIM61 strain consistently
produced an extended halo composed of thin
fibrils and denser aggregates. This denser cap-
sular material, likely composed of aggregates
of the thin fibrils, sometimes extended out
from the bacterial surface in long strands. The
thin, fibrillar appearance of the F1 capsule
resembles structures previously reported for
other members of the FGL family of chape -
rone/usher pathways, including the pH6 anti-
gen of Yersinia [33, 36] and the CS3 and CS6
pili of ETEC [95, 96]. The negative-stain elec-
tron microscopy and single-particle image
analysis was used to determine the 3D struc-
ture of the S. typhimurium Saf polyadhesin
[97]. The Saf polyadhesin comprises highly
flexible linear multisubunit fibers that are
formed by globular subunits connected to each
other by short links, giving a ‘beads on a
string’-like appearance. Quantitative fitting
of the atomic structure of the SafA polyad-
hesin subunit into the electron density maps,
in combination with linker modeling and ener-
gy minimization, has enabled analysis of sub-
unit arrangement and intersubunit interac-
tions in the Saf polyadhesin. Short inter subunit
linker regions provide themeans for flexibility
of the Saf polyadhesin by acting as molecular
hinges that allow a large range of movement
between consecutive subunits in the fiber.

FUCTIONS OF POLYADHESINS

Common Features of Anti-Immune and
Proinflammatory Activities of Polyadhesins

In contrast to mono-adhesive pili, which
possess only one binding domain on the tip of

the pilus (Fig. 4, A), each poly-adhesive fiber
potentially might (Fig. 4, B) [1, 2, 8]:

• ensure a powerful polyvalent fastening of
a bacterial pathogen to a host target cell;

• aggregate host-cell receptors and trigger
transduction of signals, causing immunosup-
pressive and proinflammatory responses;

• pull a bacterium to a host cell by a zipper-
like mechanism that increases tightness of the
contact.

A tight contact between interacting cells
hampers diffusion of Ca2+ in the site of contact
and consequently triggers the Ca2+-dependent
type III secretion system (encoded by the pCD1
virulence plasmid) that destroys the defense
activity of the host cell [98–101]. This is
extremely important for bacterial virulence.
In particular, Y. pestis appears to utilize the
type III secretion pathway to destroy cells with

Fig. 4. Schematic illustration (elaborated by the
author) of a binding of monoadhesins (A) and

polyadhesins (B) to host-cell receptors.
Periplasmic chaperones and outer membrane 

ushers are in blue and orange, respectively. Adhesin
and pilin subunits are in red and yellow, respective-
ly. Host receptors for monoadhesins are shown in
green. Two different types of host receptors for
polyadhesins are shown by violet and greencyan

A

B
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innate immune functions (macrophages, den-
dritic cells and neutrophils), which represent
the first line of defence thereby preventing
adaptive responses and precipitating the fatal
outcome of plague [102]. It was found that
dendritic cells infected with Y. pestis failed to
adhere to solid surfaces and to migrate toward
the chemokine CCL19 in an in vitro transmem-
brane assay. Both effects were dependent on
the presence of a pCD1 plasmid, and on bacteri-
al growth shift to 37 °C, before infection [103].

It was found that Y. pestis adhesins facili-
tate Yop delivery to eukaryotic cells and con-
tribute to plague virulence [104]. The Ail, plas-
minogen activator (Pla) and pH6 antigen (Psa)
could mediate Yop translocation to host cells.
The contribution of each adhesin to binding and
Yop delivery was dependent upon the growth
conditions. When compared to an ail mutant,
additional deletion of psaA (encoding Psa) led to
a 130,000-fold increase in LD50 in mice relative
to the KIM5 parental strain. These results indi-
cate that Psa can serve as environmentally-spe-
cific adhesin to facilitate Yop secretion, a criti-
cal virulence function of Y. pestis. 

Binding of Polyadhesins to Host-Cell
Receptors

Afa/Dr polyadhesins — Afa/Dr polyad-
hesins Dr, F1845 (DaaE), NFA-I and AfaE-III
adhesins allow binding to the Dra blood-group
antigen presented on the CD55/decay-accelera -
ting factor (DAF), a complement-regulatory
and signaling molecule [105]. Under physio-
logical conditions, CD55/DAF plays a central
role in preventing the amplification of the
complement cascade on host-cell surfaces
[106, 107]. CD55/DAF interacts directly with
membrane-bound C3b or C4b and prevents the
subsequent uptake of C2 and factor B.

The residues of AfaE-III adhesion involved
in CD55/DAF binding were localized (Fig. 5)
[42]. The binding regions for AfaE-III and the
complement pathway convertases lie in close
proximity to each other on CD55/DAF.
Binding of adhesin Dr to CD55/DAF is inhibi -
ted by chloramphenicol, whereas binding of
AfaE-III is unaffected [105, 108]. This was
used to locate the DraE adhesive site. The 3D
structure of the strand-swapped trimer of
wild-type DraE in complex with chlorampheni-
col was solved. NMR data supported the bind-
ing position of chloramphenicol within the
crystal [43, 44]. Chloramphenicol binds to a
surface pocket between the N-terminal portion
of strand B and the C-terminal portion of
strand E and lies within the recently identified
CD55/DAF-binding site (Fig. 5) [42].

 The 3D structure of DaaE at resolution
1.48Е also was solved [90]. Trimers of the pro-
tein were found in the crystal, as has been the
case for other adhesins Dr. Naturally occur-
ring variants and directed mutations in DaaE
have been generated and analyzed for their
ability to bind CD55/DAF. Mapping of the
mutation sites onto the DaaE molecular struc-
ture shows that several of them contribute to a
contiguous surface that is likely the primary
CD55/DAF-binding site (Fig. 5).

Dr, F1845 (DaaE) and AfaE-III adhesins
also interact with carcinoembryonic antigen
(CEA)-related cellular adhesion molecules
CEACAM1, CEACAM5 and CEACAM6 [109].
This recognition is followed by activation of

Fig. 5. Binding sites of FGL chaperone-assembled
polyadhesin subunits DaaE and AfaE, FGS cha -

perone-assembled polyadhesin subunit FaeG and
alternative chaperone-assembled polyadhesin

subunit EcpA.
Ribbon diagrams presentations of the DaaE sub-

unit of a strand-swapped trimer of wild-type DaaE
of F1845 adhesin and a self-complemented AfaE
subunit of AFA-III adhesin with chloramphenicol
as a yellow stick presentation. CD55/DAF- and
CEACAMS-binding sites derived from DraE and
DaaE mutagenesis are shown in green and red,
respectively. Molecular surface rendering of a
model for the AfaE fiber was generated by assum-
ing the same orientation between successive sub-
units as observed for Caf1′ and Caf1′′ in the F1
fiber [17]. The residues involved in binding with
CD55/DAF and CEACAMS are in green and red,
respectively. The binding site in FaeG is shown by
green. The redrawing is based on the data and coor-
dinates of atoms of the structures published by [6,
42–44, 55, 89, 90, 117]. The figures were prepared
with PYMOL [69]
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CEACAMS-associated signaling by pathogens
triggering the cellular events. CEACAM1,
CEACAM5 and CEACAM6 belong to the
immunoglobulin superfamily of adhesion mole -
cules [110]. CEACAM1 has been shown to be
expressed in leukocytes, including granulo-
cytes, activated T cells, B cells and natural
killer cells [111]. CEACAM1 acts as a novel
class of immunoreceptor tyrosine-based inhi-
bition motif-bearing regulatory molecules on
T cells that are active during the early phases
of the immune response in mice [112–116].

Random mutagenesis with functional
analysis and chemical shift mapping by NMR
show a clear-cut CEACAMS binding site loca -
ted primarily in the A, B, E and D strands of
the adhesin Dr subunit (Fig. 5) [89]. This site
is located opposite the β-sheet encompassing
the previously determined binding site for
CD55/DAF, which implies that the polyad-
hesin Dr can bind simultaneously to both
receptors on the epithelial cell surface. The
structure of the CEA/Dr adhesin complex was
proposed based on NMR spectroscopy and
mutagenesis data in combination with bio-
chemical characterization [47, 91]. The Dr
adhesin/CEA interface overlaps appreciably
with the region responsible for CEA dimeriza-
tion. Binding kinetics, mutational analysis and
spectroscopic examination of CEA dimers sug-
gest that adhesins Dr can dissociate CEA dimers
before the binding of monomeric forms [47, 91].

pH 6 (Psa) polyadhesin — It was found by
flow cytometry that individual Y. pestis cells
can express the capsular F1 antigen concomi-
tant with the pH6 antigen (Psa) on their sur-
face when analyzed [94]. Isogenic Δcaf (F1 ge nes),
Δpsa and ΔcafΔpsa mutants were constructed
and studied with the three respiratory tract
epithelial cells. The Δpsa mutant bound signif-
icantly less to all three epithelial cells com-
pared with the parental wild-type strain and
the Δcaf and ΔcafΔpsa mutants, indicating
that the pH6 antigen acts as an adhesin for
respiratory tract epithelial cells.

It was found that the pH6 antigen of
Y. pestis is a novel bacterial immunoglobulin G
(IgG)-binding receptor [118]. A pseudoim-
mune complex with human IgG1, IgG2 and
IgG3 was formed. No binding to human IgG4,
rabbit, mouse or sheep IgG was found.
Antigen pH6 binds the human IgG1 Fc subunit
and does not bind Fab and pFc’ subunits. This
finding may be explained by pH6 antigen bind-
ing to the β1-linked galactosyl residue [119] in
a carbohydrate moiety of human IgG1, IgG2
and IgG3 that is linked to CH2 domains of their
Fc subunit [120].

Purified pH6 antigen selectively binds to
apolipoprotein B-containing lipoproteins (low-
density lipoproteins) in human plasma [121].

Binding of purified recombinant pH6 anti-
gen to gangliotetraosylceramide, ganglio-
triaosylceramide and lactosylceramide was
indicated by an enzyme-linked immunosorbent
assay (ELISA) [119].

It was found that pH6 (Psa) antigen fim-
briae mediate bacterial binding to human alve-
olar epithelial cells [122]. The receptor of the
pH6 antigen was identified as phosphatidyl-
choline. The results indicate that the pH6
antigen uses the phosphorylcholine moiety of
phosphatidylcholine as a receptor to mediate
bacterial binding to pulmonary surfactant and
alveolar epithelial cells [122].

The crystal structure of PsaA in complex
with both galactose and phosphocholine
reveals separate receptor binding sites that
share a common structural motif, thus sug-
gesting a potential interaction between the
two sites (Fig. 5) [123]. Mutagenesis of this
shared structural motif identified Tyr126,
which is part of the choline-binding consensus
sequence but is found in direct contact with
the galactose in the structure of PsaA, impor-
tant for both receptor binding. Thus, this
structure depicts a fimbrial subunit that
forms a polymeric adhesin with a unique
arrangement of dual receptor binding sites.

F4 (K88) polyadhesin — Enterotoxigenic
E. coli expressing F4 (K88) fimbriae are the
major cause of porcine colibacillosis and are
responsible for significant death and morbidi-
ty in neonatal and postweaned piglets. F4 fim-
briae are assembled into thin, flexible poly-
mers mainly composed of the single-domain
adhesin FaeG [55, 77, 117]. FaeG has an Ig
core made up of strands A1, A2, B1, B2, C, D,
E1, E2, F and G, named according to their
place in the Ig-fold and in analogy to the
nomenclature used for other fimbrial subunit
structures (Fig. 5) [55, 117]. These show an
incomplete Ig-like structure, lacking the last
β-strand G. In pili, this G-strand is provided
by the Nte of the adjacent subunit. In the Ig
fold of the FaeG, a short helical turn occurs
between strands A2 and B1, and an extra
strand C′ is inserted between strands C and D.
In addition to the Ig-folded core, the FaeG
structure contains an extra domain introduced
between strands D and E1. This domain is com-
posed of strands D′ and D′′, linked by two α-
helices, α1 and α2.

The receptor binding site on FaeG was des -
cri bed as a spatial arrangement of two amino
acid residues with a hydrophobic side-chain
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(Phe/Leu134 and Phe/Leu/Met147) in combi-
nation with one or more amino acid residues
with hydrophilic and charged side-chains
(Lys/Arg136, Arg/Ser/His155 and Asp/Asn216,
or in the hypervariable region comprised of
residues 163–173) [52]. The structure of FaeG
allowed to localize the aforementioned
residues and the hypervariable regions com-
prising residues 163–173 and residues
206–216 on the surface of FaeG (Fig. 5, shown
by green) [117]. This suggests that the recep-
tor-binding site of FaeG is not located within
the Ig core of the protein but rather in the
extra domain made up of strands D′ and D′′,
and α-helices α1 and α2. Especially the long
loop between D′ and α1 and the loop connect-
ing the extra domain to the Ig core (between
D′′ and E1) are indicated as being part of the
binding site.

ECP (Mat) polyadhesin — First data on a
novel fimbria isolated at low temperatures
from E. coli associated with newborn meningi-
tis and septicaemia (NMEC) were published by
[124]. This surface organelle was called the
meningitis associated and temperature regu-
lated (Mat) fimbria, although later by other
groups was shown that this fibrillar organelle
is ubiquitous across most E. coli strains and it
is now usually referred to as the E. coli com-
mon pilus (ECP) [125–128]. E. coli are primari -
ly commensal colonizers of the human and
other animal bowels and they contribute to a
healthy immune system of the host. There are
also a number of virulent strains that can
cause diarrheal diseases such as hemorrhagic
colitis [129]. Furthermore, if they enter
extraintestinal sites these strains can also lead
to neonatal meningitis, urinary tract infec-
tions, sepsis, and pneumonia [130].

ECP fibres are assembled via the alterna-
tive CU pathway and the organelles are formed
from polymerization of two pilin subunits
(Fig. 3, F and G) [6]. The tip of ECP is unique-
ly composed from a polymerized array of a
novel adhesive subunit EcpD (~ 60 kDa) recog-
nizing an unknown ligand on the host cell sur-
face [6]. The majority of ECP is composed of
an 18 kDa domain called EcpA [124, 125],
which functions in binding hydrophobic sur-
faces and mediating interbacterial aggrega-
tion in early biofilm formation [6, 131].

The crystal structure of EcpA from
uropathogenic E. coli has been recently solved
(Fig. 5; PDB: 3QS2, 3QS3) [6]. Like other CU
major pilin domains, EcpA is formed from an
incomplete Ig-like fold, where an adjacent
molecule in the fiber donates its N-terminal
strand (N-terminal extension) to fill a

hydrophobic groove running along the full
length of EcpA, completing the very stable Ig-
like motif (Fig. 5). EcpA is fashioned from
approximately 50% hydrophobic residues and
the surface is scattered with hydrophobic
patches including a number of aromatic
residues. This likely promotes a less-specific
contact with a wide range of hydrophobic sub-
strates and polymers.

