OLARTEMOURE

OLARTE MOURE & ASOCIADOS LTDA.

Sefores

SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO

DIRECCION DE NUEVAS CREACIONES

Carlos R. Olarte
Juan G. Moure

Alexander Agudeln

Carlos A. Parra
Juan I, Acnsta
Andrés Rinedn
Mdamica Guevara
Andrés Alvarado
Mama (. Calderon
Maursees Avila
China Caceres
Isabella Herrera

Zaava Ravid

2 Alejandro Moure

E. S. ISTRIAY COMEQCIU Miguel F. Poreas
RIN TENDENCI'& BEINDU b i f',:‘rnﬂﬂ Visquer

L) Jl il T

“\\\\\\W Dooto000 -tk

4 1 10 L‘..l Dep 2020 DIR NUE Jr,i?;:‘—{ Sergio Arboleda

Fecha, ')CI""‘C);IEI ]?'E'él\{l Eve’ 178 FASEJAC“D Catalina Jimencz

;[—1 .1: PQHEPQSDRE:!R:U\J Folios 1.54’ 455 [)nr:;‘l.\ Gnrl‘?..a'.[:z

Mantza Sierra

Re:  Expediente N°. 13-019.546 L s

Solicitud de Patente de Invencidon titulada:

“METODO PARA

Guillermo Parra
Firika [hiset Sudrez

Fdiana Galindo
INACTIVAR VIRUS DE LA VARICELA ZOSTER (VVZ) il
INACTIVADO” Wb
Solicitante: MERCK SHARP & DOHME CORP. i Logue
Nuestra Ref.: P2013/000022 o Sl
José ). Dangond
RECURSO DE REPOSICION \v
-

CARLOS R. OLARTE, mayor de edad y vecino de Bogotd, D.C., identificado como aparece al
pie de mi firma, en mi condicion de apoderado de la sociedad solicitante, y dentro del término
legal previsto por el articulo 76 del Codigo de Procedimiento Administrativo y de lo
Contencioso Administrativo, me permito interponer RECURSO DE REPOSICION en contra de
la Resolucion No. 64616, notificada por edicto desfijado el 22 de octubre de 2015.

1. ANTECEDENTES

1.1 La solicitud de patente ventilada en este expediente fue presentada el 01 de febrero de

2013, con un Capitulo Reivindicatorio original de 26 reivindicaciones.

1.2 La Superintendencia de Industria y Comercio (SIC) emitié el primer examen de fondo
notificado por fijacion en la lista No. 09 del 04 de marzo de 2014, correspondiente al Oficio No.
2799, objetando la claridad, la novedad de la presente invencién, y ademés que la materia

reclamada no es una invencion.
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1.3 En respuesta al primer y unico examen de fondo, el 11 de julio de 2014 presenté un

Capitulo Reivindicatorio Modificado con 18 reivindicaciones, y proporcioné argumentos en

favor de la claridad, la novedad y que la materia reclamada si es una invencion.

1.4 La Superintendencia de Industria y Comercio (SIC) emiti6 el segundo examen de fondo
notificado por fijacion en la lista No. 001 del 06 de enero de 20135, correspondiente al Oficio No.

15825, objetando el Capitulo Descriptivo, y la claridad y el nivel inventivo de la presente

invencion.

1.5  En respuesta al primer y Unico examen de fondo, el 15 de mayo de 2015 presenté un

Capitulo Reivindicatorio Modificado con 12 reivindicaciones, y proporcioné argumentos en

favor del Capitulo Descriptivo y en favor de la claridad y el nivel inventivo de la materia

limitada.

1.6 La SIC por medio de la Resolucion No. 64616, notificada por edicto desfijado el 22 de
octubre de 2015, niega las Reivindicaciones 1 a 12 por supuesta falta de claridad y el nivel

inventivo.

2. OBJETO DEL RECURSO

Que se revoque la Resolucion recurrida, y en su lugar se conceda el privilegio de patente de

invencion para las reivindicaciones contenidas en el Capitulo Reivindicatorio Modificado

adjunto al presente Recurso de Reposicion, o en su defecto aquellas reivindicaciones que el

Despacho considere cumplen con los requisitos de patentabilidad.

> FUNDAMENTO DEL RECURSO

Con referencia a los argumentos presentados por la SIC para desvirtuar la patentabilidad de las
Reivindicaciones 1 a 12 en la Resolucidén aqui recurrida, respetuosamente difiero del analisis
expuesto y procedo a refutar cada uno de dichos argumentos, exponiendo las motivaciones

técnicas que desvirtiian la posicion de ese Despacho.

3 a- La SIC insiste en que el Capitulo Reivindicatorio Modificado presentado junto
con mi respuesta al segundo examen de fondo carece de claridad porque definen un método en

términos de la infectividad alcanzada por el virus VVZ o porque se induce una respuesta inmune
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contra VVZ lo que corresponde a un resultado a alcanzar que no permite establecer el alcance de

la materia reivindicada.

b- En primer lugar, con el animo de brindar mayor claridad a la presente solicitud,

me permito adjuntar un Capitulo Reivindicatorio Modificado, que reemplaza en su totalidad al

Capitulo Reivindicatorio Modificado presentado el 15 de mayo de 2015 en respuesta al segundo
examen de fondo, en el cual, siguiendo las recomendaciones de la Examinadora, se eliminaron
las expresiones "en donde la infectividad del VVZ inactivado es <0,040 unidades formadoras de
placas (UFP)/mL" y "en donde el VVZ inactivado induce una respuesta inmune contra VVZ.",
las cuales estaban dirigidas a resultados a alcanzar. De esta manera, respetuosamente considero
que el Capitulo Reivindicatorio Modificado adjunto cumple a cabalidad con los requerimientos

del Articulo 30 de la Decision 486, por lo que su claridad debe ser reconocida.

Valga anotar que las modificaciones efectuadas al Capitulo Reivindicatorio cumplen a cabalidad
con lo estipulado en el Articulo 34 de la Decision 486, ya que éstas de ninguna manera implican
una ampliacion de la proteccion correspondiente a la divulgacion contenida en la solicitud
inicial. Por el contrario, dichas modificaciones corresponden a una limitacion de la materia

reclamada.

32  a- La SIC senala que se requirio allegar el certificado de depdsito del material
biolégico de acuerdo con lo previsto en el articulo 29 de la Decision 486, por cuanto la solicitud
se refiere a un virus inactivado de la varicela zoster de la cepa Oka, la cual no puede describirse
de manera que pueda ser comprendido y ejecutado por una persona capacitada en la materia

técnica. Dicho requerimiento no fue atendido por parte de la solicitante.

b- 1) En respuesta a lo anterior, respetuosamente considero que la Examinadora
no ha entendido completamente ¢l objeto de la invencion. Tal como lo sefialé en respuesta al
segundo examen de fondo, la presente invencion reclama un método de preparacion de un VVZ

inactivado el cual es aplicable a cualquier virus VVZ. Es decir, la presente invencion no busca

proteccion sobre una cepa Oka particular, por el contrario, busca proteccion para un método
novedoso e inventivo de inactivacion de cualquier VVZ usando radiacion gamma, por lo que
requerir el certificado del depdsito de dicha cepa resulta técnica y legalmente incorrecto sin

mencionar que innecesario.

Adicionalmente, el solicitante desea Ilamar la atencion sobre el hecho de que el deposito al cual

se hace referencia en la solicitud no es un depésito que haya sido hecho por Merck. Por el

contrario, dicho nimero de deposito de la ATCC fue incorporado en el Capitulo Descriptivo
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simplemente para indicarle a la persona medianamente versada en la materia, a modo de
ejemplo, una de las muchas fuentes de la cepa Oka de VZV. En este sentido, como Merck no
hizo el deposito, evidentemente no tiene el acceso al certificado de depdsito y por lo tanto, dado
que la invencion no recae exclusivamente sobre dicha cepa, el certificado resulta innecesario. La
Examinadora no puede confundir la simple mencién en el Capitulo Descriptivo de determinada
cepa a modo ilustrativo con el hecho de que la invencion necesariamente recae sobre ella y por lo

tanto sea obligatorio presentar un certificado que no aplica para el presente caso.

Adicionalmente, el Articulo 29 de la Decision 486 establece que “Cuando la invencion se refiera
a un producto o a un procedimiento relativo a un material biologico y la invencion no pueda
describirse de manera que pueda ser comprendida y ejecutada por una persona capacitada en la
materia técnica, la descripcion deberda complementarse con un deposito de dicho material”. Asi
las cosas, la Decision 486 obliga al solicitante a presentar un certificado de deposito si y solo si
la invencion no puede ser comprendida y ejecutada por la persona versada en la materia. En este
caso, tal como lo demostré con los anexos presentados en respuesta al segundo examen de fondo,
que aparentemente fueron completamente ignorados por el Despacho y que por lo tanto vuelvo a

adjuntar (ANEXOS 1, 2, 3,4 y 5), se evidencia completamente que la cepa Oka es ampliamente

conocida en el estado del arte y puede obtenerse de cualquier otra fuente diferente a la

mencionada en el Capitulo Descriptivo, de tal forma que cualquier persona medianamente
versada en la materia, con la simple menciéon de ella, puede comprender y reproducir la
invencion sin necesidad de tener un certificado de deposito. Ademas, valga la pena mencionar
que dicha cepa es tan ampliamente conocida, que cualquier persona medianamente versada en la
materia sabe que dichas cepas Oka se pueden obtener muy facilmente con técnicas y métodos

comunes en el arte, tal como se demuestra en los Anexos 1,2,3,4y5.

Por lo tanto, dado que: 1) la invencion no busca proteccion sobre la cepa Oka especificamente
mencionada en el Capitulo Descriptivo; ii) dicha cepa Oka no fue desarrollada por Merck; iii)
dicha cepa es conocida por cualquier persona medianamente versada en la materia; iv) dicha
cepa Oka puede obtenerse facilmente de otras fuentes conocidas y comunes y, v) dicha cepa es
ampliamente conocida por cualquier persona medianamente versada en la materia;

respetuosamente considero que ningun certificado de deposito debe ser presentado y por el

contrario, considero que la invencion no va en contra de las disposiciones del Articulo 29 de la
Decision 486.

i) De otra parte, me permito aclarar al Despacho, nuevamente, sobre el hecho

que un inventor estd en su derecho de reclamar proteccion para la totalidad de un concepto

inventivo desarrollado, sin importar la amplitud de éste, siempre y cuando se conserve el

principio de unidad de invencion y no haya arte previo que afecte su patentabilidad. Es decir, un
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Capitulo Reivindicatorio puede ser tan amplio como se requiera para asi poder enmarcar la
totalidad del concepto inventivo desarrollado y todas sus posibles modalidades, méas no

solamente las modalidades preferidas o especificamente ejemplificadas en dicha solicitud.

Asi, el concepto inventivo desarrollado en la presente solicitud corresponde a un método de
preparacion de un virus de varicela zoster (VVZ) inactivado que comprende: irradiar con
radiacion gamma una muestra que comprende un VVZ, usando de 10 a 25 kGy de radiacion
gamma, en donde la radiaciéon gamma se proporciona a la muestra mediante la exposicion de la
muestra a rayos de 60Co. De esta manera, es claro que dicho concepto inventivo desarrollado
aplica completamente para cualquier virus de varicela zoster. Por lo tanto, limitar unicamente a
la cepa Oka es injusto, y por el contrario, tan importante es la proteccion a la totalidad del
concepto inventivo desarrollado y a las diferentes modalidades que lo comprenden, que en caso
de que existiese un producto competidor en el mercado, dicho producto evitaria una infraccion
de patente mediante la modificacion de caracteristicas no esenciales, tales como variar entre
cepas del VVZ, en caso de limitar excesivamente la invencion a la cepa Oka. Asimismo, la
compaiiia productora del competidor no se veria en la necesidad de solicitar autorizacion del

inventor para comercializar dicho producto, desdibujando el propdsito del sistema de patentes.

Es decir, la novedad y el nivel inventivo del concepto inventivo dependen unicamente de la
novedad y nivel inventivo del método reclamado, aplicado a cualquier cepa de VVZ. De hecho,
obligar al solicitante a incluir caracteristicas no esenciales en dichas reivindicaciones solamente
limitaria el alcance de proteccion al que tiene derecho, pues productos infractores posteriores
podrian salirse facilmente de las limitaciones no esenciales incluidas, como por ejemplo, variar
de una cepa de VVZ a otra. El Despacho debe comprender que el concepto inventivo no recae
exclusivamente a una cepa en particular, sino a la aplicacion de cierto tipo de radiaciéon gamma a
cualquier virus de varicela zoster. Es por esto que el solicitante no solicita proteccion del
método para cualquier virus existente, sino que lo limita exclusivamente al virus de varicela
zoster, puesto que con la inactivacion de este virus en particular es que se presentan los efectos
sorprendentes e inesperados en relacidn con la disminucion en la inefectividad y ademas

induccién de una respuesta inmune contra VVZ,

En conclusion, considero respetuosamente que el Capitulo Reivindicatorio Modificado adjunto
cumple con los requisitos de claridad y concision establecidos en la Decision 486, y a la luz del
Manual Andino de Patentes (MAP) y la Guia para Examen de Solicitudes de Patente de
Invencion y Modelo de Utilidad de la SIC, permitiéndole a la persona medianamente versada en

la materia comprender inequivocamente el alcance de la materia reclamada.
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33  a- El Despacho insiste en que la patente US6214354 (D1) y el documento “Virus
inactivation studies using ion beams, electron and gamma irradiation™ (D2), afectan el nivel

inventivo de la presente invencion.

La SIC presenta la siguiente tabla comparativa:

Tabla 1

Caracteristicas esenciales D1 D2
Método de preparacion de un
virus de varicela zoster (VVZ)
inactivado que comprende:

Inactivacion de virus de varicela
zoster de la cepa Oka.

Inactivacion del virus de
varicela zoster por radiacion
gamma a diferentes dosis de
radiacion  gamma  (20-30
kGy) (Fig. 1) de ®Co (Pag.
250).

Irradiar con radiacion gamma
una muestra que comprende
W7 usando de 10 a 25k3y | Exposicion  del  vius  VZV  a
de radiacion gamma mediante | radiacion gamma .( Col. 9 linea 60)
la exposicion de la muestia a
rayos de " Co,

El Despacho senala que el documento D1 es considerado el estado de la técnica cercano a la
invencion definida en la Reivindicacion 1 porque divulga la inactivacion del virus de varicela
zoster de la cepa Oka a partir de la exposicion del virus VZV a radiacion gamma (Col. 9 linea

60). El documento también divulga una composicion vacunal que contiene el virus atenuado
(Col. 6 In 15-62) (E;. 2).

D2 divulga la inactivacion del virus de la varicela zdster expuesto a diferentes dosis de radiacion

gamma (20-30 kGy) (Fig. 1) de 60Co (Pag. 250).

La diferencia entre la solicitud y la divulgada en el documento D1 consiste en que la solicitud

divulga que el virus se irradia con radiacién gamma usando de 10 a 25 kGy mediante la

exposicion de la muestra a rayos de 60 Co.