ECP are quite flexible with a width ~6 nm,
which consistently varies along the fibre
length (Fig. 3, F) [6]. Electron microscopy
images of E. coli producing ECP show these
fibres form a mesh that encapsulates the whole
microcolony. ECP interacts with itself
through pili crossing over one another, paral-
lel fibre entwining and antiparallel entwining
[6]. The crystal lattice of EcpA also revealed
an intertwining of antiparallel fibres giving
rise to a super helical diameter of ~12 nm.
EcpA is highly conserved amongst a range of
other enteric bacterial species including
Serratia proteamaculans, Serratia odorifera,
Klebsiella sp., Klebsiella pneumoniae, and
Enterobacter cancerogenus, which suggests a
role for ECP in establishing contacts between
multiple species [6].

CONCLUSIONS 
AND FUTURE PERSPECTIVES

Among the bacterial causes, enterotoxi-
genic E. coli (ETEC), E. coli strains producing
enterotoxins, are the most common cause of
diarrheal disease in children living in endemic
areas, as well as children and adults traveling
to these areas. Approximately 280–400 mil-
lion ETEC-associated diarrhea cases occur
annually in children younger than 5 years old,
plus 100 million more cases in children older
than 5 years, which results in approximately
300,000–500,000 deaths annually [132].
Travelers are also susceptible to diarrhea as
they are usually immunologically naive and
are exposed to the environment in developing
countries. Among the causes of traveler’s
diarrhea, ETEC is the most common. It was
estimated that 400 million adult diarrheal
cases are associated with ETEC [132].

After half a century of highly productive
antibiotic development, however, it has now
become obvious that antibiotics cannot pro-
vide the ultimate solution in the fight against
bacterial infections. The non-critical use of
antibiotics in human and veterinary medicine
has caused widespread resistance in bacteria.
Antibiotic-resistant strains of Gram-negative
pathogens have emerged extensively in the



Наукові статті

155

last dozen years, whereas safe and effective
vaccines against many of them are currently
not available. There are now a growing number
of reports of cases of infections caused by
Gram-negative organisms for which no ade-
quate therapeutic options exist [133, 134].
This return to the preantibiotic era has become
a reality in Europe as well as in other parts of
the world. A large outbreak of diarrhea and
the hemolytic-uremic syndrome caused by an
unusual serotype of Shiga-toxin-producing
E. coli (O104:H4) occured in Germany in 2011.
A large number of cases of diarrhea caused by
Shiga-toxin-producing E. coli (STEC) have
been reported — 3167 without the hemolyti c-
uremic syndrome (16 deaths) and 908 with the
hemolytic-uremic syndrome (34 deaths) — indi-
cating that this strain is notably more viru lent
than most of the STEC strains [135]. The pAA
plasmid of C277-11 (referred to here as pAA
C277-11) encodes the agg cluster responsible
for expression of the aggregative adhe rence
fimbriae Type I, AAF-I. The AAF-I fimbriae are
related to the family of polyadhesins [17]. The
main subunit of the AAF-I fimbriae, AggA,
together with the additional subunit AggB may
be used for development of vaccine against this
STEC strain. Among the most common protec-
tive antigens for design of vaccines against
ETEC are the CS3 and CS6 polyadhesins [132].

Passive immunization has recently become
an even more attractive approach because of
individuals with impaired immune systems
who are unable to respond to conventional vac-
cines. Also, passively administered antibodies
have the ability to provide rapid and immedi-
ate protection. Anti-bacterial serum therapy
is now being reinvented in modern biotechno -
logy terms, in the form of monoclonal antibo -
dies [10]. However, when considering anti-
body production for passive immunotherapy

applications for treatment of enteric bacterial
infections, chickens present a much more eco-
nomical source of large quantities of specific
antibodies [9]. Chiken IgY yields have been
reported to range from 60 to 150 mg IgY per
egg. Given that a typical hen can lay approxi-
mately 325 eggs per year, this can result in a
potential yield of around 20–40 g of IgY per
year, of which 2% to 10% is antigen-specific [9].

IgY has been tested against a number of
enteric pathogens. IgY produced against the
porcine ETEC polyadhesins F4 (K88) and F5
(K99) was found to inhibit the binding of
E. coli K88-, K99-positive strains to porcine
epithelial cells and porcine intestinal mucus in
vitro [9]. When given orally to piglets, these
antibodies dose-dependently protected against
E. coli infection. It was found that when anti-
K88+ ETEC IgY was encapsulated in chitosan-
alginate microparticles, it exerted its anti -
diarrheal effects much faster (24 h versus 72 h
postinfection in pigs given nonencapsulated
IgY) and led to increased weight gain when
compared to pigs fed nonencapsulated anti-
bodies [9]. The passive protective effect of
anti–E. coli IgY in cattle has also been shown.
Neonatal calves fed milk containing anti-
ETEC IgY had transient diarrhea, 100% sur-
vival, and improved body weight gain [9].

Thus, the polyadhesins are potential tar-
gets for immune countermeasures against bac-
terial infections, in particular for anti-adhe-
sion therapy with antibodies to polyadhesins
as one of alternatives to antibiotic therapy.
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КРІЗЬ ІМУННИЙ БАР’ЄР
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Швидка поява резистентних до лікування
бактеріальних патогенів стала однією з ос нов -
них небезпек для здоров’я населення. Нещо -
дав ній спалах інфекції нового шига-токсину
кишкової палички O104H4 в Німеччині ілюст -
рує цю проблему. Для колонізації тканин
хазяїна патогенні бактерії експресують
поверхнево-адгезивні органели. Німецький
штам використовує агрегативний імунний
адгезив fimbriae I для прикріплення до
слизової оболонки кишечника, спричинюючи
запалення. Fimbriae І належить до родини
шаперонпровідних асоційованих фімбріаль -
них поліадгезинів, що функціонують як
механізм проникнення крізь імунний бар’єр
хазяїна. Зв’язування поліадгезинів із клі ти -
нами-мішенями координується інфекти со мою
(третя система секреції), що вкрай важливо
для вияву бактеріальної вірулентності
і сприяє індукції деструктивних сигналів
агре га ції рецепторів клітини-хазяїна, які
дають змогу патогенам ввести в клітину хибну
інформацію та проникнути через імунний
бар’єр. Поліадгезини також залучені в утво -
рен ня біоплівки, що робить бактерії стійкі ши -
ми до імунної відповіді. З огляду на це полі -
адге зини є потенційними мішенями для
розроблення контрметодів імунного захисту
проти бактерійних інфекцій, зокрема анти -
адге зивної терапії відповідними антитілами
як однієї з альтернатив антибіотикотерапії.

Ключові слова: грамнегативні патогени, полі -
ад гезини, подолання імунного бар’єра.
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Быстрое появление резистентных к лече -
нию бактериальных патогенов стало одной из
основных опасностей для здоровья населения.
Недавняя вспышка инфекции нового шига-
токсина кишечной палочки O104H4 в Герма нии
иллюстрирует эту проблему. Для колонизации
тканей хозяина патогенные бактерии
экспрессируют поверхностно-адгезивные
орга неллы. Немецкий штамм использует
агрегативный иммунный адгезив fimbriae I
для прикрепления к слизистой оболочке
кишечника, вызывая воспаление. Fimbriae І
принадлежит к семейству шаперон про во -
дящих ассоциированных фимбриальных
поли адгезинов, которые функционируют
в кач естве механизма проникновения через
иммунный барьер хозяина. Связывание
полиадгезинов с клетками-мишенями коор ди -
 нируется инфектисомой (третья система сек -
ре ции), что крайне важно для проявления
бактериальной вирулентности и способствует
индукции деструктивных сигналов агрегации
рецепторов клетки-хозяина, позволяющих
патогенам ввести в клетку ложную информацию
и проникнуть через иммунный барьер.
Полиадгезины также вовлечены в образование
биопленки, которая делает бактерии более
устойчивыми к иммунному ответу. Поэтому
полиадгезины являются потенциальными
мишенями для разработки контрметодов
иммунной защиты против бактерийных
инфекций, в частности антиадгезивной
терапии соответствующими антителами как
одной из альтернатив антибиотикотерапии.

Ключевые слова: граммотрицательные пато ге -
ны, полиадгезины, преодоление иммунного
барьера.
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SCTL is the fully synthetic correlate of an
enzymatic partially hydrolyzed extract from
calf thymus, HTX. To exclude completely the
transmission of bovine spongiformic ence pha -
litis (BSE) by the bovine thymus product a
fully synthetic correlate of the active principles
in the thymus tissue hydrolysate has been
developed, namely SCTL. This synthetic pep-
tide library has meanwhile substituted calf
thymus extract preparations in seve ral cos-
metics and drug products.

The active principles of SCTL have been
invented by the author but the application of
the drug substance in cosmetic and pharma-
ceutical products has been exploited by others.
For SCTL only limited pharmacological and
toxicological data are available. Some inter-
esting biological activities, though, have been

shown for SCTL [Birr et al., 1987, 1998, 2003]
which might explain to some extend the modes
of action and its clinical effectiveness. 

In traditional European medicine the
application calf thymus extract preparations
in geriatric and immunodeficiency diseases
has been practised for more than three cen-
turies. In several countries traditional drug
preparations and cosmetics from HTX have
been used successfully. There are field reports
on prevention of alopecia, opportunistic infec-
tions and cancer. Several publications report
about the efficacy of the product in the reduc-
tion of hair loss secondary to cytostatic
chemotherapy. 

But the mode of action of HTX , the par-
tially hydrolyzed extract from calf thymus, is
not known. Since biological effects on the pro-
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liferation of human lymphocytes have been
shown, actions similar to other thymus pro-
teins are assumed. Precise descriptions of the
mode of action are hampered by the fact that
drug products from HTX are by no means con-
sistent in preparation and composition. 

In the effort to completely prevent the
transmission of BSE by this kind of product a
fully synthetic peptide library SCTL was
developed which resembles the major compo-
nents of HTX in its chemical composition.
SCTL contains di-, tri-, tetrapeptides and free
amino acids, all in number and quantity spe-
cific for calf thymus partial hydrolysates. The
preparative consistency and chemical compo-
sition  of this well-defined synthetic drug
product will be described in more detail in the
next section of this article. 

Chemistry of SCTL

Background 
The European bovine & transmissible

spongiformic encephalitis (BSE / TSE) cata-
strophe of the recent decades has put this
entire field of natural bovine extract thera-
peutics into crisis. Many thymus preparations
have become banned by law. Since then, a very
well established clientele among the elderly,
but also patients, therapists, pharmacies and
industries were looking for safe alternatives
for many of these well established bovine tis-
sue extract drug products.

One of these products was HTX from bovine
starting material. The risk of BSE/TSE trans-
mission could not be fully excluded. Even if the
traditional manufacturing process was carried
out thoroughly, due to the complex composi-
tion (amino acids, peptides, saccharides, fats
etc.) and the naturally occurring variability in
the primary tissue source, an undesirable
inconsistency in the product properties was
observed. Due to the lack of a specific chemical
marker, it was not possible to compensate this
by standardising the product at the end of the
manufacturing process. Owing to the manufac-
turing process varying by-products from thy-
mus tissue, which were considered to be impu-
rities remained in the finished. It was not
possible to separate these from the target frac-
tion of the enzymatic hydrolysate.

A major research & development project
was launched at the author’s laboratory by an
industry sponsor to find a composition which
has similar pharmacological properties and is
comparable to the main fraction of the partial
enzymatic hydroly-sate HTX. In order to
achieve the closest synthetic version, analyti-

cal investigations were carried out with
emphasis on the peptide composition of this
natural tissue extract. The aim of these studies
was the development of a fully synthetic che -
mically standardized product resembling as
close as possible the chemical composition and
the immune-pharmacological properties of HTX.

The main fraction of HTX has an 80% pro-
tein content and a molecular weight range of
up to 10 kDa. It was determined that one third
of the natural material contains free amino
acids together with short oligo peptides, which
by pool sequence analysis were determined to
consist mainly of tetrapeptides accompanied
by traces of di- and tripeptides. Furthermore,
there were some other natural compounds like
hexoses, saccharides, sialic and nucleic acids,
also modifications of the peptide compositions
were detected.

Based on these results it was considered to
synthesize a statistic combinatorial peptide
library composed out of di-, tri- and tetrapep-
tides and a pool of free amino acids, in number
and molar proportional quantity similar to the
amino acid composition of 

the main fraction of HTX, without adding
any further ingredient. Following this way
SCTL has been developed as a synthetic version
of the peptide content in natural thymus par-
tial hydrolysate, conceptually differing from
the development of molecularly defined thymic
polypeptides [Birr et.al., 1979, 1983, 1984].

Analytical Investigations 
Due to the inconsistency in the composi-

tion of HTX several batches of the natural
product were analysed for obtaining reliable
mean values. 

The sequencing of the terminal amino acids
of the main fraction of HTX resulted in a ter-
mination after three cycles, leading to the con-
clusion that the natural hydrolysate consists
mainly of free amino acids as well as di-, tri-
and tetrapeptides. The sequencing also showed
that these peptides consist of a statistical dis-
tribution of homologues which could not be fur-
ther separated for component identification. 

The analytical data show that HTX con-
sists of approximately 32.5% free amino
acids, the remaining are di-, tri- and tetrapep-
tides. The peptides consist mainly of Asp, Glu,
Pro, Gly, Ala, Val, Leu, Lys and Arg, whereas
the absence of Cys in the peptides may result
from oxidative destruction during  analysis .

The lipid amount was about 8% and the
amount of nucleic acids less than 0.1%. 

The amount of other compounds found
were 8% hexoses, up to 1.5% sialic acid and
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about 5% mono saccharides. These compounds
of HTX were considered as carrier agents or
impurities and consequently not included in
the peptide synthesis concept for the genera-
tion of SCTL.

Analytical comparison of the natural
HTX with synthetic SCTL by amino acids
analysis and RP-HPLC 

A comparison of free and total amino acids
is given in Table 1 to Table 3. 

The HPLC analysis of synthetic SCTL and
the main fraction of the partial hydrolysate of
calf thymus HTX show a similar profile as
demonstrated in Fig. 1 and Fig. 2.

From these findings it was decided to syn-
thesize a statistic combinatorial peptide
library consisting mainly of tetrapeptides and
amino acids together with amounts of up to

10% di- and tripeptides each. The pool of
amino acids was standardised with regard to the
unprotected amino acids in each reaction step.

Studies for determination of the biological
activity by mitogen costimulation of separated
HTX by-product fractions gave no evidence,
that these portions of HTX have any immuno-
logical action. Therefore, these were consid-
ered to be impurities not required in the com-
position of the synthetic version.

The synthetic chemical product SCTL has
no risk for BSE/TSE transmission as could be
the case for natural HTX due to the route of
manufacturing of the natural product from
bovine thymus tissue. Moreover, the synthetic
SCTL does not contain impurities like nuleic
acids, sugars and fats, as it is caused for the
natural product HTX through its route of
manufacture from thymus tissue.

Batch 8863 (1) 8863 (2) 968 T.E.P. Mean HTX Theor. SCTL

Amino acid [% w/w] [% w/w] [% w/w] [% w/w] [% w/w] [% w/w]

Asp 2.09 2.15 2.23 3.21 2.42 2.40

Thr 5.70 5.69 4.48 4.67 5.13 9.24a)

Ser 3.84 3.82 5.48 4.53 4.42 8.60a)

Glu 8.60 8.32 9.78 8.39 8.77 6.47
Pro 3.10 3.11 2.33 3.06 2.90 2.29
Gly 2.77 2.60 2.94 2.98 2.82 4.93
Ala 8.57 8.43 7.88 8.42 8.32 11.67
Cys – – – – – 0.61
Val 5.63 5.69 6.3 8.00 6.40 6.74
Met 2.46 2.52 3.23 5.38 3.40 3.23
Ile 4.62 4.41 5.57 5.93 5.13 4.24

Leu 14.74 14.91 14.45 15.87 14.99 14.12
Tyr 4.89 4.41 5.34 1.30 3.99 0.36
Phe 5.56 5.83 5.71 6.36 5.87 4.26
Trp – – – – – 0.00
His 1.32 1.30 – – 0.65 1.22
Lys 12.78 13.24 12.61 11.00 12.41 10.35
Arg 13.32 13.58 11.67 10.91 12.37 9.27

Total 100 100 100 100 100 100

Table 1. Free amino acids determination in HTX and in SCTL for comparison

Fig. 1. RP-HPLC Analysis 
of synthetic SCTL (batch SP-01)

Fig. 2. RP-HPLC Analysis 
of natural HTX Reference          
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Table 2. Total amino acid composition in HTX and in SCTL for comparison

Batch 8863 (1) 8863 (2) 968 T.E.P. Mean HTX Theor. SCTL

Amino acid [% w/w] [% w/w] [% w/w] [% w/w] [% w/w] [% w/w]

Asp 8.87 9.20 9.77 7.60 8.86 6.05
Thr 2.83 3.18 3.42 5.19 3.65 3.55
Ser 1.32 1.81 1.85 5.29 2.57 3.30
Glu 14.87 14.94 15.51 14.68 15.00 8.36a)
Pro 6.12 6.01 5.71 7.52 6.34 10.23a)
Gly 10.10 9.47 8.91 10.11 9.65 24.74a)
Ala 8.69 8.40 7.36 7.75 8.05 11.70
Cys 0.00 0.00 0.00 0.58 0.14 0.23
Val 6.44 6.57 6.22 6.28 6.38 6.15
Met 1.44 1.37 1.81 2.56 1.80 1.24
Ile 4.21 4.26 4.63 4.24 4.33 3.53

Leu 8.55 8.67 8.85 7.67 8.44 5.52
Tyr 0.48 0.39 0.91 0.00 0.44 0.14
Phe 3.64 3.60 4.05 3.66 3.74 2.07
Trp 0.00 0.00 0 0.00 0.00
His 1.13 1.08 1.04 0.43 0.92 0.47
Lys 11.90 11.34 11.07 8.49 10.70 6.94
Arg 9.41 9.70 8.89 7.96 8.99 5.77

Total 100 100 100 100 100 100

Table 3. Free and total amino acid differentiation in HTX and SCTL for determination 
of the peptide contribution

Batch Mean HTX
free AA

Mean SCTL
free AA

Mean HTX
total AA

Mean SCTL
total AA

Δ
HTX vs. SCTL

free  AA

Δ
HTX vs. SCTL

total AA

AA [% w/w] [% w/w] [% w/w] [% w/w] [% w/w] [% w/w]

Asp 2.42 3,11 8,86 6,18 –0,69 2,68

Thr 5.13 6.97d) 3,65 2,86 –1,84 0.80

Ser 4.42 5.06d) 2,57 2,09 –0,64 0.47

Glu 8.77 6.87 15.00 8,60 1.90 6.40

Pro 2.90 2.67 6.34 8.12c) 0.23 –1.78

Gly 2.82 5.60 9.65 33.45c) –2.78 –23.81

Ala 8.32 11.55 8.05 11.21c) –3.22 –3.16

Cysa) 0.00 0.05 0.14 0.09 –0.05 0.06

Val 6.40 7.24 6.38 4.88 –0.84 1.50

Met 3.40 3.51 1.80 0.44 –0.11 1.36

Ile 5.13 5.10 4.33 2.91 0.03 1.43

Leu 14.99 15.06 8.44 5.42 –0.07 3.02

Tyr 3.99b) 0.13 0.44 0.01 3.85 0.43

Phe 5.87 4.83 3.74 1.98 1.04 1.76

Trp 0.00 0.00 0.00 0.00 0.00 0.00

His 0.65 0.88 0.92 0.20 –0.22 0.72

Lys 12.41 11.40 10.70 6.98 1.01 3.72

Arg 12.37 9.98 8.99 4.59 2.39 4.40

Total 100.00 100.00 100.00 100.00 ° °
a) Destroyed by analysis conditions;  b) Only 10 % value specified  c) Surplus for compensation of 0.5 % collagen (Pro,

Gly, Ala) in total composition; d) Surplus for thermal destruction compensation in total composition.
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The Synthetic Combinatorial Thymus
Tetrapeptide Library SCTL

The novel drug substance SCTL is a syn-
thetic version of the former natural thymus
partial hydrolysate HTX, originally prepared
by enzymatic processing from calf thymus tis-
sue. SCTL, mimicking the complex structure
of the natural HTX, by synthetic means is
composed of amino acids, di-, tri- and
tetrapeptides in quantities and nature resemb -
ling the composition of partially hydrolyzed
thymus tissue. 

The drug substance SCTL is a synthetic
statistical combinatorial thymus tetrapeptide
library composed of:

a) Linear di-, tri- and tetrapeptides con-
taining the residues R1-11 of the natural
L-amino acids Alanine, Arginine, Aspartate,
Glutamate, Glycine, Isoleucine, Leucine,
Lysine, Phenylalanine, Proline and Valine in a
statistical combination

and
b) the 17 natural L-amino acids or their

HCl salts, respectively: Ala, Asp, Arg×HCl,
Cys(H2O)×HCl, Glu, Gly, His(H2O)×HCl, Ile,
Leu, Lys×HCl, Met, Phe, Pro, Ser, Thr, Tyr
and Val.

The Peptide Library SCTL

The synthetic drug substance SCTL is
chemically manufactured from and consists
only of the naturally occurring L-amino acids,
either as free amino acids or as their statistical
synthetic combinations in di-, tri- and
tetrapeptides and their salts, respectively.
These kinds of products are called combinatori -
al peptide libraries containing the individual
amino acids and peptides in all statistically
possible combinations. Because of the similari -
ty of the individual components, the molecular
quantities in traces of individual peptides in
the library cannot be separated from each
other and therefore cannot be determined indi-
vidually. Only the statistical combination of
all peptides in the library as a whole can be
described and analysed. Therefore, the pro -
duct SCTL for pharmaceutical development is
considered a mono compound drug substance.

The molecular formula given above resembles
the statistical combinatorial peptide library of
different di-, tri- and tetrapeptides as well as
free amino acids. The relative molecular mas -
ses have a range from 75 to 643, due to the con-

tent of Gly as lowest to a tetrapeptide consist-
ing of (Arg)4 as a maximum. SCTL is an off-
white powder, which was manufactured at
ORPEGEN, Germany [Birr et al., 1998].

The GMP-based carefully standardized
manufacturing process is a six steps opera-
tion. In the first, third and fifth step carboxyl
protected amino acids, di- and tripeptides,
respectively, are coupled with N-protected
amino acid derivatives. It was intended to syn-
thesize a synthetic combinatorial peptide
library containing trace amounts of mono -
mers, di-, tri- and tetrapeptides similar to the
low molecular weight fraction of a partial
hydrolysate of calf thymus HTX. This is
achieved by the limit of detection (≤ 2%) of the
photometric quantitative Ninhydrine method
used as an in process control, IPC, carried out
during each synthesis cycle of the manufac-
ture. In the second and fourth step the termi-
nal N-protecting groups are removed. In the
final step the free peptides are obtained by cata -
lytic hydrogenation of all remaining benzyl
type protecting groups.

In all operations, the reactive side groups
of those amino acids containing side functions
are protected by Z- or OBzl groups, benzyl
esters and (Z) benzyloxycarbonyl protection
groups, respectively. Some of the protected
amino acids are used as salts due to their bet-
ter solubility and stability. All functional side
chains of the natural L-amino acids remain
protected during the synthesis up to the last
step 6, where they are then deprotected simul-
taneously together with the N- and C-terminal
protecting groups.

The absence of traces from benzyl-type
protecting groups was proven by 300 MHz 1H-
NMR spectroscopy in seven final drug sub-
stance batches of SCTL.

Also by capillary electrophoresis, CE, in a
batch-to-batch consistency documentation the
synthetic molecular identity of seven dif -

Fig. 3. Batch-to-batch consistency documentation
by CE ( Capillary Electrophoresis ) on seven
charges of SCTL manufactured under GMP

restrictions
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ferent batches of the combinatorial tetrapep-
tide library was demonstrated as shown in figure 3.

Assay for the biological standardisation 
of GMP-manufactured SCTL batches 

Mast cells contain the serine proteases
tryptase and trypsin. Keratinocytes of human
skin dispose receptors which are activated by
serine proteases leading to changes in cell
function which are not yet fully recognized
and understood. In our search for an in-vitro
assay suitable for the biochemically standar -
dized manufacture of SCTL batches, we have
realized that SCTL inhibits tryptase and
trypsin (Fig. 6). This way, we established this
inhibitory action of SCTL on the enzymes as a
quality control assay for the biochemical stan-
dardization of GMP-manufactured SCTL
batches [Birr, 2005] .

General Preclinical Considerations 
on SCTL applications

HTX as a partially hydrolyzed extract of
calf thymus containing a mixture of short tis-
sue-specific peptides and SCTL as its synthetic
correlate might be compared to thymus pep-
tides regarding their pharmacodynamics. 

A number of crude thymus extracts and
subsequently purified peptides with distinct
biological properties have been prepared from
thymus tissue and blood. The most important
preparations are summarized in Table 1
[Schulof, 1985, Cazzola et al., 1987].

Action of Thymic Factors 
on T-cells

All of the naturally occurring thymus pep-
tides mentioned above have been shown to
augment T cell number and to modulate vari-
ous T cell functions in man. Although many of
the known thymic factors have similar activi-
ties in certain biological assays, it is likely
that the respective thymic factors act essen-
tially at different steps of the T-cell matura-
tion [Cunningham-Rundles et al., 1999]. In
general, studies utilizing peripheral blood
lymphocytes were aimed at assessing the
influence of thymic factors on either T cell
number or on T cell function, as well as on the
maturation and differentiation of pre-T lym-
phocytes [Birr, 1993, 1994, 1996;  Ciardelli et
al., 1982].

Fig. 4. Inhibitory Activity 
of SCTL on Tryptase

Table 4. Thymic Factors isolated from thymus tissue and characterized

Name Abbr. Content, size Status Origin

Thymosin Mixture of polypeptides Crude Rat thymus

Thymic factor X TFX Mixture of polypeptides, 
MW rang-ing: 2,000-18,000 D Crude Calf thymus

Thymosin fraction 5 TF5 10 Major and 30 minor polypeptides Purified Calf thymus

Thymostimulin TP-1 Mixture of polypeptides, 
MW rang-ing: 1,000-12,000 D Purified Calf thymus

Thymomodulin Mixture of peptides Purified Calf thymus

Prothymosin-α α, Ta 113 amino acids Purified Rat thymus

Thymopoietin TP Polypeptide, 5,562 D Purified

Thymulin, Facteur
Thymique Serique FTS-  Zn Nonapeptide, 847 D Purified Pig serum

Abbr.: abbreviations;  D: Daltons.
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Effects of SCTL on Peripheral Blood
Lymphocytes

The T cell activating property of SCTL was
compared to that of HTX in two independent
studies after prestimulation by phythemag-
glutinin (PHA; 0.05–0.4 μg/ml).

In one study performed with blood from
only 2 donors, SCTL (25–100 μg/ml) increased
the proliferation rate (e.g. by approx. 110% at
100 μg/ml), whereas HTX (25–100 μg/ml)
caused a dose-dependent inhibition (e.g. by
approx. 53% at 100 μg/ml) [Hirt, ORPEGEN
1996;  Ho et al., 1987].

In the other study with blood of four
donors, SCTL did not affect lymphocyte pro-
liferation up to a dose of 500 μg/ml [Maurer,
1999]. HTX (10–500 μg/ml) exhibited the ten-
dency to inhibit cell proliferation in a dose-
dependent manner, but this effect was not sta-
tistically significant at the 5% level even at
the highest concentration. When the effects of
HTX and SCTL on lymphocyte proliferation
were investigated in the absence of PHA,
SCTL significantly stimulated cell prolifera-
tion at a single concentration, namely at 100
pg/ml (P = 0.03), whereas HTX had no effect.
Summarizing these preliminary data, it may
be suggested that SCTL and HTX differential-
ly affect lymphocyte proliferation: Some con-
centrations of SCTL may cause an increase of
basal proliferation which is not affected by
HTX, whereas stimulated proliferation is vir-
tually not changed by SCTL, but may be inhi -
bited by HTX. However, considering the limi -
ted number of individual donors included in
these studies a final conclusion cannot be
drawn from the present data. 

Thymic factors increase the synthesis of
soluble mediators by T-cells, most notably, T-
cell growth factor (TCGF or IL-2) and gamma
Interferon (INF-γ). This cytokine reactivity
pattern is defined as T-helper type 1 response.

IL-2 is released by activated T- cells and plays
a pivotal role in sustaining both proliferative
and cytotoxic immune responses. INF-γ aug-
ments T-cell cytotoxic activity but exhibits
antiproliferative effects.