En las figuras 1 y 2 se describe que la exposicion de la muestra viral a radiacion gamma de entre
5 a 25 kGy mostr6 una pérdida de ‘2 unidad logaritmica, sin llegar al 100% de la pérdida de
infectividad, por tanto no se evidencia un efecto técnico sorprendente asociado a un método para

inactivar un virus de la varicela zoster.

'Eduardo E. Smolko, Nuclear Instruments and Methods in Physics Research Section B: Beam interactions with
Materials & Atoms, 2005, vol. 236, issues 1-4, paginas 249-253.
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El problema técnico objetivo que pretende resolver esta invencion se puede formular asi: Cémo

proporcionar un método alternativo para inactivar un virus de varicela zoster.

Sin embargo, virus de varicela zoster inactivado a partir de la exposicion a radiacion gamma, ya
esta divulgado en D2 que se refiere a diferentes dosis de rayos gamma de 60Co (20-30 kGy) con
un 100% de inactivacion total (Fig. 1). Ahora bien, teniendo en cuenta que D1 da a conocer que
el virus de varicela zoster puede ser inactivado por técnicas como la radiacion gamma,
empleando cantidades conocidas de tiempo e intensidad siempre y cuando la integridad del virus
no se vea comprometida (Ejemplo 2, Col 4) y D2 se refiere a diferentes dosis de rayos gamma de
60Co (20-30 kGy) con un 100% de inactivacion total existe una motivacién para irradiar a
diferentes dosis de rayos gamma de 60Co (20-30 kGy) una muestra de virus de varicela zoster de
D2 en un método para inactivar un virus de varicela zoster de D1. En consecuencia, una persona
medianamente versada en la materia, incluirfa diferentes dosis de rayos gamma de Co del
documento D2 en el método sugerido en el documento, esperando con certeza, un método para
preparar un virus de varicela zdster inactivado, por tanto la reivindicacion | carece de nivel

inventivo.

Puesto que las Reivindicaciones dependientes 2 a 3 no proporcionan caracteristicas esenciales
adicionales se considera que tampoco cumplen con el requisito de nivel inventivo. Las
Reivindicaciones 4 a 12 que se refieren al virus inactivado producido mediante el método de la
Reivindicacion | tampoco tienen nivel inventivo teniendo en cuenta que son obtenidos por el
meétodo que ya se demostré que no cumple con los requisitos de patentabilidad, y por qué
adicionalmente no se proporcionan las caracteristicas estructurales del mismo de manera que no
es posible distinguir dicho virus reclamado y la correspondiente vacuna que los contiene de los

divulgados previamente en los documentos D1 (Reivindicacion 1) y D2 (introduccion Pag. 249).

b- En referencia mi argumento, segun el cual el documento D1 es insuficiente en
cuanto a las ensefianzas relacionadas con virus de VVZ inactivado por radiacion gamma, aunque
mencione la radiacion gamma no reclama un rango de radiacion de 10 a 25kGy, la SIC aclara
que lo que la solicitud reclama es un método para inactivar un virus VVZ, para lo cual el DI
divulga la inactivacion del virus de véricela zdster de la cepa Oka a partir de la exposicién del
virus VZV a radiacién gamma (Col. 9 linea 60) y D2 se refiere a diferentes dosis de rayos

gamma de 60Co (20-30 kGy) con un 100% de inactivacién total.

De otra parte, en respuesta a mi argumento segin el cual D2 tan solo muestra resultados de
inactivacion para cada uno de los virus citados, en donde se logra un 0.0001% de actividad de los
virus alrededor de una radiacion gamma de 20kGy vy la presente invencién proporciona un virus

activo alrededor de 0.000015% de virus activo, lo cual corresponde a 10 veces mas virus
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inactivados que lo descrito en D2, la SIC aclara en primer lugar, que la presente solicitud
solamente ensefia en las figuras 1 y 2 que la exposicién de la muestra viral a radiacion gamma de
entre 5 a 25 kGy mostrd una pérdida de tan solo la mitad de una unidad logaritmica, sin llegar al
100% de la perdida de infectividad, de igual manera el documento D2 ensefia la inactivacion del
virus de la varicela zoster expuesto a diferentes dosis de radiacion gamma (20-30 kGy) (Fig. 1)

de 60Co (Pag. 250), y por tanto el método reclamado carece de altura inventiva.

34  a- En primer lugar, me permito aclarar nuevamente que la presente invencion
reclama particularmente un método de preparacién de un virus de varicela zoster (VVZ)
inactivado que comprende: irradiar con radiacion gamma una muestra que comprende un VVZ,
usando de 10 a 25 kGy de radiacion gamma, en donde la radiacién gamma se proporciona a la

muestra mediante la exposicion de la muestra a rayos de 60Co.

b- En este mismo orden de ideas, me permito realizar el analisis de nivel inventivo

; 2 i . . . .
de acuerdo con la Guia de la SIC” en donde se sefiala que “Durante el examen de nivel inventivo
debe hacerse un juicio de valor y un andlisis objetivo de las divulgaciones previas del estado de

la técnica, no_influenciados por el conocimiento que va se tiene de la Invencion que se estd

evaluando. Por tanto, con el fin de minimizar la subjetividad y evitar que se realice un andlisis

en _retrospectiva ("hindsight” ¢ "a posteriori”’), el examen debe relacionar la invencion con la

solucion de un problema técnico, mediante el Método “problema-solucion" (subrayado fuera de

texto).

A. Identificar el estado de la técnica cercano a la invencion reivindicada.

Para el presente caso, D1 es considerado como el arte previo mas cercano, tal como lo reconoce

el Despacho.

B. Determinar la diferencia entre la invencion y el estado de la técnica

mas cercano.

De acuerdo con los lineamientos establecidos por la SIC, me permito presentar el siguiente

cuadro comparativo entre las caracteristicas esenciales de la presente invencion y las ensefianzas

del documento del arte previo citado:

* Guia para Examen de Solicitudes de Patente de Invencién y Modelo de Utilidad de la SIC , 2014, seccién 2.13.5,
paginas 131-134
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Caracteristicas esenciales D1

Un método de preparacion No menciona

un virus de varicela zoster (VVZ) inactivado

que comprende Cepa Oka

-

Inactivar el virus con calor
(Ensefianza primordial y predominante en
D1. Mencionada a lo largo de todo el
contenido de D1)

irradiar con radiacion gamma una muestra
| que comprende un VVZ, ‘

] Exponer el VVZ a radiacion gamma
(mencionada una vez en D1)

usando de 10 a 25 kGy de radiacion gamma No menciona

en donde la radiacion gamma se proporciona

a la muestra mediante la exposicion de la No menciona
0

muestra a rayos de “’Co

Con base en la tabla anterior, se puede concluir que D1 no sugiere un método de preparacion

tal como se reclama en la presente invencion. La SIC comete un error al intentar hacer parecer
que DI si ensefia un método, cuando en realidad las divulgaciones de DI estn orientadas a
métodos de tratamiento, que de manera dispersa y bastante general ensefian, a modo de ejemplo,
que la radiacion gamma junto con muchas otras técnicas, pueden ser utilizadas para inactivar un
virus. Evidentemente el arte previo fue escogido utilizando el beneficio de la retrospectiva, y

simplemente se basé en buscar palabras claves de la invencién en los motores de busqueda.

Por consiguiente, existen al menos tres elementos esenciales de la presente invencion que no son
motivados ni tampoco sugeridos por D1. En este punto el Despacho no puede confundir la
mencion de ciertas caracteristicas esenciales de la invencion en los documentos del arte previo,
con el hecho de que dicha mencion conduzca necesariamente a la invencién. El Despacho estd
pasando completamente por alto la motivacion que dicho documento le brinda a la persona
medianamente versada en la materia. Si bien, D1 menciona la radiacion gamma sobre cepas Oka
de VVZ (de manera muy general), el documento, en su totalidad, pretende ensenarle al lector
sobre un método de tratamiento para prevenir la neuralgia post-herpes aprovechando la
estimulacion antigénica y enfocandose exclusivamente en vacunas con VVZ completo, vivo y
atenuado. De nuevo, la radiacién gamma es mencionada con fines netamente ilustrativos, y
jamas fue intencion de D1 mencionarlo como una caracteristica esencial o fundamental de sus

ensefianzas al lector.

Tal y como lo ilustra el Ejemplo 2 de D1, esta referencia muestra la preparacion de una vacuna
de virus varicela zoster inactivado solamente por calor (véanse las columnas 6 y 7) y solamente

menciona la posibilidad de preparar una vacuna de VVZ inactivado mediante la irradiacion con
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rayos gamma, con una unica referencia general en la columna 4 a radiacion gamma ‘‘en
cantidades conocidas de tiempo e intensidad”, sin detalle adicional particular alguno. D1 so6lo
sugiere que la inactivacion se llevara a cabo "para cantidades conocidas de tiempo e intensidad”
para lograr la inactivada VZV (véase la columna 4 de D1). Los solicitantes consideran que esta
divulgacion limitada no ensefia que 10-25 kGy de radiacion gamma se pueden utilizar para
inactivar una muestra VZV, resultando en una VZV con una infectividad residual de <0,04, que
es capaz de inducir una respuesta inmune contra VZV que difiere de la respuesta inmune

provocada por una muestra de control no inactivado por 25% o menos.

Por lo tanto, la unica ensefianza concreta de D1 corresponde al Ejemplo 2, en relacion el

tratamiento de virus VVZ para inactivarlo _con calor, alcanzando una infectividad de 2,4

unidades formadoras de placas/mL, lo cual es bastante diferente de lo que se reclama

especificamente en la presente solicitud.

En otras palabras, D1 es insuficiente en cuanto a ensefianzas relacionadas con virus de VVZ
inactivado por radiacion gamma. Aunque D1 mencione la radiacion gamma, es evidente que
dicho documento no proporciona datos o informacion relevantes. Por el contrario, D1 solamente
proporciona informacion esencial para producir vacunas mediante la inactivacion por calor,
dejando la produccion de vacunas por radiacion como una simple especulacion. En conclusion
D1 no sugiere las condiciones de radiacion que especificamente aplica la presente invencion, en

donde se reclama un rango de radiacion gamma de 10 a 25kGy.

Definir el efecto técnico causado y atribuible al elemento diferencial.

1) Las diferencias entre el método reclamado y D1 es la caracteristica esencial de
utilizar 10-25 kGy de radiacion gamma para inactivar el virus VZ, lo cual reduce la infectividad
de una preparacion viral VZ a niveles indetectables (es decir <0.040 de PFU/ml), y a su vez,
conserva significativamente la antigenicidad, la inmunogenicidad y las caracteristicas
estructurales de un control no inactivado. Un método para producir un VZV inactivado con tales
caracteristicas no se ensefia o sugiere en D1. Los solicitantes han demostrado que la inactivacion
de las vacunas de VZV mediante la exposicion de una muestra a los rayos 60Co no sélo podria

lograr inesperadamente bajos niveles de infectividad con solamente 10 a 25 kGy de radiacion

gamma, sino también producir una vacuna que induce una respuesta inmune que no fue
significativamente diferente de la producida por una vacuna viva atenuada VZV, medida por un
ensayo de ELISPOT de IFN VZV (véase el Ejemplo 5) y un VZV Ag ELISA (véase el Ejemplo
7). El logro de tales niveles bajos de infectividad residual con irradiacion gamma, al tiempo que
se conserva la inmunogenicidad que atn es suficiente para el uso de la vacuna fue totalmente

inesperado a la luz de DI, que ni siquiera habla de métodos de produccion. Ademds, es claro
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para cualquier persona medianamente versada en la materia que el uso de altos niveles de

radiacion, si bien van a desactivar cualquier estructura viral, es potencialmente perjudicial puesto

que no se va a conservar la viabilidad biologica del virus, de tal forma que lo haria
completamente inutil para producir una vacuna. De esta manera, el hecho que la presente
mvencion logre desarrollar un proceso en el cual, se logre la desactivacion del virus y ademas se
logre conversar su viabilidad inmunogénica es un efecto completamente sorprendente e

inesperado, que demuestran el nivel inventivo de la invencion.

De esta manera, si una persona medianamente versada en la materia midiera la infectividad de

(1) un control no inactivado, o (2) un VZV inactivado con calor (como lo sugiere DI),

encontraria que dichas infectividades serian mucho mas altas que la infectividad de un VZV
inactivado con 10-25 kGy de radiaciébn gamma, como se discute a lo largo del Capitulo
Descriptivo. Ninguno de estos, (1) o (2), produciria un VZV que sea util como una vacuna en
una poblacion de pacientes inmunocomprometidos. Del mismo modo, y como ya lo menciong,
el uso de niveles mas altos de radiacion gamma produciria dafios a la estructura del virus y no
seria Optimo para uso en vacunas. Véase el ejemplo 6, ultimo parrafo, que establece: "Los
resultados de Cryo EM indican efectos de particulas potenciales a dosis de irradiacion de alta
gama, con una reduccion en la densidad de electrones (que quizas refleja la degradacion del
ADN wviral) ..." Por lo tanto, el método reivindicado produce sorprendentemente un VZV
inactivada que es util como vacuna en pacientes inmunocomprometidos, lo cual no esta sugerido

ni mucho menos motivado en D1.

De esta manera, vale la pena resaltar que fue inesperado que un VZV se pueda inactivar a un
nivel de infectividad residual tan bajo al tiempo que conserva una respuesta inmune que difiere
de la de un control en un 25% o menos. Véase, por ejemplo, el ANEXO 6 (Budowsky et al), que

establece:

"Debido a la accion de agentes de inactivacion conduce a dafios directos o
indirectos de los antigenos virales, los viriones en las vacunas muertas por lo
general contienen un conjunto incompleto de antigenos activos, y por lo tanto su
inmunogenicidad puede ser menor que la del virus nativo. Usando la misma
dosis de vacuna de virus muertos como vacuna viva, la disminucion en el
numero de copias activas de cualquier antigeno conduce a una disminucion en

la eficiencia inmunogénica con respecto a este antigeno.”' (Pagina 275)

Vease también, el ANEXO 7 (Rosen et al), que indica que, en el caso de virus del herpes simple,
la capacidad de formacion de placas se mantuvo intacta cuando el virus se irradio con 60Co a

dosis de hasta 40 kGy (resumen). Rosen llegd a la conclusion de su estudio que "los resultados
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. sugieren que se necesita fragmentacion casi completa de ADN viral para destruir su

infectividad por completo." (Pagina 803, primer parrafo).

Del mismo modo, un VZV producido por los métodos reivindicados también es estructuralmente
diferente de una VZV inactivado producido por la inactivaciéon por calor, el cual no puede
alcanzar niveles de infectividad residual tan bajos como los producidos por 10-25 kGy. Véase,
por ejemplo en el ANEXO 8 (Wigginton et al), que muestra de que los virus inactivado por calor
no sufren grandes dafios en el genoma (pdgina 12072, columna 2, primer parrafo completo),
declarando: "el dario en el genoma era insignificante después del tratamiento térmico.") Este
hallazgo esta en contraste directo a los efectos dafinos que los rayos gamma se sabe que tienen
sobre el ADN y las proteinas, tal como se sustentan en los ANEXOS 9 y 10, (Kempner et al y
Miller et al).