The effect of SCTL and HTX on PHA-
induced and basal IL-2 secretion was investi-
gated in human blood samples [Maurer, 1999].

In the presence of PHA (2.0 μg/ml), HTX
(10–500 μg/ml) was ineffective. Only at the
highest concentration used, SCTL (10–500
μg/ml) diminished IL-2 secretion, though
without statistical significance (P = 0.09). In 

the absence of PHA, no statistically signifi-
cant effects could be observed with either com-
pound. However, the present data may suggest
that by increasing the number of determina-
tions/group (only 3 blood samples/group were
used in the present study) a stimulation of IL-
2 secretion by each compound might become
statistically significant. 

In another series of experiments, the effect
of SCTL and HTX on IL-2-induced cytotoxici-
ty was compared with each other [Maurer,
1999]. Leukocyte YT-cells with properties
similar to natural killer (NK) cells were used
in this study. YT-cells were co-incubated with
K 562 target cells (20:1) preloaded with cal-
cein  AM fluorescence dye. Calcein release was
used as a measure of cytotoxicity. SCTL (10,
50, and 250 μg/ml) decreased the cytotoxicity
induced by IL-2 at each concentration investi -
ga ted (P < 0.01), whereas HTX (10, 50, and
250 μg/ml) reduced cytotoxicity only at the
highest concentration used (P < 0.05). In
summary, both SCTL and HTX may inhibit IL-2
mediated cytotoxicity, the latter, however,
with much lower potency.

In conclusion, thymic factors, HTX and
SCTL increase the number of peripheral blood
lymphocytes, activate mature and precursor
cells and increase the production of IL-2 and

Substance Dose (μg/ml) Effect Significance

Control 0 1

P ≤ 0.01PHA 0.4 2.33

SCTL 10 1.38

P = 0.03

SCTL 50 1.46

SCTL 100 1.82

SCTL 200 1.49

SCTL 500 1.21
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INF-γ via T-helper type 1 response mechanism.
Possibly, thymic factors, HTX and SCTL may
be capable of exerting a homeostatic role in dis-
eases associated with an imbalance of
immunoregulatory T-cell activity. It seems
that, for example, well defined thymic peptides
like Thymosin-α1 [Birr et al., 1979] may be
required for an early step of cortical thymocyte
maturation, whereas the other defined peptide,
TP-5 appears to be involved in later stages.

Local Tolerance

Examining SCTL for acute skin irritation
in rabbits the fur was removed by shaving
from the dorsal area of the trunk of the ani-
mals approximately 24 h before the test.  Care
was taken to avoid abrading the skin; only ani-
mals with intact skin were used.  

A dose of 500 mg was applied on the test
side and then covered with a gauze patch,
which was fixed with non-irritating tape for 4 h.
The surrounding untreated skin served as a
control.  The skin sites were evaluated before
the application of the test substance. After the
exposure period the patch was removed and
the skin was evaluated. Scores were taken 60
min as well as 14, 48 and 72 hours after
removal. Under the present conditions none of
the 3 rab bits exposed to 500mg SCTL showed
substance related lesions. There were also no
systemic intolerance reactions observed
[Leuschner, 1997].

Moreover, SCTL and  HTX were also tested
in the EpiDerm®Skin Model (MatTek Corpo ra -
tion, Ashland, USA) for dermal irritation.
This model consists of several layers of human
keratinocytes and mimics human skin. The
model substitutes for animal models used for
testing skin irritation.  In this model HTX and
SCTL in a concentration of 10% in aqueous
solution were not skin irritating [NeuroBiotec,
2005].

Toxicity

Acute toxicity of SCTL was investigated
after a single i.v. injection to rats [Leuschner,
1997]. A dose of 10mg/kg for the rat was used in
the experiment. The appropriate solution was
administered once i.v. at the above mentioned
dose to 1 group of 10 animals. Sub sequent ly the
animals were observed at 5, 15, 30 and 60 mi -
nutes as well at 6 and 24 hours after the admin-
istration. After a 14 day observation period the
animals were autopsied.  No animal died, and in
none of them any substance related findings
were observed. Also at autopsy no findings were
noted. The LD 50 could not be calculated yet,

because not lethality had occurred in the rats.
Repeated dose to xicity studies have not been
performed so far for SCTL.

In summary, the study reveals a very low if
any acute intravenous toxicity of SCTL.
Deducted from this it is very unlikely that top-
ical application of SCTL in lotions or cremes
can cause toxicity.

The mutagenic potential of SCTL was
examined in Salmonella typhimurium strains
TA 98, TA 102, TA1535 and TA 1537, without
and with metabolic activation by Aroclor. In
the first experiment after treatment with
10000 μg SCTL/plate without metabolic acti-
vation complete cytotoxicity was observed for
tester strain TA 102. 

In the second experiment with metabolic
activation complete cytotoxicity was observed
for tester strains TA 98, TA 102 and TA 1537.
A marginal toxicity was observed at the same
dose for TA 1535 in both experiments and for
the strains TA 98 and TA 1537 in the first
experiment. A marginal cytotoxicity had been
observed at 3160 μg/plate for the tester strain
TA 1537.

In these experiments no mutagenic effect
was observed for SCTL tested up to cytotoxic
concentrations (3160 and 10000 μg/plate) in
any of the 5 tester strains in two independent
experiments with and without metabolic acti-
vation [Leuschner, 1997].

Preliminary Considerations 
on Clinical SCTL Applications

The GMP-based standardized manufacture
of the drug substance SCTL has been estab-
lished. The Common Technical Document on
SCTL has been compiled by ORPEGEN and pre-
sented at the FDA and the German BfARM for
an IND approval on applications in clinical trials
of different hair loss etiologies by the sponsor. 

The author is aiming at clinical applica-
tions of SCTL in repairing the destructions of
the cellular immune response resulting from
virostatic and cytostatic chemo- and X-ray
therapies. To date positive results are avail-
able only from private treatment of patients
having suffered from opportunistic infections
after chemotherapy. SCTL will be studied in
topic, oral and parenteral applications proba-
bly at the NCT Heidelberg. 

In another study towards prevention or
reduction of alleric responses, the application
of SCTL as a dietary supplement is considered.
However, sponsors for these clinical applica-
tions of SCTL have not yet been identified.
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РОЗРОБЛЕННЯ
ЛІКАРСЬКОЇ СУБСТАНЦІЇ 

НА ОСНОВІ ГМФ (SCTL) 
ДЛЯ ПРОФІЛАКТИКИ

ОПОРТУНІСТИЧНИХ ІНФЕКЦІЙ 
ПІСЛЯ РЕНТГЕНІВСЬКОГО ОПРОМІНЕННЯ

ТА ХІМІОТЕРАПІЇ РАКУ.
ЗАМІНА БІБЛІОТЕКИ СИНТЕТИЧНОГО

КОМБІНАТОРНОГО ТЕТРАПЕПТИДУ 
НА ЕКСТРАКТ ТИМУСА ТЕЛЯТИ

К. Бірр 

Інститут медичних досліджень 
ім. Макса Планка, Франція

Проф. Гейдельберзького університету,
Інститут органічної хімії, 

Німеччина

E-mail: c.birr@orpechem.com

SCTL є повністю синтетичним корелятом
частково ензиматично гідролізованого
екстракту тимуса теляти. Аби повністю
виключити передачу бичачого пріонного
енцефаліту за введення екстрактів тимуса,
було створено продукт, який є повністю
синтетичним корелятом активних
компонентів гідролізату тканини тимуса, —
SCTL. Бібліотека цього синтетичного пептиду
повністю замінила компоненти екстракту
тканини тимуса теляти в декількох
косметичних та фармацевтичних препаратах.
Активні компоненти SCTL були винаходом
автора, однак застосування лікарської
субстанції на його основі в косметичній та
фармацевтичній промисловості здійснено
іншими. Для SCTL описано лише обмежену
кількість фармакологічних і токсикологічних
властивостей. Було з’ясовано деякі важливі
аспекти біологічної активності SCTL, які
могли б до певної міри пояснити механізми
його дії та клінічної ефективності.

Ключові слова: синтетичний корелят част ко -
во ензиматично гидролізованого екстракту
тимуса теляти.

РАЗРАБОТКА 
ЛЕКАРСТВЕННОЙ СУБСТАНЦИИ

НА ОСНОВЕ ГМФ (SCTL) 
ДЛЯ ПРОФИЛАКТИКИ

ОППОРТУНИСТИЧЕСКИХ ИНФЕКЦИЙ
ПОСЛЕ РЕНТГЕНОВСКОГО ОБЛУЧЕНИЯ

И ХИМИОТЕРАПИИ РАКА. 
ЗАМЕНА БИБЛИОТЕКИ СИНТЕТИЧЕСКОГО

КОМБИНАТОРНОГО ТЕТРАПЕПТИДА
НА ЭКСТРАКТ ТИМУСА ТЕЛЕНКА

К. Бирр 

Институт медицинских исследований 
им. Макса Планка

Профессор Гейдельбергского университета,
Институт органической химии, 

Германия
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SCTL является полностью синтетическим
коррелятом частично энзиматически гидроли-
зованного экстракта тимуса теленка. Чтобы
полностью исключить передачу бычьего при-
онного энцефалита при введении экстрактов
тимуса, был создан продукт, который являет-
ся полностью синтетическим коррелятом
активных компонентов гидролизата ткани
тимуса, — SCTL. Библиотека этого синтетиче-
ского пептида полностью заменила компонен-
ты экстракта ткани тимуса теленка в несколь-
ких косметических и фармацевтических
препаратах. Активные компоненты SCTL
были изобретением автора, однако примене-
ние лекарственной субстанции на его основе в
косметической и фармацевтической промыш-
ленности осуществлено другими. Для SCTL
описано лишь ограниченное количество фар-
макологических и токсикологических
свойств. Были выяснены некоторые важные
аспекты биологической активности SCTL,
которые могли бы до некоторой степени объ-
яснить механизмы его действия и клиниче-
ской эффективности.

Ключевые слова: синтетический коррелят
частично энзиматически гидролизованного
экстракта тимуса теленка. 
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1. The Biological and Toxin Weapons Con -
ven tion (BTWC) was opened for signature on
10 April 1972 and entered into force on 26 March
1975. The Co-Depositaries for this Convention
are the Russian Federation, the United King -
dom and the United States. This Convention
was the first one to totally prohibit the devel-
opment, production and stockpiling of a class
of weapons of mass destruction — that involv-
ing the use of biological agents and toxins as
weapons. The Ukraine was one of the original
States Parties who signed the Convention on
10 April 1972 and for whom the Convention
entered into force on 26 March 1975. The cen-
tral prohibition is set out in Article I of the
Convention [1] under which:

Each State Party to this Convention under-
takes never in any circumstances to develop,
produce, stockpile or otherwise acquire or
retain:

(1) Microbial or other biological agents, or
toxins whatever their origin or method of pro-
duction, of types and quantities that have no
justification for prophylactic, protective or
other peaceful purposes;

(2) Weapons, equipment or means of deliv-
ery designed to use such agents or toxins for
hostile purposes or in armed conflict.

2. In accordance with Article XII of the
Convention, Review Conferences have been
held at five year intervals — in 1981, 1986,
1991, 1996, 2001/2, 2006 and 2011 — to
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review the operation of the Convention, with a
view to ensuring that the purposes of the pre-
amble of the Convention, … are being realized.
In addition, it is required that Such review
shall take into account any new scientific and
technological developments relevant to the
Convention. It is thus evident that the contin-
uing and effective implementation of the
Convention requires that the States Parties
carrying out the five yearly Review
Conferences need to be advised of any relevant
new scientific and technological developments
and of what their significance is for the
Convention and what should be done in order
to ensure that the effectiveness of the
Convention is maintained.

3. The need to be able to provide sound scien -
tific advice to policy makers and diplomats in
government in each State Party is thus
enshrined in the BTWC. And, it is also evident
that the delegations sent by States Parties to
the Review Conferences will need to include
qualified and knowledgeable scientists who
will be able to provide advice to the delegations
during the Review Conferences on approaches
to be adopted by the delegation as well as how
to respond to scientific and technical informa-
tion submitted and recommendations made by
other delegations.

4. Although Review Conferences take place
at five year intervals, the practice has been
adopted since the decision of the Fifth Review
Conference in 2002, to have an intersessional
programme during which the States Parties
are each year to discuss and promote common
understandings and effective action on specified
topics first at an annual Meeting of Experts
and then subsequently at an annual Meeting of
States Parties. As might be expected, the dele-
gations sent to the Meeting of Experts need to
include qualified and know ledgeable scientists
who will be able to provide advice to the dele-
gations during the Meeting of Experts at which
scientific and technical details are discussed
and debated in regard to the specific items so
as to ensure that the ideas captured in the
Annex to the Meeting of Experts are correctly
expressed and can lead to being agreed in the
substantive paragraphs of the subsequent
Meeting of States Parties later that year that
will be considering the same specific topics.

QUALIFIED AND KNOWLEDGEABLE 
SCIENTISTS

5. For scientists to be effective in provi -
ding advice to the policy makers and the diplo-
mats, there are several essential characteris-
tics that the scientist is required to have. 

Awareness and understanding of the BTWC
6. An essential prerequisite for any scientist

providing advice to policy makers and diplo-
mats on the BTWC is an understanding of the
Convention and an appreciation of what the
various Articles of the Convention oblige States
Parties to do. In addition, the scientist needs to
be aware of the extended understan dings that
have been agreed by the States Parties at the
successive Review Conferences. This overall
awareness and understanding is essential if the
advice is going to be credible and helpful to the
policy makers and diplomats.

7. In addition, the advice will be much
more effective if the scientist is also aware of
what the last Review Conference has decided —
the Final Report of the Review Conference
and, in particular, its Final Declaration and
its Decisions and Recommendations set the
scene for the current Intersessional Period and
have decided the specific topics to be discussed
in order to promote common understandings
and effective action.

Ability to analyse, summarise and express
relevant scientific aspects

8. Another essential prerequisite is that the
scientist providing scientific advice is able to
analyse and summarise the relevant scientific
aspects of the particular topic on which advice is
to be given to the policy makers and diplomats.
Such analysis has to be able to identify the key
elements that are relevant and these need to be
expressed so that the implications in regard to
the various elements of the Convention are
clearly appreciated and understood by the policy
makers and diplomats. In other words, the rele-
vant scientific aspects have to be analysed, sum-
marized and presented in the context of the
Convention together with proposals as to what
steps should be taken by the policy makers and
diplomats.  Throughout, the scientist has to be
answering the question that the policy makers
and diplomats will be asking themselves about
the scientific aspects — «So what?» In other
words, what do the scientific aspects mean in the
context of the Convention.