Con base en los resultados y conclusiones particulares de los inventores, como se demostro
anteriormente, es evidente que las vacunas de la presente invencion son efectivas y son
completamente impredecibles a partir de las ensefianzas del arte previo. Particularmente, y como
mencionaré con detalle mas adelante, estos resultados demuestran que, contrario a las
ensefianzas del arte, previo, el desarrollo de una vacuna con un virus inactivado por radiacion

gamma, sin afectar el genomica del virus, y por tanto sus propiedades inmunogénicas.

i1) De ofra parte, considero respetuosamente que la SIC malinterpreta los
datos que se muestran en la Figura 1 de esta solicitud, en donde se muestra la cinética de
inactivacion de VVZ liofilizado, sometido a irradiacion g (log UFP/ml v. dosis de radiacion,
véase el Ejemplo 4). Se irradiaron viales de VVZ con diferentes niveles de rayos %Co, usando
un irradiador *’Co Gammacell®. Las UFP residuales/ml de cada vial por dosis de radiacion
(Gy) se determinaron usando el ensayo en placas de varicela en células MRC-5. Los puntos de
datos observados se muestran como rombos negros (“observaciones”) y los datos maximos
medibles por el ensayo, con valores mayores de 5kGy, los valores se muestran por rombos grises
(<= Valor”), para los que no se observaron placas. Es decir, se muestran resultados para
radiacion de 0 a 5 kGy, en donde la inefectividad estd marcada con rombos negros y las
plaquetas no observadas son reportadas como “<=" (dicho valor indica que el titulo pudo haber

tenido 1 plaqueta detectada en el volumen medido) como se puede observar a continuacion:
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En la solicitud también se ensayd un volumen de material grande de 100mL, el cual fue medido
en la Figura 1 (Ejemplo 4, pag. 18). Los 100mL de volumen de material fueron irradiados con
12 kGy y no se detectd inefectividad residual. En este caso, el minimo de inefectividad
detectable pudo ser 1 PFU en 100mL o 0.01 PFU/mL. El valor medido indica que la
inefectividad del materia irradiado a 12 kGy es entonces <=0.01 PFU/mL. En la escala

In(PFU/mL) eje-y de la Figura 1, esto corresponderia -4.6.

El argumento de la SIC afirmando que la muestra del virus pierde la mitad de una unidad
logaritmica a 5-25 kGy de radiacion gamma sin lograr un 100% de desactivacion, es incorrecto.
Para las pruebas del volumen en la Figura 1, se obtuvo la desactivacion completa (por ejemplo,
cero plaquetas fueron detectadas en ensayos con varicela), con la cantidad de radiacién probada
mayor de 5kGy. Los diamante blancos en la grafica indican el limite de deteccion del ensayo.
Aunque no se muestran resultados a 25 kGy en la Figura 1, el In(PFU/mL) puede extrapolarse
basado en la linealidad de la curva, que seria bastante bajo. Esto resulta completamente
inesperado, ya que el rango de radiacion reclamado resulta en tales niveles menores de
inefectividad residual, mientras se mantienen el requerimiento de inmunogenicidad,

antigénicidad y caracteristicas estructurales requeridas para la vacuna propuesta.

En este sentido, me permito 1lamar la atencion sobre el Articulo 18 de la Decision 486, el cual
establece que “Se considerara que una invencion tiene nivel inventivo, si para una persona del
oficio normalmente versada en la materia técnica correspondiente, esa invencion no hubiese

resultado obvia ni se hubiese derivado de manera evidente del estado de la técnica’.
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A la luz de lo anterior, lo Ginico que solicita la Decision 486 para reconocer el nivel inventivo es
que el invento no se derive de manera obvia a partir del arte previo. Asi, a pesar de la presente
invencion logra valores de infectividad adecuados para el desarrollo de una vacuna, es arbitrario
que ¢l Despacho Gnicamente reconozca una perdida de infectividad del 100% como los tnicos
efectos técnicos validos en este tipo de invenciéon y més cuando no existe requerimiento legal
alguno que lo exija. Por lo tanto, es oportuno sefialar que cualquier tipo de efecto téenico que
presente la invencion debe ser reconocido, evaluado y, si dicho efecto no es evidente a la luz del

arte previo, debe ser aceptado para reconocer el nivel inventivo de la invencion.

Asi, gracias a las diferencias encontradas entre la presente invencion y el arte previo citado por el

Despacho, y teniendo en cuenta que cualquier efecto técnico que no sea obvio a la luz del arte

previo es completamente valido en materia de patentes, es oportuno recalcar nuevamente que
el método reclamado en la presente solicitud resulta tener efectos sorprendentes e inesperados a
la luz del arte previo mds cercano, y mas cuando el arte previo sugiere inactivacion por calor en
vez de la radiacion gamma aqui reclamada. Demostrando lo anterior que las consideraciones
anteriormente presentadas no fueron tenidas en cuenta por el Despacho en su andlisis, por lo cual

no pudo apreciar el efecto técnico real que se logra mediante la materializacion de la presente

invencion.

Ahora bien, vale la pena recalcar nuevamente que esta etapa del método problema-solucion se
centra en la definicion del efecto técnico atribuible al (los) elemento(s) esenciales y
diferenciadores de la invencion, mas no en la determinacion de si existe un efecto técnico
necesariamente ventajoso. El Despacho no puede confundir efecto técnico con efecto superior;
incluso, en esta etapa no hay lugar a determinar si dicho efecto es ventajoso o no, ya que por
definicion, el objetivo de una invencién es proporcionar una solucién a un problema técnico, el
cual incluso podria ser desventajoso o comercialmente inviable, sin que esto afecte los requisitos
de patentabilidad. Es un error que el Despacho considere que todas las solicitudes de patente

siempre deben presentan un efecto ventajoso. Lo tnico que debe determinar es si la invencion es

derivable de manera obvia a partir del arte previo.

Aqui valga la pena sefialar que el Solicitante esta en el derecho de consignar la informacién que
considere relevante y necesaria en relacion con el concepto inventivo desarrollado, ya que el
Unico requisito es que dicha informacién le permita a cualquier persona medianamente versada
en la materia reproducir la invencion. En el presente caso, la Examinadora compara
abiertamente los resultados de D2 con los de la presente invencién (sin mencionar que estaban
siendo mal interpretados por la Examinadora). En cualquier caso, es un error que el Despacho
pretenda que todas las patentes presenten la misma informacién, con los mismos datos, los
mismos ensayos, solo porque pertenecen a un campo técnico similar, y sobre todo, exigir que la

invencion tenga obligatoriamente datos comparativos exclusivamente con el arte previo citado en
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Colombia. EI Solicitante no esta en la obligacion de consignar datos comparativos dentro de la
patente, y anticiparse a las posibles objeciones de patentabilidad de una oficina de patentes en

particular.

En el presente caso, existe un efecto técnico, el cual es completamente atribuible a las diferencias
encontradas entre la presente invencidn y el estado de la técnica mas cercano. Asi las cosas, no
solo existe un efecto técnico que soluciona un problema técnico, sino que dicho efecto ademas
resulta ser sorprendente e inesperado, puesto que el estado de la técnica mas cercano ni siquiera

menciona como desarrollar el proceso de la presente invencion.

Asi las cosas, dado el esfuerzo involucrado en el desarrollo de estas mejoras, y dado que éstas
proporcionan ventajas comerciales competitivas, y se derivan directamente de la investigacion y
creatividad humanas, el sistema de patentes debe garantizar su proteccion. La SIC no puede
basarse en apreciaciones subjetivas para privar al inventor de la proteccion merecida para su

desarrollo novedoso vy no sugerido por el estado de la técnica.

D. Deducir el problema técnico a solucionar.,

Con base en lo anteriormente mencionado respecto al arte previo, el problema técnico de la
presente invencion estd planteado de manera bastante general por el Despacho y ademas
ignorando completamente los efectos de la invencion. De esta manera, el problema técnico a
solucionar es: ;Como modificar el método de inactivacion por calor de VVZ de D1 que no altere

el genoma del virus y que no altere la capacidad inmunogénica del virus?

E. Evaluar si la invencion reivindicada, partiendo del estado de la técnica

cercano y del problema técnico objetivo, habria sido obvia para la persona medianamente

versada en la materia.

Evidentemente, el arte previo citado por el Despacho no brinda las ensefianzas suficientes para
que la persona medianamente versada en la materia desarrolle la presente invencién sin
ambigiiedad alguna. Tal y como lo he mencionado a lo largo del presente Recurso de
Reposicion y en mi respuesta al segundo examen de fondo, DI ni D2 sugieren todas las

caracteristicas esenciales del proceso reclamado, y por el contrario, se encuentran alejados de la

materia aqui reclamada.

D2 sugiere un método para la inactivacién de virus, particularmente ensefiando pruebas con
radiacion gamma en Virus de Fiebre Aftosa (VFA), virus Rauscher de leucemia (RLV) y virus
del herpes simple (VHS). Evidentemente, D2 no contiene ensefianza alguna sobre la aplicacion

y utilidad de la inactivacion de VVZ usando radiacion gamma.
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D2 tan solo muestra resultados de inactivacion en la Figura 1 para cada uno de los virus citados,
en donde se logra un 0.0001% de actividad de los virus alrededor de una radiacion gamma de
20kGy. Sin embargo, la presente invencion proporciona un virus activo alrededor de 0.000015%
de virus activo, lo cual corresponde al menos a 10 veces mads virus inactivados que lo descrito en
D2. Claramente, D2 no conduce a la persona medianamente versada en la materia a usar la
radiacion gamma especifica sobre VZV para llegar a la presente invencion, pues ni siguiera se

refiere al mismo tipo de virus, ni brinda ensefianzas sobre los resultados obtenidos.

En conclusion, D2 se refiere a virus inactivos pero no al virus de varicela zoster, y ademas sin
sugerir un protocolo de inactivacion especifico. D2 sélo describe diferentes estructuras de virus
que no llevan a la persona medianamente versada en la materia a llegar al objeto aqui reclamado.
Es mas, D2 ensefia que la inactivacion de diferentes virus no es alcanzable con un protocolo ge

inactivacion general (que pueda predecirse, funcionaria para todos (ver Figuras 1 u 2 de D2).

De otra parte, D2 no proporciona ningun dato biolégico en su publicacion en relacion con
muestras de virus que fueron irradiados con radiacion gamma. D2 solamente muestra la
inactivacion de un virus a la mitad del volumen. Es imposible entender a partir de D2 que la
inactivacion de VVZ usando una alta cantidad de radiacion sea til para inactivar completamente
la muestra, pues el dafio que puede causarse a las muestras (ADN y proteinas) puede resultar en

virus incapaces de inducir una respuesta inmune efectiva. Asi, inactivar un virus corresponde

solo a la mitad del trabajo.

En adicion a lo anterior, nuevamente me permito sefialar que para que la combinacion de
documentos sea valida, ésta debe proporcionar argumentos sélidos sobre el éxito de llegar a la
invencion reclamada. Es decir, se deben encontrar argumentos solidos que lleven a creer de
forma técnica que dicha combinacion de documentos llevaria de manera inequivoca a la materia
reclamada. En el presente caso, la diferente combinacion de los documentos no lleva de manera
inequivoca a la presente solicitud, y por el contrario, la persona medianamente versada en la

materia estaria motivada a inactivar los virus de D2 utilizando la inactivacién por calor de D1.

La combinacion de las 2 anterioridades citadas por la SIC no habria guiado de ninguna manera a
la persona medianamente versada en la materia a desarrollar de manera obvia el proceso de la
presente invencion. Tal andlisis debe basarse inicamente en si existen sugerencias y motivacion
explicitas y suficientes en el arte previo para lograr desarrollar de manera obvia la invencion, la

cual, como se demostro anteriormente, no existen.
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No es aceptable a quien examina una patente desvirtuar el nivel inventivo de la misma por
simplemente desglosar sus elementos separadamente y luego buscar referencias en el estado del
arte que los incluyan, como si de armar un rompecabezas con piezas aisladas, o una colcha de
retazos, se tratara. En este caso particular, y contrario al analisis del Despacho, como es evidente
del andlisis del arte previo realizado anteriormente, la tnica forma en que una persona
medianamente versada en la podria llegar al proceso de la presente invencion siguiendo los
argumentos del Despacho, seria al realizar un andlisis en retrospectiva una vez conoce la
invencion aqui reclamada, que de igual manera tampoco llevaria a las caracteristicas esenciales
del proceso y mucho menos a los resultados obtenidos dado que todos los documentos citados
por la SIC no contienen un hilo conductor que las una o ligue de una forma coherente que guiara

directa y necesariamente al proceso aqui reclamado.

El estudio de solicitudes de patente que conduzca a ese tipo de conclusiones anticipadas
corresponde abiertamente a un analisis conocido en el ambito de patentes como “‘andlisis
hindsight”. Para entender el analisis equivocado que realiza la SIC, podemos citar el Manual
Andino de Patentes, que indica claramente: “...la busqueda de anterioridades se efectua a

posteriori, tomando como punto de partida la misma invencion,...La SIC debe realizar el

esfuerzo intelectual de colocarse en la situacion que ha tenido que afrontar el técnico con

conocimientos medios en la materia en un momento en que la invencion no era conocida, es

decir antes de la invencion™ (mi subrayado). Por ende, no es apropiado anticiparse a los
resultados presentados por la invencion, ya que asi, siempre resultara "obvio" todo objeto de una
solicitud de patente, pues inevitablemente esta parecera derivada de la teoria en que se basa su
desarrollo, sin dar mayor importancia al trabajo, intelecto y creatividad involucrados en la

invencion para llegar a la solucion del problema planteado en la solicitud.

De aceptar el estandar de nivel inventivo de la SIC, donde supuestamente el desarrollo del
proceso aqui reclamado es obvia, equivaldria a desdibujar el objetivo principal del sistema de
patentes, que es precisamente fomentar la investigacion y desarrollo de mejoras incrementales.
Nada se inventa de la nada. En este sentido, el Tribunal Andino de Justicia (TAJ) ha
determinado que la divulgacion del arte previo utilizada para desvirtuar la patentabilidad de una

invencion, debe ser lo suficientemente detallada para que una persona medianamente versada en

la materia pueda usar dicha informacion para reproducir v explotar la invencion sin acudir a

experimentacion adicional alguna“. Evidentemente, la SIC simplemente busco algunas palabras
clave en DI relacionadas con el virus y la radiaciéon gamma de la presente invencion y la
combind con las escasas ensefianzas de D2 en relacion con otros virus y radiacion, sin explicar

de manera coherente, motivada y detallada los argumentos en contra del nivel inventivo.

¥ Manual Andino de Patentes. (2004), Seccién 10.2.1 (disponible en
http://www.comunidadandina.org/public/patentes.pdf).

* Proceso 06-IP-89 (http://intranet.comunidadandina.org/Documentos/Procesos/209-1P-2005.doc); y Proceso 36-1P-
2004 (http://www.notinet.com.co/serverfiles/servicios/archivos/30jul04/ca36-04.htm)
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Por lo tanto, me permito sefalar que el hecho de que las caracteristicas esenciales del proceso
reivindicado no pueda predecirse a partir de las ensefianzas del arte previo concuerda
completamente con los principios fundamentales del nivel inventivo como lo establece el
Manual Andino de Patentes (MAP), el cual establece que para que pueda negarse la existencia de
nivel inventivo, es necesario no solamente que la combinacion de las ensefianzas pueda hacerse,
sino también que exista una sugerencia o razon tal, que lleve al técnico con conocimientos
medios a combinar las ensefianzas de los documentos.” Ademas, el MAP también establece que
las invenciones en el campo de la quimica tienen nivel inventivo cuando la materia reclamada

tiene caracteristicas estructurales inesperadas (no derivable por la persona medianamente

versada en la materia) o cuando presentan un efecto técnico inesperado o mejorado

impredecible del arte previo®. Por lo tanto y en vista de que D1 no sugiere el proceso aqui

reclamado y mucho menos que dicho proceso tenga la capacidad de inactivar el virus y ademas
mantener las propiedades inmunogénicas sin destruir el genoma del virus luego de la radiacion
gamma, la persona medianamente versada en la materia en la materia no podria haber llegado a

ella de manera obvia y evidente a la luz de las ensefianzas de D1.

Asi, resulta notable que en el momento de la realizacion de la resolucion negatoria, el Despacho
no se rigid por lo estipulado en la Guia de la SIC en cuanto la evaluacion de nivel inventivo, ya

que este debe basarse tUinicamente en si existen sugerencias explicitas y suficientes en el arte

previo para lograr desarrollar de manera obvia el proceso aqui reclamado, la cual, como se
demostro anteriormente, no existen. Por el contrario, el analisis que realiza la SIC es subjetivo, y
simplemente pretende negar la existencia del nivel inventivo con razones técnicas equivocadas,
tal como quedd demostrado en el presente recurso de reposicion. En este orden de ideas, es
evidente que el Despacho olvida que la Guia de la SIC dice que “Una vez formulada una nueva
idea, a menudo se puede demostrar teéricamente el modo en el que se podria llegar a ella, a
partir de algo conocido, a través de una serie de etapas aparentemente faciles. El examinador

de patentes debe evitar el uso de un andlisis ex post facto de este tipo.”.

Ademas, la Guia de la SIC establece claramente que “si el estado de la técnica provee las

ensefnanzas para derivar la solucion, revisar si el conjunto de ensefianzas del estado de la técnica

lo llevarian de forma inmediata a la solucién propuesta por la solicitud. Si se requiere de

pasos adicionales o de corroboracion o de superar obsticulos revelados por las propias

*Manual Andino de Patentes. (2004). Seccién 10.2.1 Ejemplo 1.
(http://www.comunidadandina.org/public/patentes.pdf).

* Ibidem. Seccitn 10.8.1.

" Guia para Examen de Solicitudes de Patente de Invencién y Modelo de Utilidad de la SIC , 2014, seccion 2.13.6.3,
pagina 137 (disponible en http://api.sic.gov.co/Documentos/Guia_Examen_Patentes.pdf)
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ensefianzas entonces el estado de la técnica no revela la solucion al problema™ (subrayado y
negrilla fuera de texto). Evidentemente, la dicha persona medianamente versada en la materia
necesitaria investigacion y experimentacion adicional con el fin de establecer el método

reclamado y los virus VVZ obtenidos.

En conclusion, a la luz de la clara evidencia en favor del nivel inventivo de la presente invencion
suministrada anteriormente, la persona medianamente versada en la materia no habria
encontrado sugerencia o motivacion alguna que la condujera directamente a desarrollar el

proceso aqui reclamado, por lo que la presente invencion reviste nivel inventivo sobre D1 y D2,

3.5. Finalmente, y con un propdsito meramente informativo y sabiendo de antemano que en
materia de patentes imperan los principios de territorialidad, autonomia e independencia, siendo
cada pais autonomo e independiente al momento de conceder o denegar un privilegio de patente
en virtud de sus propios andlisis, examenes de patentabilidad y normatividad aplicable, me
permito anotar que a la fecha ha sido otorgado el privilegio de patente para el concepto inventivo
comprendido en la presente solicitud en Australia, Nueva Zelanda, Sur Africa y proximamente

en China.

Si bien es cierto que las concesiones de patentes en oficinas de otros paises no son vinculantes en

el sentido que obliguen a la SIC a tomar una decision en el mismo sentido, es a la vez cierto que

los criterios de patentabilidad en los que deben fundamentarse el andlisis de solicitudes de

patente, en particular en cuanto a la novedad se refiere, son andlogos globalmente, y

concesiones en otras jurisdicciones sugieren el cumplimiento de dichos requisitos, ya que

claramente, los criterios de evaluacion y estudio aplicados para determinar la novedad y nivel

inventivo resultan equivalentes a los que la Superintendencia debe emplear, establecidos de

manera semejante por las legislaciones de patentes a lo largo del mundo entero.

4. Para terminar, de conformidad con lo establecido en el articulo 80 del Codigo de
Procedimiento Administrativo y de lo Contencioso Administrativo, solicito respetuosamente que

todos y cada uno de los puntos planteados en el presente recurso sean resueltos de manera

individual, completa y motivada, respecto de las razones de hecho, derecho y/o conveniencia que

lleven a esa Superintendencia a adoptar la decision que estime frente a la solicitud aqui

formulada.

8 . . . . , - . .z
Superintendencia de Industria y Comercio, Guia para Examen de solicitudes de Patente de Invencion y Modelo de
Utilidad, 2014, seccién 2.6.5.4, p. 76.
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5. NOTIFICACION

Recibiré notificaciones en mis oficinas ubicadas en la Carrera 5 No. 34-03, de Bogota.

Atentamente,

e —

CARLOS R. OLARTE
C.C. No. 79.782.747 de Bogoti
T.P. 74.295

Anexos:

- Capitulo Reivindicatorio Modificado;

- Recibo de pago por modificacion voluntaria

- Recibo de pago por 2 reivindicaciones adicionales;

- ANEXO I: “Comparison of the complete DNA sequences of the Oka varicella vaccine and
its parental virus™;

- ANEXO 2: “Complete DNA sequences of two Oka strain VZV genomes”, J Virol 2008;

- ANEXO 3: “Correction to Comparison of the Complete DNA sequences of the Oka varicalla
vaccine and its parental virus”, J Virol, 2003;

- ANEXO 4: “Population diversity in batches of the varicella Oka vaccine”, Kanda et al.
Vaccine, 2011;

- ANEXO 5: “Molecular Analysis of the Oka Vaccine Strain of Varicella-Zoster Virus”,
Yamanishi et al., 2008,

- ANEXO 6: “Problems and Prospects for Preparation of Killed Antiviral Vaccines,” Advances

in Virus Research 39:255-291.

- ANEXO 7: Rosen et al

- ANEXO 8 Wigginton et al

- ANEXO 9, Kempner et al

- ANEXO 10 Miller et al
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CAPITULO REIVINDICATORIO MODIFICADO

(Recurso de Reposicion)

1. Un meétodo de preparacion de un virus de varicela zoster (VVZ) inactivado que

comprende:

irradiar con radiacion gamma una muestra que comprende un VVZ, usando de 10 a

25 kGy de radiacion gamma,

en donde la radiacion gamma se proporciona a la muestra mediante la exposicion de

la muestra a rayos de “’Co.

2 El método de la Reivindicacion 1, en donde la muestra de VVZ es una cepa Oka o

una cepa derivada de la cepa Oka.

3 El método de la Reivindicaciéon 1, en el que la muestra se liofiliza antes de
irradiarse.
4. Un virus VVZ inactivado producido por el método de cualquiera de las

Reivindicaciones 1 a 3.

5. Una vacuna de VVZ inactivado que comprende una cantidad terapéuticamente

efectiva del VVZ inactivado de la Reivindicacion 4 y un vehiculo farmacéuticamente

aceptable.

6. La vacuna de VVZ inactivado de la Reivindicacion 5, en donde la vacuna es una

formulacion liquida a granel.

7. La vacuna de VVZ inactivado de cualquiera de las Reivindicaciones 5 0 6, en donde

la infectividad del VVZ inactivado es <0,010 unidades formadoras de placas (UFP)/mL.

8. La vacuna de VVZ inactivado de cualquiera de las Reivindicaciones 5 o 6, en donde

la infectividad del VVZ inactivado es <0,002 unidades formadoras de placas (UFP)/mL.

9. La vacuna de VVZ inactivado de las Reivindicaciones 7 u 8, en donde la respuesta
inmune inducida por la el VVZ inactivado no es significativamente diferente de la

respuesta inmune inducida por una muestra de control que comprende la misma cantidad

del VVZ que no se ha inactivado.

10. La vacuna de VVZ inactivado de las Reivindicaciones 7 u 8, en donde la

infectividad del VVZ se determina por un ensayo en placas de varicela.

Pigina 1 de 2
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P2013/000022
i La vacuna de VVZ inactivado de las Reivindicaciones 7 u 8, en donde la respuesta
inmune se mide con un ensayo de ELISA.
12. La vacuna de VVZ inactivado de las Reivindicaciones 7 u 8, en donde la respuesta

inmune se mide con un ensayo IFNy ELISPOT.
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Comparison of the Complete DNA Sequences of the Oka Varicella
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The DNA sequences of the Oka varicella vaccine virus (V-Oka) and its parental virus (P-Oka) were
completed. Comparison of the sequences revealed 42 base substitutions, which led to 20 amino acid conversions
and length differences in tandem repeat regions (R1, R3, and R4) and in an origin of DNA replication. Amino
acid substitutions existed in open reading frames (ORFs) 6, 9A, 10, 21, 31, 39, 50, 52, 55, 39, 62, and 64. Of
these, 15 base substitutions, leading to eight amino acid substitutions, were in the gene 62 region alone, Further
DNA sequence analysis showed that these substitutions were specific for V-Oka and were not present in nine
clinical isolates. The immediate-early gene 62 product (IE62) of P-Oka had stronger transactivational activity
than the mutant IE62 contained in V-Oka in 293 and CV-1 cells. An infectious center assay of a plaque-purified
clone (57-01) from the V-Oka with 8 amino acid substitutions in ORF 62 showed smaller plaque formation and
less-efficient virus-spreading activity than did P-Oka in human embryonic lung cells. Another clone (S-13) with
only five substitutions in ORF 62 spread slightly faster than $7-01 but not as effectively as P-Oka. Moreover,
transient luciferase assay in 293 cells showed that transactivational activities of IE62s of $7-01 and S7-13 were
lower than that of P-Oka. Based on these results, it appears that amino acid substitutions in ORF 62 are
responsible for virus growth and spreading from infected to uninfected cells. Furthermore, the Oka vaccine
virus was completely distinguishable from P-Oka and 54 clinical isolates by seven restriction-enzyme fragment

length polymorphisms that detected differences in the DNA sequence.

Varicella-zoster virus (VZV) is a human herpesvirus that
causes chickenpox (varicella) and shingles (herpes zoster). A
live attenuated varicella vaccine, the Oka strain was originally
developed by Takahashi et al. in Japan (56) and is routinely
used in children in Japan and other countries, including the
United States. Clinical symptoms caused by this live vaccine
are very rare in healthy children. Although the Oka vaccine
virus (V-Oka) is an avirulent virus, its parental virus (P-Oka),
isolated from a patient with typical varicella, is thought to be
virulent in vivo. It has not been clarified which gene(s) is
involved in the pathogenicity of VZV infection. Thus, compar-
ison of the complete genomes of V-Oka and P-Oka should
reveal correlations between DNA sequence and virulence.,

The complete DNA sequence of the VZV Dumas strain was
first determined by Davison and Scott (9). The genome is a
lincar double-stranded DNA of ca. 125,000 bp and consists of
unique long regions (ULs) flanked by terminal repeat long
(TRL) and internal repeat long (IRL) inverted repeat regions,
and a unique short (US) region flanked by internal repeat
short (IRS) and terminal repeat short (TRS) inverted repeat
regions. The genome contains ca. 70 open reading frames
(ORFs), three of which exist in both IRS and TRS regions;
genes 62 through 64 correspond to genes 69 through 71,

We previously determined the sequences of several genes
from V-Oka and P-Oka and found differences hetween them

* Corresponding author. Mailing address: Department of Microbi-
ology, Osaka University Medical School, 2-2 Yamada-oka, Suita,
Osaka 565-0871, Japan. Phone; 81-6-6879-3321. Fax: 81-6-6879-3329,
E-mail: yamanisi@micro.med.osaka-u.ac.jp.

(15, 16). As many as 15 base substitutions, representing 8
amino acid differences, were found in gene 62, located within
the IRS region (or in gene 71 located within the TRS region)
and its flanking regions, although no mutations were found in
genes encoding other transactivators, such as genes 4, 10, 61,
and 63. In addition to our report, another author reported that
the DNA sequences of the P-Oka virus and a cosmid clone
from the vaccine virus were different in gene 62 (2). The
immediate-early gene 62 product (IE62) is an immediate-early
(IE) protein consisting of 1,310 amino acids and is functionally
conserved with herpes simplex virus type 1 (HSV-1) ICP4 (13).
High levels of IE62 are associated with viral tegument (24) and
a recombinant HSV-1 with both copies of ICP4 replaced by
VZV 1E62 has been constructed (11). IE62 can transactivate
all three putative kinetic classes of VZV gene promoters—i.e,,
the IE, early, and late gene promoters (5, 10, 15, 16, 22, 38, 47,
52)—and can transrepress its own promoter (3, 12, 49). Pro-
duction of infectious VZV generated by the transfection of
purified viral DNA is strongly increased by the addition of an
IE62-expressing plasmid, and it has been hypothesized that
virion-associated IE62 may play a crucial role in stimulating
the IE events upon infection (44). In our previous study, the
transcriptional activity of the P-Oka IE62 was higher than that
of V-Oka IE62, which possessed all eight amino acid substitu-
tions, on all classes of VZV gene promoters, leading us to
hypothesize that IE62 might play an important role in the VZV
replicative cycle and, moreover, in the attenuation of VZV (15,
16). However, it is possible that other substitution(s) are re-
sponsible for the pathogenicity of VZV, since the DNA se-
quence comparisons between the Oka viruses have only been
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done for several genes, but not for the complete genome. To
 resolve this issue, the complete DNA sequence of both viruses
was needed.