Awareness of the risks to humans, ani-
mals and plants

9. One of the extended understandings that
the States Parties have agreed at the successive
Review Conferences is encapsulated in the lan-
guage relating to Article I of the Convention
in the Final Declaration [2] of the Seventh
Review Conference that states:

1. The Conference reaffirms the importance
of Article I, as it defines the scope of the
Convention. The Conference declares that the



BIOTECHNOLOGIA ACTA, V. 6, No 4, 2013

174

Convention is comprehensive in its scope and
that all naturally or artificially created or
altered microbial and other biological agents
and toxins, as well as their components,
regardless of their origin and method of pro-
duction and whether they affect humans, ani-
mals or plants, of types and in quantities that
have no justification for prophylactic, protec-
tive or other peaceful purposes, are unequivo-
cally covered by Article I. [Emphasis added]

This makes it clear that the prohibition in
the Convention applies to microbial and other
biological agents and toxins that affect
humans, animals or plants. It consequently
follows that the scientists providing policy
advice on the BTWC to the policy makers and
diplomats need to be aware of the activities
being carried out by the World Health
Organization (WHO) [3], the World Animal
Health Organization (OIE) [4] and the Food
and Agriculture Organization (FAO) [5] in regard
to countering outbreaks of human, animal and
plant diseases and to promote human health secu-
rity, animal health security and food security. 

10. These scientists providing policy
advice need also to be aware that the terminolo -
gy used in regard to terms such as biosafety,
biosecurity and food security can be different
in the WHO, OIE and FAO arenas than that
used in the context of the Convention.

Awareness of the risks to the environment
11. As the prohibition in the Convention

relates to microbial and other biological agents
and toxins that affect humans, animals or
plants, it will be appreciated that there is a
close relationship to the environment.
Consequently, the scientists providing advice
need also to be aware of the Conventions and
Protocols that relate to the environment —
and in particular to the Convention on
Biological Diversity and its associated
Cartagena Protocol on Biosafety. 

The Convention on Biological Diversity
(CBD) [6] was the result of an increasing glo bal
awareness that:

The Earth’s biological resources are vital to
humanity’s economic and social development.
As a result, there is a growing recognition that
biological diversity is a global asset of tremen-
dous value to present and future generations.
At the same time, the threat to species and
ecosystems has never been so great as it is
today. Species extinction caused by human
activities continues at an alarming rate.

The CBD was opened for signature on
5 June 1992 at the United Nations Conference
on Environment and Development (the Rio
«Earth Summit») and entered into force on

29 December 1993. It has currently 193
Parties to the Convention.

2. A particular element of the CBD arises
from Article 18 Technical and Scientific
Cooperation which requires that:

1. The Contracting Parties shall promote
international technical and scientific coopera-
tion in the field of conservation and sustaina -
ble use of biological diversity, where necessary,
through the appropriate international and
national institutions.

2. Each Contracting Party shall promote
technical and scientific cooperation with other
Contracting Parties, in particular developing
countries, in implementing this Convention,
inter alia, through the development and imple-
mentation of national policies. In promoting
such cooperation, special attention should be
given to the development and strengthening of
national capabilities, by means of human
resources development and institution building.

3. The Conference of the Parties, at its first
meeting, shall determine how to establish a
clearing-house mechanism to promote and
facilitate technical and scientific cooperation. 

The clearing-house mechanism addressed
in paragraph 3 of Article 18 has as its mission
the requirement to contribute significantly to
the implementation of the Convention on
Biological Diversity through effective infor-
mation services and other appropriate means in
order to promote and facilitate scientific and
technical cooperation, knowledge sharing and
information exchange, and to establish a fully
operational network of Parties and partners.

13. Closely associated with the CBD is its
Cartagena Protocol on Biosafety [7]. This
addres ses the movements of living modified
organisms (LMOs) resulting from modern
biotechnology from one country to another. It
was adopted on 29 January 2000 as a supple-
mentary agreement to the Convention on Biolo -
gical Diversity and entered into force on 11
Sep tember 2003. It establishes an advance
informed agreement (AIA) procedure for
ensuring that countries are provided with the
information necessary to make informed deci-
sions before agreeing to the import of such
organisms into their territory. The Protocol
contains reference to a precautionary
approach. The Protocol also establishes a
Biosafety Clearing-House to facilitate the
exchange of information on living modified
organisms and to assist countries in the imple-
mentation of the Protocol. It has currently 166
Parties to the Protocol. The Ukraine Profile is
available at http://bch.cbd.int/about/coun-
tryprofile.shtml?country=ua.
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14. Article 22 of the Protocol addresses
Capacity Building and requires that:

1. The Parties shall cooperate in the develop-
ment and/or strengthening of human resources
and institutional capacities in biosafety, inclu -
ding biotechnology to the extent that it is requi -
red for biosafety, for the purpose of the effective
implementation of this Protocol, in developing
country Parties, in particular the least deve -
loped and small island developing States among
them, and in Parties with economies in transi-
tion, including through existing global, regio -
nal, subregional and national institutions and
organizations and, as appropriate, through
facilitating private sector involvement.

2. For the purposes of implementing para-
graph 1 above, in relation to cooperation, the
needs of developing country Parties, in parti -
cular the least developed and small island
developing States among them, for financial
resources and access to and transfer of tech-
nology and know-how in accordance with the
relevant provisions of the Convention, shall be
taken fully into account for capacity-building
in biosafety. Cooperation in capacity-building
shall, subject to the different situation, capa-
bilities and requirements of each Party,
include scientific and technical training in the
proper and safe management of biotechnology,
and in the use of risk assessment and risk man-
agement for biosafety, and the enhancement of
technological and institutional capacities in
biosafety. The needs of Parties with economies
in transition shall also be taken fully into
account for such capacity-building in biosafety.

15. Closely related to the biosafety require-
ments for the Protocol is the initiative taken by
the United Nations Environment Program me
to implement the Global Environment Facility
(GEF) Initial Strategy on Biosafety [8] which
was adopted in November 2000. This Strategy
aims to assist countries preparing for the
Cartagena Biosafety Protocol through the es -
tab lish ment of National Biosafety Frame works
(NBFs). The NBF is a combination of policy,
legal, administrative and technical instru-
ments that are set in place to address safety for
the environment and human health in relation
to modern biotechnology. As at 30th May 2012,
119 countries have completed the majori ty of
development of their National Biosafety
Projects and their draft NBFs are available
online [9]. This includes the draft National
Biosafety Framework for the Ukraine. These
projects have generated a wealth of in-country
experience in building capacity for biosafety. 

16.  These National Biosafety Frameworks
are highly relevant to the initiatives being

taken to strengthen biosafety and biosecurity
under the BTWC and scientific experts advi -
sing national diplomats and policy makers
need to be aware of their relevance. 

17.  There are also, as might be expected,
relevant activities in regard to education and
awareness. Thus the Convention on Biological
Diversity in its Article 13 Public Education
and Awareness requires that:

The Contracting Parties shall:
(a) Promote and encourage understanding

of the importance of, and the measures
required for, the conservation of biological
diversity, as well as its propagation through
media, and the inclusion of these topics in edu-
cational programmes; and

(b) Cooperate, as appropriate, with other
States and international organizations in
developing educational and public awareness
programmes, with respect to conservation and
sustainable use of biological diversity.

Likewise the Cartagena Protocol on
Biosafety in its Article 23 Public Awareness
and Education requires that:

1. The Parties shall:
(a) Promote and facilitate public aware-

ness, education and participation concerning
the safe transfer, handling and use of living
modified organisms in relation to the conser-
vation and sustainable use of biological diver-
sity, taking also into account risks to human
health. In doing so, the Parties shall cooperate,
as appropriate, with other States and interna-
tional bodies;

(b) Endeavour to ensure that public aware-
ness and education encompass access to infor-
mation on living modified organisms identi-
fied in accordance with this Protocol that may
be imported.

There are consequently clear benefits to
States Parties to the BTWC if those scientists
providing advice to diplomats and policy ma kers
are aware of the international and national
activities associated with the Convention on
Biological Diversity and its Cartagena
Protocol on Biosafety.

Awareness of CBRN risks and prepared-
ness

18. Whilst it may be thought that scien-
tists providing advice to diplomats and policy
makers need only be aware of the life sciences,
their advice will be much more effective if
they are also aware of the broader chemical,
biological, radiological and nuclear risks as to
an increasing extent countries are coordina -
ting their preparedness for CBRN incidents
whether accidental or deliberate. 



BIOTECHNOLOGIA ACTA, V. 6, No 4, 2013

176

19. The Chemical Weapons Convention.
The CWC [10] is closely related to the BTWC
and it prohibits the development, production
and stockpiling of chemical weapons. In
Article I General Obligations it requires that:

1. Each State Party to this Convention
undertakes never under any circumstances:

(a) To develop, produce, otherwise acquire,
stockpile or retain chemical weapons, or trans-
fer, directly or indirectly, chemical weapons to
anyone;

(b) To use chemical weapons;
(c) To engage in any military preparations

to use chemical weapons;
(d) To assist, encourage or induce, in any

way, anyone to engage in any activity prohibi -
ted to a State Party under this Convention.

and in its Article II Definitions and
Criteria states that:

For the purposes of this Convention:
1. «Chemical Weapons» means the follo -

wing, together or separately:
(a) Toxic chemicals and their precursors,

except where intended for purposes not prohi -
bited under this Convention, as long as the
types and quantities are consistent with such
purposes;

(b) Munitions and devices, specifically
designed to cause death or other harm through
the toxic properties of those toxic chemicals
specified in subparagraph (a), which would be
released as a result of the employment of such
munitions and devices;

(c) Any equipment specifically designed
for use directly in connection with the employ-
ment of munitions and devices specified in sub-
paragraph (b).

2. «Toxic Chemical» means:
Any chemical which through its chemical

action on life processes can cause death, tem-
porary incapacitation or permanent harm to
humans or animals. This includes all such
chemicals, regardless of their origin or of their
method of production, and regardless of
whether they are produced in facilities, in
munitions or elsewhere.

As the BTWC addresses Microbial or other
biological agents, or toxins whatever their ori-
gin or method of production it is evident that
there is — and rightly so — an overlap
between the two Conventions with chemicals
such as toxins being prohibited under both
Conventions.

20. The Chemical Weapons Convention
opened for signature on 13 January 1993 and
entered into force on 29 April 1997. It cur-
rently has 188 States Parties.  The CWC has
concentrated in its first fifteen years on the

destruction of declared chemical weapons
stockpiles — the Convention in Article IV
requires that Each State Party shall destroy
all chemical weapons … Such destruction …
shall finish no later than 10 years after entry
into force of the Convention. In addition, Part
IV(A) of the Verification Annex to the
Convention includes provisions should a State
Party believe that it will be unable to ensure
the destruction of all Category 1 chemical
weapons not later than 10 years after the entry
into force of this Convention then the
Executive Council can grant an extension —
however, it is specified that Any extension
shall be the minimum necessary, but in no case
shall the deadline for a State Party to complete
its destruction of all chemical weapons be
extended beyond 15 years after the entry into
force of this Convention. The Convention is
now focusing much more on the non-prolifera-
tion and other requirements required by the
Convention and the activities of the
Organisation for the Prohibition of Chemical
Weapons are more closely related to those
being carried out by the States Parties to the
BTWC.

21. The 1925 Geneva Protocol. This is the
Protocol for the Prohibition of the Use in War
of Asphyxiating, Poisonous or other Gases, and
of Bacteriological Methods of Warfare [11]
which was signed at Geneva on 17 June 1925.
This notes that:

Whereas the use in war of asphyxiating,
poisonous or other gases, and of all analogous
liquids, materials or devices, has been justly
condemned by the general opinion of the
civilised world; and

Whereas the prohibition of such use has
been declared in Treaties to which the majori-
ty of Powers of the world are Parties; and

To the end that this prohibition shall be
universally accepted as a part of International

Law, binding alike the conscience and the
practice of nations;

and goes on to declare that:
Declare:
That the High Contracting Parties, so far

as they are not already Parties to Treaties pro-
hibiting such use, accept this prohibition,
agree to extend this prohibition to the use of
bacteriological methods of warfare and agree
to be bound as between themselves according
to the terms of this declaration.

The High Contracting Parties will exert
every effort to induce other States to accede to
the present Protocol. Such accession will be
notified to the Government of the French
Republic, and by the latter to all signatory and
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acceding Powers, and will take effect on the
date of the notification by the Government of
the French Republic.

22. It should be noted that at the Seventh
Review Conference of the BTWC, the States
Parties agreed in their Final Declaration [12]
in regard to Article VIII of the BTWC that:

41. The Conference appeals to all States
Parties to the 1925 Geneva Protocol to fulfil

their obligations assumed under that
Protocol and urges all states not yet party to
the Protocol to ratify or accede to it without
further delay.

42. The Conference acknowledges that the
1925 Geneva Protocol, which prohibits the use
in war of asphyxiating, poisonous or other
gases, and of bacteriological methods of war-
fare, and the Convention complement each
other. The Conference reaffirms that nothing
contained in the Convention shall be interpre -
ted as in any way limiting or detracting from
the obligations assumed by any state under the
1925 Geneva Protocol.

43. The Conference stresses the importance
of the withdrawal of all reservations to the 1925
Geneva Protocol related to the Convention.

44. The Conference recalls the actions
which States Parties have taken to withdraw
their reservations to the 1925 Geneva Protocol
related to the Convention, and calls upon those
States Parties that continue to maintain perti-
nent reservations to the 1925 Geneva Protocol
to withdraw those reservations, and to notify
the Depositary of the 1925 Geneva Protocol
accordingly, without delay.

45. The Conference notes that reservations
concerning retaliation, through the use of any
of the objects prohibited by the Convention,
even conditional, are totally incompatible with
the absolute and universal prohibition of the
development, production, stockpiling, acquisi-
tion and retention of bacteriological (biologi-
cal) and toxin weapons, with the aim to
exclude completely and forever the possibility
of their use.

46. The Conference notes that the
Secretary-General’s investigation mechanism,
set out in A/44/561 and endorsed by the
General Assembly in its resolution 45/57, re -
presents an international institutional mecha-
nism for investigating cases of alleged use of
biological or toxin weapons. The Conference
notes national initiatives to provide relevant
training to experts that could support the
Secretary-General’s investigative mechanism.