We determined here the complete genome sequences of the
Oka viruses and found remarkable differences in some of the
VZV genes. The present study provides the first step toward
investigating the genes involved in VZV attenuation. Further-
more, new methods for distinguishing V-Oka from clinical
isolates, including P-Oka, were established, based on the newly
identified substitutions. These methods can be used for typing
VZV strains and for quality control of the Oka varicella vac-
cine,

MATERIALS AND METHODS

Cells and viruses. P-Oka was isolated in Japan from 4 patient with varicella
and was propagated only in human embryonic lung (HEL) cells, A live, attenu-
ated varicella vaccine (BIKEN, lot V-65), manufactured by the Research Foun-
dation for Microbial Diseases of Osaka University, was used as V-Oka, Virus
strains used as clinical isolates in the present study were isolated in J apan from
patients with varicells (Kawaguchi, Inove, RT-283, RT-242, and OZ-4) or zoster
(Z2-4, Z-5, Z-8, or RT-345) who had never been vaccinated. Strain RT-342 was
isalated from the vesicles of a patient 10 days after vaccination, and strain
RT-345 was isolated from the vesicles of a patient with shingles 19 months after
vaccination. Clinical samples were isoluted by the inoculation of HEL cells with
vesicular fluids from patients and were prapaguted by three to five passages in
HEL cells or MRC-5 cells,

PCR. Genomic DNA was extracted from the infected cells as described pre-
viously (42). Approximately 500 primers (25 bp in length) were designed by
referring to the nucleotide sequence of the Dumas strain (9). Almost all regions
covering cach genome were amplified as 43 overlapping pieces by PCR. The
reaction mixtures for PCR contained 2.5 U of Ex Tag (Takara Shuzo Co., Kyoto,
Japan), 200 uM concentrations of each deoxynucleoside triphosphate, (0.3 mM
concentrations of each primer, and an extremely low amount of template DNA
in 50 wl of Ex Tag buffer. Thirty cycles of amplification were performed, in which
cach cycle consisted of a denaturation Step al 94°C for 1 min, an annealing step
at 55°C for 1.5 min, and an extension step at 72°C for un appropriate period (1
min/kbp) in a thermal cycler (Takara Shuzo). For only the regions containing the
R3 reiteration region and gene 62, the PCR conditions were as described above
except that the denaturation time and the annealing time were each changed 1o
30's, For an origin of replication region only, the amplified DNA fragments were
obtained by shuttle PCR by using 2.5 U of LA Tug polymerase (Takara Shuzo),
200 uM concentrations of each deoxynucleoside triphosphate, 0.3 M concen-
trations of each primer (32 bp in length), and an extremely low amount of
template DNA in 50 ul of LA Tag buffer. Shuttle PCR conditions were follows:
an incubation at 98°C for 2 min for the hot start and 30 cycles of 98°C for 30 s
and 68°C for 2.5 min. All amplified products were puritied by using 1 QIA PCR
purification kit (Qiagen) to remove the primers,

Cloning of PCR products. Determinations of the DNA sequences at both ends
of the genomes, the flanking regions between the internal repeat long and TRS
regions, and the R3 repeat were difficult to obtain by direct sequencing of the
PCR products as described below, implying that various clones containing dif-
ferent sequences existed, Thus, PCR products containing the regions were indi-
vidually inserted into a pCR2.1 vector and then transformed into competent
Escherichia coli TOP10 5' cells by the TA cloning method (Invitrogen). The
plasmid DNAs were purified from cultured cells by using the QIA Prep Spin Kit
(Qiagen).

Sequencing. Direct sequencing of purified PCR products and plasmids was
performed by using the BigDye-terminator cycle sequencing kit and a Genetic
Analyzer 310 (both from Perkin-Elmer/Applicd Biosystems, Chiba, Japan). The
viral sequences were compiled by using the DNASIS computer programs (Hita-
chi Computer Engincering, Tokyo, Japan).

Plasmids, Two effector plasmids were constructed for a transient luciferase
assay lo analyze the transcriptional activity of ORF 10 protein containing an
amino acid substitution, which was caused by a partial base substitution within
the Hindlll site, A DNA fragment containing ORF 10 from V-Oka was amplified
hy PCR under the conditions described abave, The amplified product was in-
serted into the pCR2.1 vector by the TA cloning method and then checked for
the direction of the inserted fragment and whether the Hind111 site was present
or not. Plasmids pCG10(~) and pCG10(+) were constructed by inserting the

J. ViroL,

Kpnl-Xhol fragment from clones obtained by TA cloning into pCONA3.1 (In-
vitrogen) containing the cytomegalovirus [E promoter. The HindlIl site existed
in pCG10( - ), which bore the ORF 10 from P-Oka, but not in pCG10( +), which
contained the ORF 10 present in V-Oka.

Five kinds of effector plasmids expressing 1E62s were constructed, pPar-G62
and pVac-G62, which had cight amino acids that were different from each other,
were sclected from the clones and used for our previous study (15), After
pPar-G62 and pVac-G62 were digested by Neol and Psil (Takara Shuzn), pPV-
G62Neo and pVP-G62Neo were constructed by connecting the small fragment
from the digested pPar-Gi62 and pVac-G62 and the large fragment from the
digested pVac-G62 and pPar-Gh2, respectively, pVmutd was also selected from
the clones from V-Oka; this clone had four amino acid differences in ORF 62
compared to pPar-G62. The reporter plasmid pPal-Luc contained ca, 750 bases
upstream from the initiation codon of gene 29. This was constructed by trans-
ferring the Nhel-Bgill fragment from plasmid pPol-CAT as described previously
(15) to the region upstream of the firefly luciferase gene in pGL3-Basic (Pro-
mega).

Transfection, To analyze the transactivational activity of the ORF 10 proteins,
CV1 cells, which were cultured in 35-mm plastic dishes at 10° cells/dish, were
transfected by lipofection with SuperFect (Qiagen), Each reaction mixture for
transfection consisted of (.5 ug of the reporter plasmid, various amounts (0 to 2
ng) of either effector plasmid pCG10(+) or pCGI0(=), and 0.25 pg of B-galac-
tosidase-expressing plasmid pCH110 (Amersham Pharmacia) for normalizing
the transfection efficiency between different dishes. The tatal amount of plasmid
DNA in each transfection experiment was kept constant at 2.75 ug by adding the
vector pCDNA3J.L,

To analyze the transactivational activity of the different IE62s, 203 cells and
guinea pig emhryonic (GPE) cells (derived from the fourth week of pregnant
guinea pigs), which were cultured in 35-mm plastic dishes at 10° cells/dish, were
transfected with the SuperFect and Lipofectamine Plus reagents (Gibeo-BRL),
respectively. Each reaction mixture for transfection consisted of 0.25 mg of the
reporter plasmid, the sume amount of one of five effecior plasmids that express
IE62s, and 2 mg of the vector pUC1Y. All experiments were repeated at least
three times independently,

Luciferase and fi-galactosidase assays. At 24 h after rransfection, the cells
were washed twice with phosphate-buffered saline. The cells were then lysed by
the addition of 100 ul of reporter lysis buffer (Promega), followed by mixing for
15 min at room temperature. The lysate was collected in a new microcentrifuge
tube, and the cell debris was removed by centrifugation at 12,000 rpm for 2 min.
The luciferase activity of 10 u! of supernatant was determined by using a
Berthold luminometer, model LBYS07 (Berthold Japan, Tokyo, Japan), after the
addition of 50 ul of substrate buffer (Promega). To normalize this transient assay
for ORF 10 proteins to the transfection efficiency, the B-palactosidase activity of
10 u! of supernatant was alsa determined by using the luminometer, after the
addition of 100 ul of the reaction buffer of the luminescent B-galactosidase
detection kit I (Clontech) and incubation of the mixture at room lemperature
for 1 h. In another transient assay for various IE62s, the luciferase activity in each
lysate was standardized to the protein concentration determined with the Bio-
Rud protein reagent, because all of the internal plasmids used to normalize the
transfection efficiency were stimulated by the [E62s,

Comparisan of plaque sizes and infectious center assay, HEL cells were
infected with cell-free V-Oka, and virus clones were plaque purified twice. Two
clones, §7-01 and §7-13, were obtained after DNA sequencing for use in further
experiments. These clones were then propagated in HEL cells, and cell-free
viruses were harvested by sonication as described previously (15). HEL or GPE
cells were infected with the cell-free cloned viruses, P-Oka, and V-Oka, and their
plaque sizes were compared after fixation and staining with methylene blue. An
infectious center assay was also performed to examine the spreading of the
viruses, HEL or GPE cells in 35-mm dishes were infected with cell-free viruses
(ca. 50 PFUiplate), At 0 to 5 days postinfection, they were washed with phos-
phate-buffered saline (37°C) and treated with trypsin, The trypsin-treated cells
were diluted and transferred anto monolayers of HEL cells in 35-mm dishes, and
the numbers of infected cells were assessed by counting the plagues 7 days after
the inoculation,

Restriction fragment length polymorphism (RFLP) analysis. Six parts of the
genome were amplified by PCR with six sets of primer pairs as shown in Table
1. The conditions for the PCR were as described above. Portions (3 pl) of the
amplified products with three primer pairs—01-N12 and 01-R13, 50-N15 and
S0-R17, or 60-N11 and 60-R12—were digested with 4 U of the restriction en-
donucleases Alul (Takara Shuzo), HsrX] (Takara Shuzo), or Bsrl (New England
Biolabs), respectively. The same volumes of the products obtained by using
primer pair 60-N06 and 60-R06 and primer pair 60-N26 and 60-R28 were di-
gested independently with 4 U of the enzymes SfaNI (New England Biolabs)-
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TABLE 1. Primers used in the RFLP analysis in this study?

Position
Name Sequence (nucleotide
range)

0I-N12 ' -ATTGTATGCATGCGATTGCTATCGO-3" 5372-5396
01-R13  5'-GGTCTTCCACTTTAAAGGGSTTTGE -2 61346110
50-N15  5'-CGATCACGTCGCTCACATCCARCCC -3 93685-93709
50-R17  5'-ATGGCAGAAGAAACACGTATTGCCG-3' 04457-94433
60-N06 5'-GAGGACAACAGCTCCACCTTGACCG- 3" 105277-10530
60-R06  5'-GAGTAATGTGGCCGCCCGETTTTGE-3"  105613- 105589
60-N26  5'-CCARAACCGGGCGGCCACATTACTC-3' 105589-105613
60-R28  5'-ATTACTGTCGACCCGAGACCTGGCC- 3 106380-106356
60-NI1  5'-ARGGGCTTCCGTCGGGCATCATGAG- 3" 107729-107753
60-R12  5'-TCGGGTAARARGCCGGGCEATGAGC-3" 1018497108473

" These primers were designed by referring to the nucleotide sequence of the
Dumas strain, Nucleotide positions refer to those in the sequence of the Dumas
strain.

Accll (Takara Shuzo) and Sacll (New England Biolabs)-Smal (New England
Biolabs), respectively. Samples were digested for 1 h at 25°C for Smal; 37°C for
Alul, SfaNI, and Sacll; 45°C for BseXI; 60°C for Acell: and 65°C for Bsrl, The
digested products were analyzed by electrophoresis in a 4% agarose gel (NuSieve
3.1: FMC BioProduets Co., Rockland, Maine) with cthidium bromide staining
and then visualized with short-wave UV fllumination of the gel,

RESULTS

Comparison of the complete DNA sequences of V-Oka and
P-Oka. (i) Substitutions of bases and amino acids. The entire
VZV DNA sequences of V-Oka and P-Oka were determined
mainly by the direct sequencing of PCR products. Thus, the
determined sequences reflect the VZV DNA population in
infected cells; that is, if mutated viruses also exist within a
sample, more than two kinds of nucleotides would be recog-
nized at one base position by this method. The genome sizes of
both the Oka viruses were ca. 125 kbp, and >95% of the
sequences were determined by this method on both the sense
and antisense strands of the DNAs, When the complete DNA
sequences of the Oka viruses were compared, only 42 bases
were found 1o be different (Fig. 1A and Table 2), not including
the substitutions in the TRS region, which are duplications of
the IRS region. Two base substitutions were found in genes 10
and 14 for the first time in the present study, although we had
missed them in our carlier study (15, 16). Base substitutions at
20 nucleotide positions in V-Oka caused amino acid conver-
sions, and the base substitutions at 17 nucleotide positions
were silent mutations. The remaining live base substitutions
were found to be in noncoding regions. Thirty-one base sub-
stitutions in V-Oka were mixtures of two kinds of base at each
of these positions (Table 2). Every base substitution was a
G-versus-A or a C-versus-T conversion except for a G-versus-T
conversion only at position 39227 in gene 22. Fifteen amino
acid substitutions in V-Oka were partial, resulting in mixtures
of two kinds of amino acids at cach of these positions. Surpris-
ingly, more than one-third (15 of 42) of the substitutions were
found in gene 62 (or gene 71) and its flanking regions, and
about half of the amino-acid substitutions (8 of 20) were within
ORF 62. Thus, the gene 62 region was obviously the most
variable region in the V-Oka virus. The major transactivating
domains of IE62 are divided into five regions (regions | to 5)
based on sequence homology in comparison with HSV-] ICP4
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(9, 35). Regions 4 and 3 contained one and three amino acid
substitutions each, respectively.

There were 12 amino acid substitutions between the Oka
viruses in the entire genome outside of gene 62. These existed
in genes 6, 9A, 10, 21, 31, 39, 50, 52, 55, 59, and 64 (Fig. 1A and
Table 2). The HSV-1 helicase-primase complex consists of
threc proteins encoded by ULS2, ULS, and ULS (8); their
homologs in VZV arc ORFs 6, 52, and 55, respectively. Inter-
estingly, four amino acid substitutions were found in these
proteins. One amino acid substitution was located near the
carboxyl terminus of gene 6, which was Ser in P-Oka and Gly
in V-Oka. Another substitution occurred in gene 52. In this
case, the amino acid residue in P-Oka was Ile, which was
incompletely altered to Val in V-Oka; V-Oka contained two
kinds of base at a single position, resulting in two kinds of ORF
52 protein. The remaining two amino acid substitutions were
located in ORF 55. An Ala at position 97748 and a Cys at
position 97796 in P-Oka were partially substituted by Thr and
Arg in V-Oka, respectively.

There was only one amino acid substitution among the seven
known VZV surface glycoproteins gK, gC, gB, gH, gL, gl, and
gE, encoded in genes S, 14, 31, 37, 60, 67, and 68, respectively.
gB contained an amino acid substitution in which an Ile in
P-Oka was substituted by Val in about half of the virus popu-
lation of V-Oka. Another substitution was found in ORF 50,
which is homologous to the gene encoding the HSV-1 glycop-
rotein gM, but it has not been established whether gM exists
and is functional in VZV. Gene 9A is homologous to HSV-1
ULA49.5, which encodes a hydrophobic protein with only 91
amino acids (4). The gene product in VZV, the ORF 9A
protein, is present in the membrane fraction of infected MeWo
cells, although it is absent in the cytosolic fraction, and cells
infected with a recombinant virus that is unable to express the
ORF 9A protein produce smaller plaques than cells infected
with the parental virus (50). A partial amino acid substitution
was located at the end of the carboxyl terminus of ORF 9A
protein. It is possible that this substitution affects the stability
of the protein. ORF 10 protein is a tegument protein (24) that
regulates positively to the IE62 gene promoter, and V-Oka
contained both Ala and Val at a single position (i.e., 12779) in
the middle of the protein, In the gene 21 protein, whose func-
tion is unknown, Thr in P-Oka was incompletely substituted by
Tle in V-Oka as a result of a base substitution at position 31732,
Amino acid substitutions also existed in genes 39 and 64. The
HSV-1 homologue to the gene 39 product is the UL20 product,
which is known to be a membrane protein, and the homologue
to gene 64 is the US10 product, which is known to be a tegu-
ment protein, but the function of either of these products in
VZV is not clear., Finally, an amino acid substitution was found
in the gene 59-encoded uracil-DNA glycosylase, which is a
DNA repair enzyme responsible for the removal of uracil res-
idues misincorporated into DNA.

The DNA sequence differences of the Oka viruses were then
compared with the Dumas strain. The G+C content was 46.1%
for both V-Oka and P-Oka; this value is very close to that of
the Dumas strain (46.0%). When the complete DNA se-
quences of V-Oka and P-Oka were compared with the Dumas
strain, 213 and 171 basc substitutions leading to 75 and 53
amino acid conversions, respectively (Fig. 1B), were found. All
176 substitutions between the Dumas virus and P-Oka are
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FIG. 1. Comparisons of complete DNA sequences, The genome is presented in sections; horizontal lines indicate unique regions, and open

boxes indicate inverted repeat regions, ORFs | to 71 are illustrated as pentagons, ORFs 62
p g pentag

through 64 are duplications of ORFs 69 through 71.

Solid, shaded, and open symbols show the buse substitutions causing amino acid conversions, base substitutions in noncoding regions, and silent
mutations, respectively. (A) Forty-two base substitutions between P-Oka and V-Oka. (B) One hundred seventy-six base substitutions between the
Dumas virus and P-Oka. All 176 substitutions between the Dumas virus and P-Oka are contained within 218 substitutions between the Dumas virus
and V-Oka; the 218 substitutions between the Dumas virus and V-Oka were the total of 176 plus 42 substitutions.

contained within 218 substitutions between the Dumas virus
and V-Oka; 218 substitutions between the Dumas virus and
V-Oka were the total of 176 plus 42 substitutions. In the entire
DNA sequences, excluding the repeat regions, the mutation
rates of P-Oka and V-Oka were 0.16 and 0.19% compared with
the Dumas strain, respectively. Thus, P-Oka is genetically
slightly closer to the Dumas strain than is V-Oka, Several
regions in gene 22 and genes 55 through 61 were variable
between the Dumas strain and P-Oka (Fig, 1B). The gene 62
region was an additional variable region when the Dumas

strain was compared with V-Oka; 24 base substitutions existed
in gene 62 and its flanking regions between V-Oka and the
Dumas strain. At the amino acid level, the mutation rate in all
of the ORFs between the Dumas strain and P-Oka was 0.16%,
whereas that between the Dumas strain and V-Oka was 0.21%.
V-Oka ORF62 possessed the greatest mutation rate (0.84%)
among all of the ORFs compared with the Dumas strain.

(ii) Deletions and insertions in V-Oka. V-Oka had several
deletions and insertions compared to P-Oka in certain regions,
including the tandem repeat regions and an origin of DNA

Yo
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TABLE 2. Base and amino acid substitutions found by comparing
the complete DNA sequences of V-Oka and P-Oka®

Amino acid subslitution(s)

Position” Gene

V-Oka P-Oka
560 5" noncoding € (NCR) T (NCR)
703 1 TiC (Gin) T (Gin)
763 1 TiC (Pro) T (Pro)
2515 3/4 T/C (NCR) T (NCR)
5745 (945) 6 G (Pro) A (Ser)
10800 (91) 9A T/C (Trp/Arg) T (Trp)
12779 (207) 10 TIC (Ala/Val) T (Ala)
19431 14 T/C (ODCH/AMB) T (OCH)
26125 18 G (Asn) A (Asn)
31732 (325) 21 T/C (Thr/lle) C (Thr)
38036 2 /C (Thr) T (Thr)
39227 22 TG (Pro) T (Pra)
58595 (530) 3 AJG (lle/Val) A (Tley
50287 31 AJG (Pro) A (Pro)
64067 35 AJG (Ala) A (Ala)
71252 (207) 39 {C (Met/Thr) T (Met)
R2225 45 AJ/G (Pro) A (Pro)
84091 47 AlG (Glu) G (Glu)
87280 0 A/G (Cys) A (Cys)
87306 (193) 50 TIC (Ser/Gly) T (Ser)
89734 51 A/G (Thr) A (Thr)
90535 (15) 52 ASG (Ile/Val) A (Tle)
94167 54 C (Leu) T (Leu)
97748 (585) 55 G/A (Ala/Thr) G (Ala)
97796 (601) 55 T/C (Cys/Arg) T (Cys)
101089 (44) 59 A/G (Lew/Pro) A (Leu)
105169 61/62 AJG (NCR) A (NCR)
105310 (1275) 62 A/G (Leu/Ser) A (Leu)
105356 (1260) 62 C (Val) T (lle)
105544 (1197) 62 G (Als) A (Val)
105705 62 C (Ala) T (Ala)
106262 (958) 62 C (Gly) T (Arg)
106710 62 A/G (Ala) A (Ala)
107136 62 C (Ala) T (Ala)
107252 (628) 62 C (Gly) T (Ser)
107599 (512) 62 AJG (Val/Ala) A (Val)
107797 (446) 62 AJG (Leu/Pro) A (Leu)
108111 62 C (Pro) T (Pro)
108838 (99) 62 A/G (Met/Thr) A (Met)
109137 62/63 A/G (NCR) A (NCR)
109200 62/63 A/G (NCR) A (NCR)
111650 (29) 64 AG (Gln/Arg) A (GIn)

“ Mutations in the repeat region are not shown here (see Fig. 2). The number
at the base position refers to the sequence analysis of the Dumas virus, Base
substitutions leading to amino acid conversions are indicated by filled cells.
P-Oka has a base identical to that in the Dumas virus at every position. NCR,
nancoding region; OCH, ocher; AMB, amber.

" Numbers in parentheses refer to the amina acid number within a particular
ORF

replication. Five repeat regions—R1, R2, R3, R4, and R5—lie
in genes 11, 14, and 22, and in the flanking regions between
genes 62 and 63 (and genes 70 and 71), and genes 60 and 61,
respectively. There were length differences in regions R1, R3,
and R4. In particular, differences in the length of the R1 region
have been used to distinguish different VZV strains (18, 62).
R1 is composed of four kinds of allele, i.c., a, a', b, and b,
which are 15 or 18 bp in length and partial copies of them, x,
which are 3 bp in length. V-Oka had 17 rciteration elements in
the R1 region, whereas P-Oka had 15 clements (Fig. 2A), The
R3 region consists of three kinds of allele, a, b, and b’, which
are 9 bp in length, and partial copies of them, x, which are 3 bp.
The DNA sequences of the R3 regions from both Oka viruses
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FIG. 2. Comparisons of repeat regions., V-Oka has different struc-
tures in R1 (A), R4 (B), and R3 (C) compared to P-Oka. Both V-Oka
and P-Oka contain multiple clones that have different patterns and
combinations of repeat clements in R3,

could not be completely determined by the direct sequencing
of the PCR products. The sequences could be determined to
just before the fourth element, b'b’a, with sense primers, and
the last three elements, b'ax, with antisense primers. These
results indicated that the R3 regions contained mixtures of
multiple sequences from the fourth element to just before the
last three elements. Thus, the R3 region appeared to be un-
stable, and each virus was represented by more than two clones
containing different numbers and combination patterns in this
region. Sequencing analysis of fragments containing the R3
region of each virus revealed that the numbers and types of
combination patterns varied (Fig. 2B). All of the clones from
the viruses had more than four elements. The maximum num-
ber of reiteration elements that we detected from V-Oka was
16, whereas that from P-Oka was 11. However, Davison and
Scott reported that the R3 region might contain over 100
copies of the 9-bp clement (9). Although we amplified the
fragment containing the R3 region under various PCR condi-
tions, we did not obtain any fragment containing this many
elements, No frameshifts occurred in spite of the differences in
the R1 and R3 regions located within the ORFs because the
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110350

F1G. 3. Comparisons of DNA sequences in the origin region. An almost palindromic sequence (underline) is located in the middle of this
region. P-Oka and V-Oka have deletions, (TA), and (TA)-, in the palindromic sequence, respectively. The other deletion site is in the (GA) repeat

just after the palindromic sequence,

base numbers of elements were multiples of 3. R4 is located in
both the IRS and TRS regions and consists of a single element,
a, which is 27 bp in length, and a partial copy of it, x, which is
11bp in length. V-Oka had 9 repeat elements in the R4 region,
whereas P-Oka had 10 elements (Fig. 2¢).

Finally, the VZV genome contains origin regions of repli-
cation in both the IRS and the TRS regions, and each origin
region is ca, 270 bp in length (Fig. 3). P-Oka contained 269 bp
in this region and was 8 bp longer than V-Oka. The Dumas
strain has an almost perfect palindrome of 45 bp in the middle
of the origin region (Fig. 3, underline) (9, 54), and both Oka
viruses had additional sequence following the palindrome. P-
Oka had part of the palindromic sequence (TA),, and just
following (GA),,, whereas V-Oka had a different sequence
(TA)s and (GA)y. The genome size of V-Oka was slightly
longer than that of P-Oka due to these insertions and dele.
tions. The whole genomes of V-Oka and P-Oka consisted of
125,076 and 125,069 bp, respectively.

Transactivational activity of ORF 10 protein containing an
amino acid substitution. ORF 10 protein, which is a homolog
of HSV-1 VP16, is a virion-associated transactivator (24). It is
reported that the ORF 10 protein can stimulate the 1E62 gene
promoter but has no regulatory effect on the gene 4 promoter
(43). A base substitution that existed within the HindlI1 site in
ORF 10 caused an amino acid conversion in which an Ala in
the middle of the ORF 10 protein in P-Oka was altered to a
mixture of Ala and Val in V-Oka. When the PCR product
containing the site from V-Oka was digested by HindIll, ap-
proximately half of the product was cleaved similar to P-Oka.
To compare the transcriptional activity of the ORF 10 protein
from clones with the amino-acid substitution, a transient lucif-
crase assay was performed. The effector plasmids pCG10(+)
and pCG10(~) had Ala and Val at the substituted positions,
respectively. ORF 10 proteins from the V-Oka and P-Oka
viruses could both transactivate the gene 62 promoter in CV1]
cells in a dose-dependent fashion. The transactivational activ-
ity of pCG10(~) on the genc 62 promoter was slightly higher
than that of pCG10(+), but this difference was not significant,

Plaque sizes and infectious center assay of cloned viruses,

V-Oka was a mixture of different clones (15, 16). To obtain
clones of V-Oka, plaque purification was carried out and 13
clones were obtained. Because we found 20 base replacements
that led to amino acid differences between V-Oka and P-Oka
as described above, these clones were sequenced. In gene 62,
one of the clones, $7-01, had all eight amino acid substitutions
compared to P-Oka, In contrast, another clone, S7-13, had the
minimum number of substitutions compared to P-Oka, with
only five amino acid differences, and the remaining three
amino acids conserved with P-Oka (Table 3). Thus, these two
clones were chosen to determine whether the mutations in
gene 62 were correlated with viral growth. A comparison of the
plaque sizes of §7-01, §7-13, V-Oka, and P-Oka showed that
P-Oka gave rise to the largest plaques (Fig. 4). V-Oka and
§$7-13 showed relatively larger plaques than §7-01. In particu-

TABLE 3. Amino acid substitutions in clones §7-01 and §7-13
relative to V-Oka and P-Oka

Amino acid substitution(s)
Position  Gene

Oka parental Oka vaceine §7-01 §7-13

5745 6 A (Ser) G (Pro) G (Pro) G (Pro)
10900 9A T(Trp)  T/C(Trp/Arg) T (Trp) C (Arg)
12779 10 T (Ala) T/C (Ala/Val)  C(Val) C (Val)
31732 21 C (Thr) C/T (Thr/lle) T(lle) C(Thr)
58595 31 A (Ile) A/G (leiVal) G (Val) A (lle)

71252 39 T (Met)  T/C (Met/Thr) C (Thr) C(Thr)
87306 50 T (Ser) T/C (Ser/Gly) T (Ser) T (Ser)

90535 52 A (lle) A/G (le/Val) A (lle) G (Val)
07748 55 G (Ala)  G/A (Ala/Thr) G (Ala) A (Thr)
97796 55 T (Cys) TIC (Cys/Arg)  C (Arg) T (Cys)
101089 359 A (Leu)  A/G (Leu/Pro) A (Leu) A (Leu)
105310 62 A (Leu)  A/G (LewSer) G (Ser) G (Ser)
105356 62 T (lle) C (Vval) C(Val) C(Val)
105544 62 A (Val) G (Ala) G (Ala) G (Ala)
106262 62 A (Arg)  C (Gly) C(Gly) C(Gly)
107252 62 T (Ser) C (Gly) C(Gly) C(Gly)
107599 62 A (Val)  AG (VallAla) G (Ala) A (Val)
107797 62 A (Leu)  A/G (LewPro) G (Pro) A (Leu)
108838 62 A (Met)  A/G (MeU/Thr) G (Thr) A (Met)
111650 64 A (Gln)  A/G (GInfArg) G (Arg) A (Gin)

Q0
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FIG. 4. (a) Plaque sizes after infection with cell-free P-Oka, V-Oka, $7-01, and $7-13. (b) HEL cells were infected with each cell-free virus and

cultured for 10 days. The cells were stained with methylene blue.

lar, §7-01 showed significantly smaller plaques compared with
P-Oka (P < 0.01); the mean diameter of the plaques resulting
from S7-01 infection (1.73 mm) was about half the size of those
resulting from P-Oka (3.55 mm), V-Oka and $7-13 had smaller
plaque diameters (2.40 and 2.10 mm, respectively) than did
P-Oka. In addition, the cytopathic effect (CPE) of P-Oka ap-
peared 2 days after infection, whereas the CPE of the other
viruses appeared in 3 to 4 days. Thus, an infectious center assay
was performed to examine the diflerence in cell-to-cell spread-
ing of progeny viruses. HEL cells were infected with P-Oka,
V-Oka, §7-01, or §7-13, and the numbers of infected cells from
0 to 5 days were titrated. In this assay, P-Oka exhibited an
obviously faster spread than the other viruses in HEL cells.
After 5 days, the numbers of cells infected by P-Oka were 2.1-,
4.2-, and 2.6-fold higher than the numbers infected by V-Oka,

] 1

2
days afler in?&cﬁon 2

FIG. 5. Infectious center assay of P-Oka, V-Oka, 57-01. and S7-
independently with similar titers of these four kinds of cell-free viruses
postinfection. The trypsin-treated cells were diluted and transferred on

§7-01, and S7-13, respectively (Fig. 5a). These results sug-
gested that the virus growth was slightly different among the
V-Oka clones and that P-Oka grew best among these Oka
viruses in HEL cells. On the other hand, in GPE cells, the
plaque sizes of the viruses derived from Oka vaccine were not
significantly different from those of its parental viruses (data
not shown). Moreover, both Oka viruses showed similar prop-
agation in cell-to-cell spreading by infectious center assay in
GPE cells (Fig. 5b).