23. Universal adherence to the Geneva
Protocol by all States, including all States
Parties to the BTWC, has been an agreed poli -

tically binding commitment since 1980, reaf-
firmed by every subsequent Review Confe ren ce
that has issued a Final Declaration. It should
be noted that the original statement, in the
Final Declaration which the First Review
Conference agreed on 21 March 1980, called
on all States not yet parties to the Geneva
Protocol to ratify or accede to it at the earliest
possible date; the Second Review Conference
on 26 September 1986 urged them to adhere to
it at the earliest possible date; the Third
Review Conference on 27 September 1991
urged them to accede to it without delay, as
did the Fourth Review Conference on 6 Decem -
ber 1996, the Sixth Review Conference on 8 De -
cem ber 2006 and the Seventh Review Confe -
ren ce on 22 December 2011.

24. Secretary-General Mechanism for
Investigation of Alleged Use [13]. Article VI
of the BTWC states that:

(1) Any State Party to this Convention
which finds that any other State Party is ac -
ting in breach of obligations deriving from the
provisions of the Convention may lodge a com-
plaint with the Security Council of the United
Nations.  Such a complaint should include all
possible evidence confirming its validity, as
well as a request for its consideration by the
Security Council.

(2) Each State Party to this Convention
undertakes to cooperate in carrying out any
investigation which the Security Council may
initiate, in accordance with the provisions of
the Charter of the United Nations, on the basis
of the complaint received by the Council.  The
Security Council shall inform the States
Parties to the Convention of the results of the
investigation.

25. At the Seventh Review Conference, the
States Parties to the BTWC agreed in their
Final Declaration [14] in regard to Article VI
that:

29. The Conference invites the Security
Council:

(a) to consider immediately any complaint
lodged under this Article and to initiate any mea-
sures it considers necessary for the investigation
of the complaint in accordance with the Charter;

(b) to request, if it deems necessary and in
accordance with its Resolution 620 of 1988, the
United Nations Secretary-General to investi-
gate the allegation of use, using the technical
guidelines and procedures contained in Annex
I of United Nations Document A/44/561;

(c) to inform each State Party of the results
of any investigation initiated under this Article
and to consider promptly any appropriate fur-
ther action which may be necessary.
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26. The Secretary-General’s Mechanism
(SGM) for the investigation of alleged use of
chemical, biological and toxin weapons derives
from a mandate established by the United
Nations General Assembly in its resolution
42/37C of 1987 and reaffirmed by the United
Nations Security Council through its resolution
620 (1988). Under this mandate, the Secre tary-
General is requested to carry out investigations
in response to reports that may be brought to his
attention by any Member State concerning the
possible use of chemical and bacteriological
(biological) or toxin weapons that may consti-
tute a violation of the Geneva Protocol or other
relevant rules of customary international law
in order to ascertain the facts of the matter and
to report promptly the results of any such inves-
tigations to all Member States.

Investigations of alleged use will be con-
ducted according to technical guidelines and
procedures (A/44/561 Annex I) which were
endorsed by the General Assembly in 1990.
The appendices to the technical guidelines and
procedures were updated in 2007.

27. Security Council Resolution 1540(2004)
[15]. In 2004, the Security Council decided
that all States shall refrain from providing
any form of support to non-State actors who
attempt to develop, acquire, manufacture,
possess, transport, transfer or use nuclear,
chemical or biological weapons and their
means of delivery, and requires all States to
adopt and enforce appropriate effective laws
to this effect. The resolution also requires all
States to establish various types of domestic
controls to prevent the proliferation of such
weapons and their related materials. A
Security Council Committee was established
pursuant to resolution 1540 to report to the
Council on the implementation of the resolu-
tion. Security Council resolution 1977 (2011)
extended the mandate of the Committee until
25 April 2021.

28. The 1540 Committee has prepared
matrices for 179 of the Member States of the
United Nations which following approval by
the Committee in November and December
2010 are available at http://www.un.org/
sc/1540/1540matrix.shtml.  This in OP 2 —
Bio logical Weapons (BW) requests States to
answer the question:

Does national legislation exist which pro-
hibits persons or entities to engage in one of the
following activities? Can violators be penalized?

in regard to some 14 activities:
1. Manufacture/produce
2. Acquire
3. Possess

4. Stockpile/store
5. Develop
6. Transport
7. Transfer
8. Use
9. Participate as an accomplice in above-

mentioned activities
10. Assist in above-mentioned activities
11. Finance above-mentioned activities
12. Above-mentioned. activities related to

means of delivery
13. Involvement of non-State actors in

above-mentioned. activities
14. Other

29. In addition, the matrix in OP 3 (a) and
(b) — Account for/Secure/Physically protect
BW including Related Materials requests
States to answer the question:

Are any of the following measures, proce-
dures or legislation in place to account for,
secure or otherwise protect BW and Related
Materials? Can violators be penalized ?

in regard to some 17 categories:
1. Measures to account for production
2. Measures to account for use
3. Measures to account for storage
4. Measures to account for transport
5. Other measures for accounting
6. Measures to secure production
7. Measures to secure use
8. Measures to secure storage
9. Measures to secure transport

10. Other measures for securing
11. Regulations for physical protection of

facilities/materials/ transports
12. Licensing/registration of facilities/per-

sons handling biological materials
13. Reliability check of personnel
14. Measures to account for/secure/ physi-

cally protect means of delivery
15. Regulations for genetic engineering work
16. Other legislation/ regulations related to

safety and security of biological materials
17. Other.

30.  The matrix in OP 3 (c) and (d) and
related matters from OP 6 and OP 10 —
Controls of BW including Related Materials
requests States to answer the question:

Which of the following legislation, proce-
dures, measures, agencies exist to control bor-
der crossings, export/import and other trans-
fers of BW and Related Materials? Can
violators be penalized?

in regard to some 26 categories:
1. Border control
2. Technical support of border control

measures
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3. Control of brokering, trading in, negoti-
ating, otherwise assisting in sale of
goods and technology

4. Enforcement agencies/authorities
5. Export control legislation in place
6. Licensing provisions
7. Individual licensing
8. General licensing
9. Exceptions from licensing

10. Licensing of deemed export/visa
11. National licensing authority
12. Interagency review for licenses
13. Control lists
14. Updating of lists
15. Inclusion of technologies
16. Inclusion of means of delivery
17. End-user controls
18. Catch-all clause
19. Intangible transfers
20. Transit control
21. Trans-shipment control
22. Re-export control
23. Control of providing funds
24. Control of providing transport services
25. Control of importation
26. Extraterritorial applicability
27. Other.

These matrices provide a valuable resource
that can be drawn upon by the States Parties to
the BTWC in promoting the implementation
of Article IV of the Convention.

31. The completed matrices for the Ukrai ne
are available at:

http://www.un.org/en/sc/1540/docs/mat
rices/Ukraine revised matrix.pdf

and provide detailed information on the
legislation and procedures that apply in the
Ukraine in regard to activities relating to bio-
logical weapons as well as to chemical and
nuclear weapons.

32. European Union Public Health Prepa -
red ness for Cross-Border Health Threats [16].
On 8 December 2011 the European
Commission adopted a legislative proposal on
the means to address serious cross-border
health threats. This proposal is to extend the
existing co-ordination mechanism for commu-
nicable diseases to all heath threats caused by
biological, chemical or environmental causes.
It provides for the assessment of risks and the
co-ordination of measures from communicable
diseases to be extended to all heath threats
caused by biological, chemical or environmen-
tal causes.

33. United Nations Interregional Crime
and Justice Research Institute (UNICRI)
CBRN Risk Mitigation and Security
Governance Programme [17]. This was
launched in 2004, in conjunction with the
IAEA, the OPCW, the ISU of the BTWC, the
WHO, IN TER POL and the World Customs
Organization (WCO, to support the develop-
ment of an integrated CBRN approach that
incorporates all international, regional and
national CBRN components into a common
strategy. This entails the application of a
holistic approach through which all stake-
holders, while operating autonomously, can
establish common goals, identify and manage
resources to achieve these goals, clearly allo-
cate responsibilities and tasks, elaborate func-
tioning channels of communication, create a
security culture based on common learning,
and ensure that lessons learnt are incorpora -
ted and absorbed throughout the whole system. 

34. A closely associated element of this
prog ramme is to establish regional CBRN
Centres of Excellence [18]. Such centres are
seen as a cornerstone of these activities by
offering a coherent and comprehensive
approach covering legal, regulatory, enforce-
ment and technical issues. It is evident that a
number of projects will involve the Ukraine
including one launched in January 2013 entit -
led Knowledge development and transfer of
best practice on bio-safety, bio-security, bio-risk
management.

Conclusions

35.  This paper has sought to give an indi-
cation of the breadth of activities that scien-
tists need to be aware of if they are to be effec-
tive in providing advice to the policy makers
and the diplomats in Government.  It needs to
be recognised that the policy makers and dip -
lomats engaged in a particular activity such as
the Biological and Toxin Weapons Convention
(BTWC) may well not be involved in some
of the other relevant activities and thus
be unaware of relevant developments in these
other activities. The value that qualified
and knowledgeable scientists can bring is thus
considerable as they are able to analyse the sit-
uation across the range of relevant activities
and can use their knowledge to make soundly
based proposals that will frequently be accept-
able to their fellow scientists in other dele -
gations. 
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36. For the qualified and knowledgeable sci-
entists to be effective it is vital that the scien -
tist providing scientific advice is able to
analyse and summarise the relevant scientific
aspects of the particular topic on which advice
is to be given to the policy makers and diplo-
mats.  Such analysis has to be able to identify
the key elements that are relevant and these
need to be expressed so that the implications in
regard to the various elements of the
Convention are clearly appreciated and under-
stood by the policy makers and diplomats. In
other words, the relevant scientific aspects
have to be analysed, summarized and presen -
ted in the context of the Convention together
with proposals as to what steps should be taken
by the policy makers and diplomats.

37. These qualified and knowledgeable scien -
tists also have a continuing responsibility once
they have successfully explained the context
of the relevant scientific aspects to the policy
makers and diplomats to then follow through
by encouraging the national policy makers to
take appropriate action nationally to imple-
ment the changes that would enhance the

effectiveness nationally of the implementa-
tion of the BTWC.

38. Qualified and knowledgeable scientists
who are effective in providing advice to the
policy makers and diplomats have an additio -
nal bonus — in that they are well qualified to
assist in raising awareness and facilitating
outreach to all those engaged in the life scien -
ces about the issues and the progress being
made by the States Parties in strengthening
the effectiveness of the Biological and Toxin
Weapons Convention and thereby helping to
make it a safer world for all of us.

Postscript

39. I have chosen to write this article on The
Vital Importance of Providing Sound Scientific
Advice to Policy Makers in Govern ment in
recognition of the outstanding contributions
that Ambassador Professor Dr. Serhiy
Vasilyovich Komisarenko has made as a mem-
ber of the delegation of the Ukraine, which he
has frequently led, to the meetings of the States
Parties to the Biological and Toxin Weapons
Convention in Geneva over the past eight years.
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У статті подається уявлення про широту
професійної діяльності вчених, які працюють
у галузі біобезпеки, у плані надання своєчас-
них і ефективних рекомендацій для політиків
і дипломатів в уряді. Політики та дипломати
тією чи іншою мірою також займаються про-
блемами біобезпеки, такими, зокрема, як біо-
логічна і токсикологічна зброя (сформульовані
у відповідній конвенції: Biological and Toxin
Weapons Convention), однак у них може бути
відсутня відповідна інформація про певні
події. З огляду на це значення діяльності квалі-
фікованих учених, що володіють останніми
даними у сфері біобезпеки, важко переоцінити,
адже вони можуть проаналізувати будь-яку
ситуацію з усього спектра відповідної пробле-
матики і використовувати свої знання для
обґрунтованих пропозицій, які часто можуть
бути прийнятними й для їхніх колег-вчених
в інших галузях біологічної науки. Для високо -
кваліфікованих учених подібна діяльність є
ефективним і вкрай важливим аспектом їхньої
професійної активності, оскільки вони в змозі
надати наукові консультації, проаналізувати
і узагальнити відповідні наукові дані з кон -
кретної теми, що цікавить політиків і диплома-
тів. Такий аналіз передбачає ідентифікацію
ключових елементів, які є актуальними для
даної наукової проблеми і мають бути сформу-
льовані таким чином, щоб наслідки оцінки різ-
них елементів конвенції були чіткими
та зрозумі ли ми для політиків і дипломатів.
Тобто, відповідні наукові аспекти мають бути
проаналізовані, узагальнені та представлені
в контексті конвенції разом із пропозиціями
про те, які кроки в цьому напрямі слід зробити.

Ключові слова: Конвенція з біологічної і ток -
сикологічної зброї, біобезпека.
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В статье дается представление о широте про-
фессиональной деятельности ученых, работаю-
щих в сфере биобезопасности, в плане предо-
ставления своевременных и эффективных
рекомендаций для политиков и дипломатов
в правительстве. Политики и дипломаты в той
или иной степени также занимаются проблема-
ми биобезопасности, такими, в частности, как
биологическое и токсикологическое оружие
(сформулированы в соответствующей конвен-
ции: Biological and Toxin Weapons Convention),
однако у них может отсутствовать соответствую-
щая информация об определенных событиях.
Учитывая это, значение деятельности квалифи-
цированных ученых, располагающих последни-
ми данными в сфере биобезопасности, трудно
переоценить, поскольку они могут проанализи-
ровать любую ситуацию по всему спектру соот-
ветствующей проблематики и использовать свои
знания для внесения обоснованных предложе-
ний, которые часто могут быть приемлемы и для
их коллег-ученых в других областях биологиче-
ской науки. Для высококвалифицированных
ученых подобная деятельность является эффек-
тивным и весьма важным аспектом их профес-
сиональной активности, поскольку они могут
предоставить научные консультации, проанали-
зировать и обобщить соответствующие научные
данные по конкретной теме, интересующей
политиков и дипломатов. Подобный анализ дол-
жен включать идентификацию ключевых эле-
ментов, которые являются актуальными для
данной научной проблемы и должны быть сфор-
мулированы таким образом, чтобы последствия
оценки различных элементов конвенции были
четкими и понятными для политиков и дипло-
матов. Следовательно, соответствующие
научные аспек ты должны быть проанализиро-
ваны, обобщены и представлены в контексте
конвенции вместе с предложениями о том,
какие шаги в этом направлении следует пред-
принять.

Ключевые слова: Конвенция по биологичес ко му
и токсикологическому оружию, био без опас -
ность. 