Transactivational activities of mutant 1E62s. We next ana-
lyzed whether the transactivational activities of the 1E62s of
these clones differed from the parental activity. pLuc-Pol, con-
taining the cloned VZV DNA polymerase gene promoter up-
stream of the luciferase ORF, was used as the reporter plasmid
for transient luciferase assays, because the transactivation of

1 2 ? 4
days after infection

13. HEL cells (a) and GPE cells (b) in 35-mm dishes were infected
» and then the cells were washed and treated with trypsin from 1 10 5 days
to monolayers of uninfected HEL cells in 35-mm dishes, and the numbers

of infected cells were assessed by counting the number of VZV plaques appearing after 7 days. The number of infected cells was normalized to
the initial viral titer per dish; the fold increase indicates the number of infected cells spread from one initial infected cell at day 0.

A
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FIG. 6. (a) Structure of IE62s, Amino acid residues are numbered
from 1 to 1310 from the N to the C terminus, Vertical lines indicate the
positions of amino acid changes compared with the [E62 from P-Oka.
(b and ¢) Transactivational activity of parental and mutant IE62s on
the DNA polymerase promoter in 293 cells (b) and GPE cells (c). Each
of the five effector plasmids was transfected together with pLuc-Pol,
and cach luciferase activity was determined after 24 h, The basal
luciferase activity, induced by no effector, was set equal to 1.0, and the
other activities relative to that were given.

this promoter by IE62 is well known. Five kinds of cffector
plasmids expressing [E62s were constructed (Fig. 6a). Two of
them, pPar-G62 derived from P-Oka and pVac-G62 derived
from V-Oka, were used in our previous study (15, 16). One
clone containing an 1E62 gene was selected from V-Oka and
used as pVac-G62 because this clone had all eight amino acid
mutations compared to pPar-G62. In addition, another clone
was selected from V-Oka, called pVmut4-G62, which had the
minimum four mutations; all of the other clones contained in
V-Oka had these four mutations and one to four of the other
mutations. pPV-G62Nco and pVP-G62Neco were chimeric
IE62-expressing plasmids, which were bounded by an Ncol
site. pPV-G62Nco expressed the amino terminus of parental
IE62 and the carboxyl terminus of pVac-G62. pVP-G62Nco
was constructed to contrast with pPV-G62Nco and expressed
the amino terminus of pVac-G62 and the carboxyl terminus of
pPar-G62. The TE62 genes of P-Oka, $7-01, and $7-13 corre-
sponded with those of pPar-G62, pVac-G62, and pPV-
G62Nco, respectively. V-Oka contained from four (like
pVmutd-G62) to eight (like pVac-G62) amino acid mutations,
The relative luciferase activity was set equal to 100% in cells,
where the reporter plasmid pLuc-Pol was cotransfected with
pPar-G62. The basal activity of the DNA polymerase promoter
was 18% of the activity of parental TE62 (Fig. 6b). pVac-G62
and pVmutd-G62 showed 32 and 54% activities. Therefore, the
mutant TE62s contained in the clones of V-Oka were likely to
have lower activity than the parental IE62. The chimeric 1E62
expressed by pVP-G62Nco transfection possessed an activity
that was still high (84%), whereas the other chimera cxpressed
by pPV-G62Nco showed 48% activity, suggesting that the first
five amino acid mutations from the carboxyl terminus, rather
than the other three mutations, were more important for trans-
activating the promoter, The mutation closest to the carboxyl
terminus changed IE62's activity moderately but significantly.
pPar-G62 and pVac-G62 exhibited the highest and lowest ac-
tivities among the forms we analyzed, respectively, and pPV-
G62Nco led to more effective luciferase expression than pVac-
G62 but was not as effective as pPar-G62. These transient assay

e = AR K
0% 20%

40% 60%  80%
fold induction

100%

_‘

0% 20% 40% 60% B80% 100%
fold induction

results roughly showed trends that were consistent with both
the mean plaque sizes and the square roots of the number of
infected cells determined in the infectious center assay, These
findings support the possibility that viral growth and spreading
may be regulated by the transactivational activity of IE62.

Transient luciferase assay with GPE cells were also per-
formed to analyze the transactivational activities of the Oka
vaccine TE62 and its parental TE62 in these cells, The assay
showed that pVac-G62, the most heavily substituted, had 67%
of the activity of pPar-G62 (Fig. 6¢c), suggesting that the trans-
activational activity of the TE62 of V-Oka was relatively higher
in GEF cells compared to that found in other cells as described
above.

Differentiation of the DNA sequence in gene 62 among clin-
ical isolates. Comparison of the DNA sequences of the Oka
viruses showed that gene 62 was the most variable region in the
VZV genes, as described above. Furthermore, V-Oka con-
sisted of at least eight different virus clones (15). Thus, we
determined the nucleotide sequences of gene 62 from clinical
isolates and compared the sequences among different VZV
strains (Fig. 7b). Four clinical isolates (RT-283, OZ-4, Inouc,
and Kawaguchi) were derived from patients with varicella, The
first two strains were recently isolated but the latter two were
isolated more than 30 years ago. Three isolates (Z-4, Z-5, and
Z-8) were obtained from paticnts with zoster. Only the RT-342
and RT-345 strains were obtained from vaccinated patients, as
described in Materials and Methods. Seven bases (at positions
105356, 105544, 105705, 106262, 107136, 107252, and 108111)
were conserved in the clinical isolates and were only different
in V-Oka, and four of these led to amino acid substitutions that
were specific for V-Oka, Some of the clones contained in
V-Oka showed different bases at ¢ight positions (i.e., 105169,
105310, 106710, 107599, 107797, 108838, 109137, and 109200)
that were not seen in the clinical isolates, and four of them led
to partial amino acid substitutions. In summary, all of the
clinical isolates differed from V-Oka in 15 bases that were
found to be different between V-Oka and P-Oka, Only one
base substitution (at position 105451) causing an amino acid

i
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FIG, 7. (a) Structure of gene 62. Amino acid residues are numbered from 1 to 1310 from the N to the C terminus. Fifteen vertical lines indicate
the positions of hase changes between Oka vaccine and its parental virus, Bold or broken lines show base mutations with or without amino acid
conversions, respectively. (b) Sequence analysis of gene 62 from the V-Oka vaccine, Oka parental, Dumas strains, and nine clonal isolates. Filled
cells indicate base differences compared with V-Oka. All nine viruses have identical bases at these 15 positions, but V-Oka has different bases, R,

mixture of G and A; M, mixture of A and C

conversion was specific for the Oka viruses. Interestingly, an
identical sequence was seen in RT-283, RT-342, and RT-345,
These strains were isolated from patients in the same clinic:
thus, it was likely that the same virus strain was circulating
there.

Genetic differentiation of the Oka vaccine virus from other
viruses by RFLP analysis. Comparison of the complete DNA
sequences of the Oka viruses revealed 11 bases that were
completcly substituted by other bases. These bases (at posi-
tions 560, 5745, 26125, 94167, 105356, 105544, 105705, 106262,
107136, 107252, and 108111) were located within sites recog-
nized by the restriction enzymes Nalll, Alul, Maell, BsrXI.
SfaNl, Acell, Sacll, Smal, BssHI1I, Nael, and Bsrl, respectively,
A method for distinguishing V-Oka from other viruses, includ-
ing P-Oka, was established in our previous study, which dem-
onstrated that the cleavage sites for BssHIT and Nael were
uscful for identifying V-Oka (15). Here we sought to establish
new methods for distinguishing the viruses by using the eight
other restriction enzyme sites, and V-Oka was successfully
identified by using all of these enzymes except for Malll and
Maell. First, the base substitution at position 5745 in gene 6,
which encodes a putative subunit of the helicase-primase com-
plex of V-Oka, resulted in the loss of a restriction site that is
recognized by Alul (Fig. 8a). Immediately adjacent to this
position, another site recognized by this enzyme was present in
every virus and was predicted (o be cleaved. The PCR product
containing these sites in gene 6 of V-Oka was cleaved at only
one site with the enzyme, resulting in two fragments, whereas
that of P-Oka was cleaved at two sites by the enzyme, resulting
in three fragments. The RFLP study was further performed
with 54 clinical isolates. The results of this PCR-RFLP analysis

demonstrated that the clinical isolates tested did not show a
pattern identical to that of V-Oka. Similar results were ob-
tained in six other experiments. P-Oka and all 54 clinical iso-
lates contained cleavage sites for SfaNT and Bsrl, whercas only
V-Oka lost those sites. In contrast, four other sites, which were
recognized by BstXI, Accll, Sacll, and Smal, were specific only
for V-Oka (Fig. 8b to g) but not for the clinical isolates.
Moreover, V-Oka could be distinguished from five clinical
isolates such as RT-342 and RT-348, which were from vacci-
nated patients with clinical symptoms, by using some of these
restriction enzyme sites in gene 62 (data not shown). There-
fore, these findings suggested that these clinical symptoms
were caused by wild-type viruses and not by V-Oka.

DISCUSSION

We found here that the VZV DNA sequences were quite
highly conserved (>99.8%) among the Dumas strain, P-Oka,
and V-Oka, In particular, there was only a 0.034% sequence
difference between the two Oka viruses. However, clinical re-
actions after vaccination with the Oka varicella vaccine are
very rare in healthy children. Tt was reported that V-Oka grows
better than wild-type viruses, including the Oka parental virus,
in GPE cells (34) and that the immune response in guinca pigs
could be induced by V-Oka but not by wild-type strains (61).
These results indicate that a sequence difference of ca. 0.034%
of can make a biological difference in such properties as the
pathogenicity and growth of VZV., In this and previous studies,
gene 62 has emerged as having the potential to be involved in
the attenuation of the Oka virus, based on the following re-
markable features of V-Oka. First, genc 62 shows the highest
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FIG. 8. RFLP analysis of the PCR products from V-Oka, P-Oka, and 54 wild-type viruses. V-Oka (V) can be distinguished not only from P-Oka
(P) but also from all wild-type viruses. The Kawaguchi strain (K) was used to represent the wild-type viruses by using Alul (a), BstX1 (b), Acell

(), SfaNI1 (d), Sacll (e), Smal (f), and Bsrl ().

divergence in both base and amino acid sequences when V-
Oka is compared to P-Oka. In particular, comparison of the
Oka viruses revealed that gene 62 and its duplicate gene (gene
71), which cover only 7% of the whole genome, contained
more than one-third of the base substitutions, although the
other three IE genes (genes 4, 61, and 63) had no substitutions.
Second, comparisons of gene 62 from nine clinical isolates
showed that all 15 base substitutions leading to eight amino
acid conversions were specific for V-Oka, Third, the sequence
analysis of a fragment including the gene 62 region from nine
clones revealed that V-Oka is a mixture of al least eight dif-
ferent viruses that had a variety of mutations (15). Fourth, our
previous studies had demonstrated that the vaccine IE62,
which contained all cight amino acid substitutions, had less
transactivational activity than parental 1E62 in activating all
three kinetic classes of VZV promoters in CV1 cells (15, 16).
Fifth, $7-01 virus, which had mutations in all eight amino acids
in [E62, showed slower virus spreading in HEL cells. Thus, the
substitutions that have accumulated in gene 62 are most likely
to be important for the differences in the replication and the
attenuation of VZV, Because V-Oka had been passaged in
guinea pig cells and also in human fibroblast cells at a low
lemperature (56), mutant viruses must have been selected and
grown under selective pressure. The reason why so many
amino acid substitutions were accumulated in gene 62 of V-
Oka is still unclear, but it is possible that the mutant TE62s
contained in V-Oka may have a competitive advantage over
parental IE62 in interacting with some cellular transcription
factors in guinea pig cells. The five amino acid substitutions
closest to the carboxyl terminus in 1E62 directly reduced its
transactivational activity, and these locate in regions 4 and 5,

Region 2 contains the DNA-binding domain (5), which is lo-
cated between amino acids 472 and 646 (59, 60) and is essential
for the protein’s regulatory functions (58). A substitution of
Lys residue 548, which lies within a highly conserved quartet of
residues, WLQN, in region 2 drastically reduces the DNA-
binding activity (58). Although the DNA-binding region of
V-Oka had three amino acid mutations, no substitutions were
found in the WLON region. There were also no amino acid
substitutions in other domains of TE62 that arc important for
its transcriptional activity, such as the proline-rich domain be-
tween regions 4 and 5 (5), the nuclear localization signal (8,
26), the potent activation domain in the N terminus (48), the
kinase catalytic domain, and the ATP-binding domain (23).
Thus, further studies are needed 1o determine the mechanism
by which the expression of VZV genes is affected by the amino
acid substitutions in TE62,

We detected insertions and a deletion in three repeal re-
gions—R1, R3, and R4—that could potentially lead to differ-
ent biological behaviors in V-Oka. R1 and R3 lic in ORF 11
and ORF 22, respectively, but both of these reiteration ele-
ments are multiples of 3 bp, so there were no frameshifts. The
function of the ORF 11 protein is unclear, although it is ho-
mologous to HSV-1 ULA7, a nucleotidylylated tegument phos-
phoprotein reported to modulate the activity of VP16 (6, 63,
64). It is difficult to differentiate V-Oka from wild-type viruses
in Japan by analyzing R1 because a predominant R1 structure
is contained in both the wild-type viruses and V-Oka (62). The
R1 sequence in V-Oka determined by us is also identical to
that in some viruses from patients with acute retinal necrosis
syndrome (1). Thus, the deletion in the R1 region is not likely
to be important for viral pathogenesis. R3 is unstable, as de-

3
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scribed above, and lies within the longest ORF in VZV, ORF
22. The ORF 22 product is homologous to the UL36 virion
tegument phosphoprotein (36, 37). It is not clear whether the
variable R3 exerts a function in ORF 22. because little is
known about this gene. R4 lics in a noncoding region situated
ca. 550 bp upstream from the transcription start site, ca. 620 bp
upstream from the initiator codon, of gene 62. It is possible
that the deletion of R4 in V-Oka affects the expression level of
IE62 despite its far distance from the transcription start site. In
contrast, Perera et al. (46) reported that 1E62 could autoacti-
vate a truncated TE62 promoter that contained only 45 bp
upstream of the transcription start site and suggested that TE62
sclf-activation might be mediated bya TATA sequence-depen-
dent mechanism. Thus, at least the autoactivating activity of
TE62 is independent of R4, Finally, a comparison of the Oka
viruses showed that V-Oka had a deletion of (TA); and GA in
the origin regions in IRS and TRS. Plasmid replication exper-
iments showed that the yields of deletion mutants that lost
(TA),, and (TA),, in the corresponding region from the Du-
mas virus were 45 and 18%, respectively (54). Thus, the dele-
tion in V-Oka may cause a reduced replication of VZV, Fur-
ther studies are required to clarify the correlation between
these candidates, including IE62, and pathogenicity. Recom-
binant virus could be prepared from viral DNA clones as pre-
viously reported (7, 32). Viral pathogenesis and proteins that
are important for virus replication could be analyzed by using
wo systems: the SCID-hu mouse implanted with human fetal
tissue (39, 40) and human mononuclear cells in umbilical cord
blood infected with VZV (53). Studies are in Progress to ex-
amine the pathogenesis of the TE62 mutant virus, The se-
quence differences presented here and the application of these
techniques may provide new insights into mechanisms for the
molecular pathogenesis of VZV infection,