BIOTECHNOLOGIA ACTA, V. 6, No 4, 2013

182

Специфічність відповіді клітин на зов-
нішні стимули потребує інтеграції числен-
них внутрішньоклітинних сигнальних шля-
хів. Однією з основних груп протеїнів, що
відповідають за таку інтеграцію, є адаптерні
та риштувальні (scaffold) протеїни, які
забезпечують збирання надмолекулярних
мультипротеїнових комплексів та їх регу-
лювання [1]. Ці мультипротеїнові комплек-
си передають всередину клітини сигнали,
залучені до контролю росту, диференцію-
вання, адгезії, рухливості та виживання
клітин. Адаптерний протеїн Ruk/CIN85
(Regulator for ubiquitous kinase/c-Cbl-inte-
racting protein of 85 kDa) завдяки складній
доменній організації та наявності множин-
них молекулярних форм бере участь у низці
важливих внутрішньоклітинних сигналь-
них процесів, що лежать в основі регулюван-
ня архітектури актинового цитоскелета,
адгезії, рухливості та інвазії клітин, апопто-
зу, мітогенного сигналювання, транспорту

мембранних везикул, ліганд-опосередкова-
ного ендоцитозу рецепторних тирозинових
протеїнкіназ, інфікування клітин вірусом
простого герпесу [2–5]. 

Нещодавно нами було показано, що
надекспресія Ruk/CIN85 посилює трансфор-
мувальний потенціал клітин аденокарцино-
ми грудної залози людини лінії MCF-7 [5].
Проте не було досліджено, який вплив на
властивості клітин лінії MCF-7 з надекспре-
сією Ruk/CIN85 матиме пригнічення
експре сії цього протеїну. Одним з найпоши-
реніших сучасних експериментальних під -
хо дів для дослідження функцій генів у куль-
турах клітин є використання методології
РНК-інтерференції [6]. Лентивірусні векто-
ри, що кодують shRNA (small hairpin RNA),
які вбудовуються в геном клітини-хазяїна,
використовують для тривалого пригнічення
(silencing) експресії відповідних генів [7].
З огляду на це, ми спрямували наші зусилля
на конструювання рекомбінантних ленти -
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Ruk/CIN85 є одним з адаптерних протеїнів, що відіграють важливу роль у регулюванні процесів
проліферації, рухливості та загибелі клітин. Нещодавно нами було показано, що надекспресія
Ruk/CIN85 посилює трансформувальний потенціал клітин аденокарциноми грудної залози людини
лінії MCF-7. Метою цього дослідження було з’ясувати, чи впливатиме на біологічні властивості
клітин пригнічення експресії Ruk/CIN85. Для РНК-інтерференції Ruk/CIN85 було одержано
лентивірусні конструкції, що містять Ruk/CIN85-специфічні послідовності small hairpin RNA. За
допомогою отриманих рекомбінантних лентивірусів встановлено, що пригнічення експресії
Ruk/CIN85 впливає на біологічні властивості (рухливість, проліферацію, рівень експресії
транспортера ABCG2, утворення активних форм кисню) різних типів пухлинних клітин, а саме:
аденокарциноми грудної залози людини лінії MCF-7, аденокарциноми ободової кишки людини НТ-
29 та мишачої карциноми легень Льюїса.

Ключові слова: адаптерні протеїни, Ruk/CIN85, РНК-інтерференція, ленти -
вірус ні вектори, рухливість клітин, активні форми кисню.
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вірусів, які містять послідовність shRNA
для протеїну Ruk/CIN85. Одержан ня такої
лентивірусної конструкції дало змогу при-
гнітити експресію Ruk/CIN85 у клітинах
гліоми щура С6, аденокарциноми ободової
кишки людини НТ-29, у клітинах мишачої
карциноми легень Льюїса (Lewis lung carci-
noma, LLC) та аденокарциноми грудної зало-
зи людини лінії MCF-7 з надекспресією
Ruk/CIN85, а також виявити, що пригні-
чення експресії Ruk/CIN85 може впливати
на рухливість, проліферацію і утворення
активних форм кисню (АФК) у зазначених
типах клітин. Для того, щоб оцінити потен-
ційний вплив надекспресії Ruk/CIN85 у клі-
тинах MCF-7 на розвиток резистентності до
протипухлинних препаратів, було також
досліджено вміст одного з АТР-зв’язуваль-
них мембранних касетних транспортерів
ABCG2 (ATP-binding cassette sub-family G
member 2), що відіграє роль у розвиткові
раку грудної залози людини [8].

Матеріали і методи

Культура клітин. Клітини аденокарци-
номи грудної залози людини лінії MCF-7,
ембріональної нирки людини HEK293Т,
аденокарциноми ободової кишки людини
НТ-29, мишачої карциноми LLC та гліоми
щура С6 культивували в середовищі DМЕМ
(РАА Laboratories, Австрія), яке містило
10% ембріональної сироватки теляти (fetal
bovine serum, FBS), 50 U/мл пеніциліну та
100 мкг/мл стрептоміцину. Клітини утри-
мували в СО2-інкубаторі (Cytoperm 8080,
Heraeus, Hanau, Німеччина) при 37 °C у зво-
ложеній атмосфері, що містила 5% CO2 (за
об’ємом). Одержання сублінії клітин MCF-7
зі стабільною надекспресією протеїну
Ruk/CIN85 (G4) описано раніше [5].

Одержання рекомбінантних лентивіру-
сів, що містять послідовності shRNA для
протеїну Ruk/CIN85. Лентивірусні вектори
для пригнічення експресії Ruk/CIN85 методом
РНК-інтерференції (pLKO.1-shRuk/CIN85
R19-23) було отримано шляхом лігування
відповідних оліго нуклеотидів після їх відпа-
лювання (для R22 5′-CCGGCCAGCAGAAAC-
G A G A G A T T A A C T C G A G T T A -
ATCTCTCGTTTCTGCTGGTTTTTG-3′ та
5′-AATTCAAAAACCAGCAGAAACGAGA-
GATTAACTCGAGTTAATCTCTCGTTTCTGC
TGG-3′) у вектор pLKO.1 puro (Addgene,
США) за центрами пізнавання для ендонук-
леаз рестрикції EcoRI і AgeI. Отримані плаз-
міди були нароблені й очищені з клітин

E. coli з використанням набору для очищен-
ня плазмідної ДНК (NucleoSpin plasmid
purification kit, Machery-Nagel, Німеччина).
Лентивіруси, що містять Ruk/CIN85 shRNA
або scrambled shRNA, одержали шляхом
котрансфекції «пакувальних» клітин
HEK293T векторами pLKO.1-R19-23 або
pLKO.1-scrambled, вектором pMD2.G, що
кодує вірусний протеїн капсиду VSV-G
(Vesicular stomatitis virus G glycoprotein), та
пакувальним вектором psPAX2, що кодує
вірусні протеїни gag i pol. Вірус збирали на
36-ту, 48-му і 60-ту год після трансфекції.
Після інфікування відповідними лентивіру-
сами клітини пасажували кілька разів за
присутності селективного антибіотика пуро-
міцину без подальшого субклонування.

Вестерн-блот-аналіз. Для дослідження
вмісту протеїнів клітини висівали на чашки
Петрі (діаметром 6 см). Через 24 год до клі-
тин додавали суспензію, яка містила ленти-
вірусні частинки, за присутності катіонного
полімеру полібрену (10 мкг/мл), що забезпе-
чувало підвищення ефективності інфікуван-
ня клітин. Через 24 год середовище зміню-
вали на свіже, що містило селективний
антибіотик пуроміцин (1 мкг/мл). Клітини
лізували та проводили вестерн-блот-аналіз,
як описано у [5] з використанням полікло-
нальних антитіл кроля до Ruk/CIN85
(1:3000) [9] та до β-aктину (1:5000) (Sigma).
Імунореактивні смуги детектували за допо-
могою системи для підсиленої хемілюмінес-
ценції (ECL Western Blotting System,
Amersham, Велика Британія). Інтенсивність
отриманих сигналів аналізували за допомо-
гою денситометрії з використанням програ-
ми ImageJ. Рівень експресії β-актину визна-
чали для підтвердження однакової кількості
протеїну в пробах.

Дослідження рухливості клітин мето-
дом «заростання подряпини» у клітинному
моношарі. Для проведення експериментів
клітини лінії MCF-7 wt та зі стабільною
надекспресією Ruk/CIN85 (сублінія G4)
висівали у 6-лункові планшети і вирощува-
ли до 80% конфлюенту в середовищі DMEM,
що містило 10% FBS. Через 24 год після
висівання клітини інфікували лентивіруса-
ми, які експресували Ruk/CIN85-shRNA або
scrambled shRNA. Подряпину у клітинному
моношарі робили за допомогою носика на
10 мкл до автоматичних піпеток. Після
цього середовище культивування замінюва-
ли на свіже, що містило 1 мкМ мітоміцину С
(Sigma) для усунення клітинної проліфера-
ції. Через 24 год ефективність заростання
подряпини аналізували за допомогою 
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фазово-контрастного мікроскопа. Відстань,
на яку мігрували клітини, вимірювали за
допомогою програмного забезпечення
QuickPHOTO Camera 2.2.

Протокова цитофлуориметрія. Для оці-
нювання вмісту ABCG2-транспортерів кліти-
ни лінії MCF-7 wt зі стабільною надекспре-
сією Ruk/CIN85 (сублінія G4) та клітини
сублінії G4, інфіковані рекомбінантним лен-
тивірусом R22 і відібрані за присутності пуро-
міцину (2·106 клітин на пробу), фіксували
в 96%-му розчині етанолу протягом 30 хв.
Після оброблення суспензії 0,1%-м розчином
тритону X-100 клітинну суспензію ін ку бу -
вали з анти тілами до ABCG2-транспортера
(Abcam) протягом 45 хв за кімнатної темпе -
ра тури з подальшим відмиванням PBS.
Анти мишачі антитіла, мічені AlexaFluor488
(Invitrogen), використовували як вторинні.
Клітини аналізували на протоковому цито -
флуориметрі COULTER EPICS XLTM (Beckman
Coulter).

Oцінювання метаболічної активності
клітин з викoристанням МТТ. Активність
електрoнотранспoртнoгo ланцюга як пoказ-
ника кількості живих клітин oцінювали за
швидкістю віднoвлення МТТ (3-(4,5-dime -
thylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide) у клітинах LLC, як описано в роботі [10].
Реакцію прoвoдили у 96-лункoвих планше-
тах. Кількість клітин LLC у лунці станoвила
1·104 в об’ємі 200 мкл. У кожну лунку дoда-
вали 20 мкл рoзчину МТТ (4 мг/мл у PBS) та
інкубували прoтягoм 2 гoд при 37 °С. Після
інкубації планшети центрифугували (600 g,
7 хв) і зберігали їх у темряві за 4 °С упродовж
20 гoд. Oсад фoрмазану рoзчиняли у 150 мкл
диметилсульфoксиду. Через 15 хв вимірю-
вали екстинкцію на цифрoвoму спектрo -
фoтo метрі μQuant (BioTEK, США) за
λ = 570 нм. Метаболічну активність клітин
подавали у відсoтках віднoснo кoнтрoлю.

Визначення продукції АФК. Внутрішньо -
клітинні рівні АФК аналізували методом
хемілюмінесценції з використанням люмі-
нолу, як описано в [11]. Клітини НТ-29
вирощували до 80% конфлюенту у середови-
щі DMEM, що містило 10% FBS. Далі кліти-
ни обробляли розчином акутази (1 хв при
37 °C), промивали PBS (без MgCl2 і CaCl2),
осаджували центрифугуванням (1000 g про-
тягом 5 хв) та ресуспендували в холодному
розчині HBSS (з MgCl2 і CaCl2). Потім 2·105

клітин HT-29 висівали в кожну лунку 96-
лункового планшета. До кожної лунки дода-
вали 250 мкM люмінолу та 1 U пероксидази
хрону (кінцеві концентрації) в загальному
об’ємі 200 мкл. Хемілюмінесценцію вимі-

рювали за допомогою люмінометра FLx800
(BioTek, США) через 5 хв після додавання
суміші «пероксидаза хрону/люмінол» про-
тягом 30 хв з інтервалом 1 хв за кімнатної
температури.

Статистична обробка результатів.
Статистичну обробку результатів проводили
у програмі Excel 2007. Експериментальні
результати подано як середнє арифметичне
та стандартне відхилення вибірки.
Достовірність змін оцінювали за t-критерієм
Стьюдента.

Результати та обговорення

Експресія shRNA, що пригнічує експре-
сію адаптерного протеїну Ruk/CIN85, у клі-
тинах ссавців

Послідовності shRNA, що гіпотетично
можуть пригнічувати експресію Ruk/CIN85,
було запропоновано компанією Open
Biosystems (Thermo Fisher Scientific, Inc,
США). Усього було перевірено п’ять послі-
довностей: R19 (2435–2455), R20
(1775–1795), R21 (561–581), R22 (2175–2195)
та R23 (1082–1102) (у дужках позначено
позиції відповідних нуклеотидів на мРНК
Ruk/CIN85, загальна довжина якої стано-
вить 3348 п. н.). Із цих послідовностей R20,
R21, R22 та R23 локалізовані у протеїно-
кодувальній ділянці мРНК (рис. 1), а R19 —
у 3′-нетрансльованій ділянці мРНК.
Лентивірусні вектори для пригнічення екс-
пресії Ruk/CIN85 методом РНК-інтерферен-
ції (pLKO.1-shRuk/CIN85 R19-23) одержу-
вали, як описано в розділі «Матеріали
і методи». Схему будови однієї з пар оліго-
нуклеотидів (R22) наведено на рис. 1, Б.

Рис. 1. Структурна організація повнорозмірного
варіанта адаптерного протеїну Ruk/CIN85:

показано SH3A-, SH3B- та SH3C-домени, Pro/Ser-
багату ділянку та суперспіралізований (СС)
район. Зірочками позначено ділянки протеїну,
яким відповідають гіпотетичні shRNA-послідов -
ності для РНК-інтерференції (R20, R21, R22,
R23). Послідовність R19 комплементарна до 3′-
нетрансльованої ділянки мРНК Ruk/CIN85

A

Б
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Геном лентивірусів містить три гени, що
розташовані в геномній РНК у порядку 5′-
gag-pol-env-3′, а також допоміжні гени.
З міркувань безпеки лентивірусні вектори,
у тому числі pLKO.1 puro, ніколи не несуть
гени, необхідні для їх реплікації. Для одер-
жання віріонів клітини «пакувальної» клі-
тинної лінії HEK293T, які експресують
вели кий T-антиген вірусу SV40, трансфіку-
вали трьома векторами — лeнтивірусним
(pLKO.1), що містить послідовність для
інтеграції в геном, пакувальним (psPAX2),
який кодує протеїни gag i pol, та вектором,
що кодує протеїн капсиду (pMD2.G) (рис. 2).
Супернатант, що містить вірусні частинки,
збирали перший раз через 36 год після транс-
фекції, а потім ще 2 рази кожні 12 год.

Було отримано п’ять різних лентивірусів
на основі pLKO.1puro, що містили потенційні
по слідовності анти-Ruk/CIN85 shRNA (R19-
23). Ці віруси додавали (за присутності
полібрену) до клітин-«мішеней», зокрема до
гліоми C6, яка характеризується високим
ендогенним вмістом Ruk/CIN85, та адено-
карциноми грудної залози людини MCF-7 зі
стабільною надекспресією Ruk/CIN85 (суб-
лінія G4). Експресію Ruk/CIN85 у лізатах
відповідних клітин досліджували за допомо-
гою вестерн-блот-аналізу. Виявили, що одна
з потенційних послідовностей, а саме R22,
пригнічує експресію гена Ruk/CIN85 як
у клі тинах C6 (рис. 3, А), так і в клітинах
лінії MCF-7 (рис. 3, Б).

Дослідження впливу пригнічення експре-
сії адаптерного протеїну Ruk/CIN85 на клі-
тинну міграцію, проліферацію, утворення
АФК та експресію транспортера ABCG2
в пухлинних клітинах

Подальші дослідження впливу пригні-
чення експресії Ruk/CIN85 на біологічні
властивості клітин здійснювали за допомо-
гою експериментального підходу, що його
широко використовують для порівняльного
аналізу міграційного потенціалу клітин —
заростання подряпини у клітинному моно-

шарі. Інфікування клітин G4 лентивіруса-
ми, що містили Ruk/CIN85 shRNA (R22),
але не scrambled shRNA, супроводжувалося
зниженням експресії Ruk/CIN85 приблизно
на 70% (рис. 4, А). Через 24 год ефективність
заростання подряпини аналізували за допо-
могою фазово-контрастного мікроскопа. 

За результатами, наведеними на рис. 4,
рухливість контрольних клітин була при-
близно на 40% нижчою порівняно з клі -
тинами субклону G4. Виявлено, що пригні-
чення експресії Ruk/CIN85 призводило до
подальшого посилення рухливості клітин
G4 ще на 40% порівняно з контрольними
клітинами (рис. 4, Б, В). Наші дані, отрима-
ні на клітинах слаботрансформованої лінії
аденокарциноми грудної залози людини
MCF-7 за умов надекспресії адаптерного
протеїну Ruk/CIN85, відрізняються від ре -
зуль татів, одержаних з використанням
висо коінвазивних ліній раку грудної залози
людини MDA-MB-231, MDA-MB-435s та
Hs578T. У цих лініях siRNA-опосередкова-
не пригнічення експресії ендогенного
Ruk/CIN85 зумовлювало інгібування інвазив-
них властивостей клітин в Matrigel assay [12].

Відомо, що клітини, які зазнають злоя-
кісної трансформації, характеризуються
підвищеною резистентністю до лікарських
препаратів. Важливим чинником, що визна-
чає множинну резистентність до лікарських
препаратів під час хіміотерапії онкологіч-
них захворювань, є транспортер ABCG2 [8].

Рис. 2. Схема зараження «клітин-мішеней» 
лінії MCF-7 лентивірусами, одержаними  

в «пакувальних» клітинах HEK293T

Рис. 3. Аналіз експресії Ruk/CIN85 
у клітинах гліоми щура С6 (А) та в клітинах

аденокарциноми грудної залози людини лінії
MCF-7 з надекспресією Ruk/CIN85 (сублінія

G4) (Б) після оброблення лентивірусами
pLKO.1puro R19-23: 

клітини, інфіковані scrambled shRNA, вико рис -
то вували як контроль. Вміст протеїну визначали
за допомогою вестерн-блот-аналізу

А

Б
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Для того, щоб дослідити зміни в рівні екс-
пресії цього транспортера в клітинах MCF-7
з над екс пресією Ruk/CIN85, застосовували
метод протокової цитофлуориметрії. Було
виявлено, що близько 37% клітин сублінії
G4 експресують ABCG2 порівняно з 13%
контрольних клітин MCF-7 (рис. 5).
Пригнічення експресії Ruk/CIN85 призво-
дило до зниження експресії ABCG2 до рів-
нів, що суттєво не відрізнялись від значень у
контрольних клітинах. Одержані дані свід-
чать про потенційну роль досліджуваного
адаптерного протеїну в розвиткові резистен-
тності до проти  пух лин них препаратів.

Аби виявити, які ефекти спричинює при-
гнічення ендогенних рівнів експресії
Ruk/CIN85, а також для оцінювання здат-
ності одержаних лентивірусів інфікувати
клітини різних типів, було використано клі-

тини мишачої карциноми легені Льюїса
(LLC) та аденокарциноми ободової кишки
людини НТ-29. За допомогою МТ-тесту вста-
новили, що через 24 год після висівання
кількість клітин із пригніченою експресією
Ruk/CIN85 була майже вдвічі вищою
порівняно  з конт роль ними клітинами, що
свідчить про посилення проліферації клітин
LLC за умов пригнічення експресії ендоген-
ного протеїну Ruk/CIN85 (рис. 6). Ці резуль-
тати загалом узгоджуються з даними щодо
клітин лінії MCF-7, для яких показано
повільнішу проліферацію за умов надек-
спресії Ruk/CIN85 [5].

Було виявлено, що повне пригнічення
експресії Ruk/CIN85 призводило до знижен-
ня рівня утворення АФК в клітинах НТ-29
приблизно на 72% від значень у контроль-
них клітинах (рис. 7). Наскільки нам відо-
мо, роль Ruk/CIN85 у регулюванні продук-
ції АФК раніше не було описано.

Оскільки зростання активності дихаль-
ного ланцюга мітохондрій супроводжується
підвищеним утворенням АФК, які є побіч-
ним продуктом цієї реакції, дані про те, що
пригнічення експресії Ruk/CIN85 водночас
призводить до посилення проліферації та
зниження рівнів АФК, можуть видатися
суперечливими. Проте слід мати на увазі,
що важливим джерелом АФК у клітинах
є протеїни плазматичної мембрани, зокрема
НАДФН-оксидази [13]. Наші попередні дані
вказують на те, що Ruk/CIN85 може брати
участь у регулюванні НАДФН-оксидазної
активності, проте підтвердження цієї гіпо-
тези потребує подальших досліджень.

Таким чином, було одержано лентивірус-
ну конструкцію R22, що пригнічує експре-
сію Ruk/CIN85 у клітинах С6, НТ-29, LLC,
а також в сублінії клітин MCF-7 з надек-
спресією цього протеїну (G4). Результати
експресії транспортера ABCG2 в клітинах
аденокарциноми грудної залози людини
лінії MCF-7 свідчать про послаблення однієї
з ознак, характерних для злоякісної транс-
формації, за зниження рівня Ruk/CIN85.
Дещо несподіваними виявилися результати
стосовно вищої рухливості клітин G4 зі зни-
женим вмістом Ruk/CIN85 порівняно з кон-
трольними клітинами. Це можна пояснити
тим, що рівень експресії Ruk/CIN85 у кліти-
нах G4, інфікованих специфічним лентиві-
русом, ще залишався достатньо високим
порівняно з контрольними клітинами лінії
MCF-7. На сьогодні добре відомо, що адап-
терні/риштувальні протеїни регулюють
інтенсивність вихідного сигналу у концен-
траційно-залежний спосіб. Це означає, що

А

В

Б

Рис. 4. Вестерн-блот-аналіз вмісту Ruk/CIN85 у
клітинах лінії MCF-7 «дикого типу» (контроль),
клітинах сублінії G4 і клітинах G4, інфікованих

лентивірусами, що експресують Ruk/CIN85
shRNA R22 або scrambled shRNA (А).

Субконфлюентні моношари клітин лінії MCF-7
«дикого типу» (контроль) або клітин сублінії G4

з високим рівнем стабільної надекспресії
Ruk/CIN85 інфікували лентивірусами, що
експресували Ruk/CIN85 shRNA R22 або

scrambled shRNA (Б). 
Подано середні дані з чотирьох експери мен тів

± SEM. * Статистично значуща відмінність
показників клітин сублінії G4 від контрольних
за парного порівняння за t-критерієм Стьюдента
і рівнем значущості  Р ≤ 0,05.

Типові фотографії зон подряпини 
перед і після 24 год заростання: показано клітини

сублінії G4, інфіковані лентивірусами, що
експресують Ruk/CIN85 shRNA R22 або

scrambled shRNA (В)
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Рис. 5. FACS (fluorescence-activated cell sorting)- аналіз експресії мембранного транспортера ABCG2 
у контрольних клітинах лінії MCF-7, клітинах сублінії G4 та клітинах G4 з пригніченою експресією Ruk/CIN85:

А — точкова (dotplot) гістограма експресії ABCG2; Б — частка (у відсотках) ABCG2-позитивних клі тин від
загальної кількості досліджуваних клітин. 
* Тут і далі — статистично значуща відмінність показників клітин сублінії G4 від контрольних за парного
порівняння за t-критерієм Стью ден та і рівнем значущості Р ≤ 0,05

А Б

Рис. 6. Аналіз проліферативної активності контрольних клітин LLC 
та клітин LLC зі зниженою експресією Ruk/CIN85 за метаболічною активністю, 

визначеною з використанням МТТ:
А — метаболічну активність клітин з пригніченою експресією Ruk/CIN85 подавали у відсoтках відносно
активності кoнтрoльних клітин, яку було прийнято за 100%. Наведено середні дані з трьох експериментів
± SEM; 
Б — вестерн-блот-аналіз експресії Ruk/CIN85 у контрольних клітинах LLC та клітинах, інфікованих
лентивірусами, що експресують Ruk/CIN85 shRNA R22

А
Б

Рис. 7. Аналіз утворення АФК у контрольних клітинах НТ-29 та клітинах зі зниженою експресією Ruk/CIN85
методом хемілюмінесценції з використанням люмінолу та пероксидази:

А — утворення АФК в клітинах з пригніченою експресією Ruk/CIN85 виражали у відсoтках відносно
активності кoнтрoльних клітин, яку було прийнято за 100%. Наведено середні дані з трьох експериментів
± SEM. Б — вестерн-блот-аналіз експресії Ruk/CIN85 у конт роль них клітинах НТ-29 та в клітинах,
інфіко ва них лентивірусами, що експресують Ruk/CIN85 shRNA R22

А

Б
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надекспресія Ruk/CIN85 вище стехіомет-
ричного оптимуму може призводити до
домінантно-негативного ефекту [14, 15].
Можна припустити, що «оптимальна» кон-
центрація Ruk/CIN85, за якої рухливість
клітин є максимальною, перевищує рівень
контрольних клітин MCF-7, але нижча за
рівень у клітинах G4. 

Отже, результати вивчення проліфера-
тивної активності клітин мишачої карцино-
ми легень LLC та утворення АФК клітинами
аденокарциноми ободової кишки людини
НТ-29 свідчать про те, що зниження ендо-

генних рівнів Ruk/CIN85 змінює біологічні
властивості зазначених типів клітин. Для
того, щоб краще зрозуміти роль адаптерного
протеїну Ruk/CIN85 у регулюванні біологіч-
них відповідей пухлинних клітин, необхідні
подальші дослідження.

Роботу здійснено за фінансової підтрим-
ки цільової комплексної міждисциплінар-
ної програми наукових досліджень НАН
України «Фундаментальні основи молеку-
лярних та клітинних біотехнологій», а
також спільного українсько-російського
гранту між НАН України та РФФД 2012 р. 
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ОТВЕТ ОПУХОЛЕВЫХ КЛЕТОК 
НА ПОДАВЛЕНИЕ ЭКСПРЕССИИ

АДАПТЕРНОГО ПРОТЕИНА RUK/CIN85
РЕКОМБИНАНТНЫМИ ЛЕНТИВИРУСАМИ
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Ruk/CIN85 является одним из адаптерных
протеинов, играющих важную роль в регули-
ровании процессов пролиферации, подвижности
и гибели клетки. Недавно нами было показа-
но, что сверхэкспрессия Ruk/CIN85 усили вает
онкогенный потенциал клеток адено карци -
номы грудной железы человека линии MCF-7.
Цель данного исследования — установить,
влияет ли на свойства клеток подавление экс-
прессии Ruk/CIN85. Для Ruk/CIN85 РНК-
интерференции были получены лентивирусные
конструкции, содержащие Ruk/CIN85-специ-
фические последовательности small hairpin
RNA. С помощью полученных рекомбинант -
ных лентивирусов установлено, что подавление
экспрессии Ruk/CIN85 влияет на биологичес-
кие свойства (подвижность, пролиферацию,
уровень экспрессии транспортера ABCG2,
образование активных форм кислорода) опухо-
левых клеток разных типов, а именно: адено-
карциномы грудной железы человека линии
MCF-7, аденокарциномы ободочной кишки
человека НТ-29 и мышиной карциномы лег-
ких Льюиса.

Ключевые слова: адаптерные протеины,
Ruk/CIN85, РНК-интерференция, ленти ви -
рус  ные векторы, подвижность клеток, актив -
ные формы кислорода.

RECOMBINANT LENTIVIRUS-MEDIATED
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Ruk/CIN85 is an adaptor protein that plays
important roles in the regulation of cellular pro-
cesses such as cell death, proliferation and moti-
lity. It was recently shown that overexpression
of Ruk/CIN85 increases the oncogenic potential
of human breast adenocarcinoma MCF-7 cells. It
was the aim of the present study to investigate
whether inhibition of Ruk/CIN85 expression has
an effect on the biological properties of the cells.
In order to down-regulate Ruk/CIN85 expres-
sion of small interfering RNA-based approach
was used. For down-regulation of Ruk/CIN85
lentiviral constructs encoding Ruk/CIN85-spe-
cific small hairpin RNA sequences were genera-
ted. By using the obtained recombinant lentivi-
ruses it was shown that inhibition of Ruk/CIN85
expression influences biological properties
(motility, proliferation, ABCG2 expression, and
ROS generation) of various tumour cell types
such as human breast adenocarcinoma MCF-7,
human colorectal adenocarcinoma HT-29, and
Lewis mouse lung carcinoma cells.

Key words: adapter proteins, Ruk/CIN85, RNA-
interference, lentiviral vectors, cell motility,
active oxygen forms.
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