Interestingly, differences in virus spreading to HEL cells
were found among P-Oka, V-Oka, $7-01, and §7-13. P-Oka is
known to be as virulent in vivo as other wild-type viruses,
Naturally infected children who develop varicella have viremia
that is detectable by virus isolation, whereas no viruses are
isolated from healthy children immunized by the vaccine (3),
Despite the different infection routes in these situations, the
findings suggest that the vaccine virus cannot propagate in vivo
to the same level as wild-type viruses, The behavior of V-Oka
and its constituents both in vitro and in vivo differ from that of
P-Oka and the wild-type viruses. Our data showed that viral
pathogenicity was affected in association with 20 amino acid
substitutions and slow spreading was associated with 15 of
them, in ORFs 6, 10, 21, 31, 39, 55, 62, and 64, in the §7-01
virus, IE62 may be the most attractive candidate for causing
the different biological properties of the vaccine. §7-01 had 14
amino acid substitutions, including all 8 amino acid substitu-
tions in 1E62, The IE62 of $7-01 is identical to a mutant 1E62
that exhibited less transcriptional activity than the 1E62 of
P-Oka in CV1 cells in our previous study (15, 16), and similar
results were obtained with the human 293 cell line (data not
shown). It is possible that the lower activity of the mutant IE62
may be involved in the ineffective spreading or, moreover, the
avirulence of the vaccine. On the other hand, §7-01 did not
have mutations in genes 9A, 50, 52, 55, or 59. P-Oka not only
is known to be virulent in vivo but also was more efficient in
spreading in vitro than was S7-01 in the present study. Thus,
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the amino acid mutations in these gene products, which were
the ORF 9A protein, two helicase-primase components, M,
and uracil-DNA glycosylase, did not seem to be important for
efficient spreading, On the other hand, $7-13 exhibited mod-
erately better growth than did S7-1, based on in the analysis of
plague sizes and spreading, Seven amino acids, in genes 21, 31,
55, 62, and 64, of $7-13 were found to be identical with P-Oka
but not with $7-01. Three of these amino acids were in 1E62,
and when we expressed this mutant 1E62 from pPV-G62Neo, it
was shown to have <50% of the activity of parental IE62,
These data indicate that the difference in viral spreading was
likely to have been determined by the three mutations in 1E62
rather than the four mutations in other gene products, ORF2]
protein, gB glycoprotein, helicase-primase component, or
ORF64 protein, Studies with recombinant VZVs will be
needed to confirm the amino acid substitution(s) responsible
for the differences in spreading activity.

Several candidates other than 1E62 are potentially respon-
sible for the biological differences in different forms of the
virus. First, ORF 10 protein transactivates the 1E62 gene pro-
moter, although it does not transactivate the IE ORF 4 and
ORF 61 promoters (43, 44). In the present study, both the
parent and mutant ORF 10 proteins stimulated the 1E62 pro-
moter, and the amino acid substitution in ORF 10 failed to
affect its transactivation activity. Thus, the mutant ORE 10
protein is unlikely to cause attenuation by repressing the ex-
pression level of IE62. Second, there were four amino acid
substitutions in ORFs 6, 52, and 55, which are homologous to
HSV-1 ULs2, ULS, and LS, respectively, ORFs 52 and 55
encode two kinds of protein each, as a result of partial amino
acid substitutions, whercas ORF 6 is a single clone, as shown
by RFLP analysis, indicating that eight (i.c., 2%) isomeric com-
plexes may exist by combining these three proteins. It is pos-
sible that different helicase-primase  activitics might exist
among different isomeric complexes. Third, a base substitution
led to an amino acid conversion in the uracil-DNA glycosylase.
If this amino acid substitution were responsible for making the
base substitutions in gene 62 in V-Oka, then uracil residues
should misincorporate randomly in all of the genes, and sub-
stitutions should accumulate in dispensable genes rather than
in essential genes. Nonetheless, more than one-third of the
substitutions accumulated in gene 62, the homologue of
HSV-1 ICP-4, which is essential in vitro (31). Therefore, the
amino acid substitution in uracil-DNA glycosylase is not in-
volved in promoting mutations during replication,

VZV glycoproteins are known to induce a strong humoral
response both in natural infection and in vaccination with the
Oka varicella vaccine, VZV produces at least seven glycopro-
teins, as described above. The expression level of gC, the gene
14 product, was dependent on the strain of VZV, and the gC
level of V-Oka was much lower than that of wild-type viruses
(25, 30), SCID-hu mouse experiments showed that a decrease
in gC played a critical role in attenuation (39). However, we
found no differences in its ORF or flanking regions except for
a silent substitution in a termination codon of the gC gene: an
ocher (TAA) incompletely altered to an amber (TAG). In our
earlier study we found no evidence that the decrease in gCin
V-Oka was caused by amino acid substitutions in IE62 because
the gC promoter was unresponsive to IE62. The transactiva-
tional activity of IE62 is negatively regulated at later stages of
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the infectious cycle by its phosphorylation by the ORF66 pro-
tein kinase, which inhibits its nuclear import (23, 26). There-
fore, vaccine 1E62 is not directly involved with the decrease in
2C by transactivating the gene to a lesser extent. We found
amino acid substitution in only gB of V-Oka; i.c., an Ilc in the
8B of P-Oka was Ile plus Val in V-Oka, B is the second most
abundant and immunogenic glycoprotein in VZV, 1y appears
to play a role in the attachment and penetration of particles,
along with gH and 8C, and can elicit a monoclonal antibody
that neutralizes viral infectivity in vitro, VZV B is associated
with cell-to-cell infection, as i HSV-1 gB (41, 45). gB was also
shown to have great fusogenic Propertics in the presence of gE
(33). Nonetheless, it is thought that the aming acid substitution
in gB is not crucial for the antigenicity of the vaceine because
about half of the clones in V-Oka contain identical sequences
to P-Oka in this gene; moreover, lle and Val have similar
properties, and this substitution would be unlikely to change
the protein’s propertics in the remaining half of the clones,
These findings indicate that the cell-mediated and humoral
immunities led by the glycoproteins of V-Oka are identical (o
those of P-Oka without adapting to the helerogencous host,
guinea pig cells. V-Oka is likely to have few functional differ-

center assay (34), the higher adsorption of V-Oka appeared to
be caused by the virus's capacity to replicate in guinea pig cells
but not by the substitution in eB.

Some cases of chickenpox or shingles in immunocompro-
mised individuals after vaccination have been reported. In rarc
cases. even healthy vaccine recipients develop rashes within a
few weeks after vaccination, However, it has not been clear
whether these cases were caused by the vaccine virus or by a
wild-type virus, In addition, some TEpOTts concerning transmis-
sion of the vaccine virus have been reported (21, 29, 51).
Therefore, it is epidemiologically important to differentiate the
Oka vaccine virus from circulating wild-type viruses, At
present, the Oka viruses, which include V-Oka and P-Oka, are
identified by using restriction endonuclease digestion of ex-
tracted purified viral DNA (14,19), analysis of repeat regions
(17, 55), and RFLP assays after PCR (17, 20, 27, 28, 55, 5.
We also have reported an identifying method that combines
the single-strand conformational polymaorphism of repeat re-
gion 2 (R2) with Py cleavage of the Pstl-site-less region (42).
Although the Oka viruses can be distinguished from other
clinical isolates by these methods, it is difficult o distinguish
V-Oka from P-Oka, Therefore, we altempled to identify only
V-Oka by another method that uses the simplified RFLP anal-
ysis by Nael and BssHII (15, 16). This method was established
based on the first known sequence differences we found in
gene 62, and V-Oka could be distinguished nor only from
clinical isolates but also from P-Oka. Therefore, comparisons
of the gene 62 Sequence may enable the epidemiological lyping
of VZV strains. Thus, the comparison of the DNAs js impor-
tant for quality control of varicella vaccine, molecular epide-
miology and, in particular, the development and improvement
of new vaccines,

The mechanism of altenuation is still unclear because the
mutations were found not only in gene 62 but also in other
genes. Therefore, further study to analyze more in detail by

1. ViroL.

using recombinant viruses and suitable animals are needed 1o
resolve the mechanism of attenuation of VZV,
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live attenuated varicella vaccine. The Oka vaccine strain was isolated in Japan from a child who had
typical varicella, and it was then attenuated by serial passages in cell culture, Several manufacturers have
obtained this attenuated Oka strain and, following additional passages, have developed their own vaccine

strains. Notably, the vaccines Varilrix and Varivax
Merck & Co,, Inc., respectively. Both vaccines have

are produced by GlaxoSmithKline Biologicals and
been well studied in terms of safety and immunoge-

nicity. In this study, we report the complete nucleotide sequence of the Varilrix (Oka-V ) and Varivax
(Oka-Vy,,, ) vaccine strain genomes. Their genomes are composed of 124,821 and 124,815 bp, respec-
tively. Full genome annotations covering the features of Oka-derived vaccine genomes have been estab-
lished for the first time. Sequence analysis indicates 36 nucleotide differences between the two vaccine
strains throughout the entire genome, among which only 14 are involved in unique amino acid substitu-
tions. These results demonstrate that, although Oka-V g, and Oka-Vy, ., vaccine strains are not
identical, they are very similar, which supports the clinical data showing that both vaccines are well
tolerated and elicit strong immune responses against varicella.

Varicella-zoster virus (VZV) is a human alphaherpesvirus
that causes chicken pox (varicella) and shingles (herpes zosler)
(75), VZV has a linear, double-stranded DNA genome of
approximately 125 kb that encodes at least 71 proteins (12).
Primary infection with VZV results in varicella, which is a
widespread, highly contagious disease. Varicella is commonly
regarded as a mild childhood illness, but it may lead to serious
complications, such as secondary bacterial infection, pneumo-
nia, encephalitis, congenital infection, and death (76).

Like other herpesviruses, VZV has the capacity to persist in
the body after the primary acute infection as a latent infection
in sensory nerve ganglia. This lifelong latent infection com-
monly reactivates to cause herpes zoster, typically in elderly or
immunocompromised patients (65).

In 1974, Takahashi et al, reported the development of a
live-attenuated varicella vaccine through serial passages of
wild-type virus in cell culture (67). The parental virus, Oka-P,
was isolated in primary human embryo lung cell culture from
vesicle fluid from a 3-year-old boy with typical varicella. The
virus was attenuated by 10 passages in HEL and 12 passages in
guinea pig embryo cells, plaque-purified, and passaged five
times further in human diploid cells (WI38) to prepare a strain
suitable for use as a vaccine (Oka-V) (Fig. 1) (67).

The Oka-V strain was first supplied in 1976 under license

* Corresponding author, Mailing address: Viral Vaccines Research
and Development, GlaxoSmithKline Biologicals, Rue de I'Institut, 89
(P31-005), B-1330 Rixensart, Belgium. Phone; 32-2-656-6422. Fax: 32-
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Bridgeport Ave, Shelton, CT 06484-4704.

" Published ahead of print on 10 September 2008.

from the Biken Institute in Japan. Several manufacturers
(SmithKline RIT, Merck Sharp & Dohme, and Pasteur
Méricux) subsequently used the Oka-V strain in the develop-
ment of proprietary vaccines. A product license was obtained
for Varilrix (frozen formulation) in 1984 by SmithKline RIT
for use in groups at high risk for severe varicella and their
healthy close contacts, SmithKline RIT—now GlaxoSmith-
Kline (GSK) Biologicals—subsequently developed a refriger-
ator-stable formulation of this varicella vaccine Varilrix is
indicated in many countries for use in healthy and immuno-
compromised subjects from 9 months of age. GSK Biologicals'
varicella vaccine production is based on the seed lot system (6,
14) using classical cell culture methods (Fig. 1). A manufac-
turer’s working cell bank of human diploid cells, MRC-5, was
prepared and tested according to World Health Organization
requirements.

The Biken vaccine was licensed in Japan and Korea, in 1986
and 1988, respectively, for use in healthy subjects, and a license
for Varivax with the same indication was granted in the United
States in 1995 (1). In 1993, the vaccine manufactured by Pas-
teur Mérieux was licensed in France for use in potentially
immunocompromised subjects.

Although the varicella vaccine is licensed in many countries,
it is not routinely used because complications associated with
varicella disease are often underestimated. Universal mass vac-
cination against varicella is implemented only in few countries:
however, it is under consideration in many others (38, 40, 54,
72). The incidence of varicella disease and the rate of varicella-
related hospitalizations in the United States have declined by
about 80% since implementation of universal mass vaccination
against varicella (using Varivax) in 1996 (8, 16, 81). A similar
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FIG. 1. Passage history of the live attenuated Oka varicella vaccine.
HEL, human embryonic lung cells: GPE, guinea pig embryo cells;
WI38 and MRC-5, human diploid cells,

decrease was observed in Uruguay since the introduction of
varicella vaccination (using Varilrix) into the routine child-
hood immunization program in 1999, with the greatest reduc-
tion in children aged 1 to 4 years (31). Most pre- and postli-
cense studies showed that vaccination with one dose of
varicella-containing vaccine provides 70% 1o 90% protection
from chicken pox and over 95% protection against the most
severe forms of the disease for a 7- to 10-year period after
vaccination (2, 17, 33, 33a, 34. 40, 61). However, vaccine-
induced immunity wanes over time (9), leading countries such
as the United States 1o recommend a two-dose schedule for
varicella vaccination (40). This stralegy aims to overcome pri-
mary vaccine failures and to improve long-term protection,
thereby reducing the risk of breakthrough varicella (4). Com-
bined vaccine products containing the VZV Oka strain have
been developed as well. For instance, GSK Biologicals and
Merck & Co., Inc., developed combined tetravalent measles-
mumps-rubella-varicella vaccines (Priorix-Tetra and ProQuad,
respectively), providing the benefits of measles-mumps-rubella
and varicella vaccination in a single injection (19, 30, 35, 48, 71,
72, 79).

Different sets of serological readouts have been used to
characterize the adaptive humoral immune response after vari-
cella vaccination or infection (4, 13, 26, 31, 34, 58, 73, 74).
Comparative analysis has raised the possibility that differences
in the genetic code between the vaccine strains could be re-
sponsible for disparity in vaccine-induced humoral responses
(36).

Oka-V, and presumably its derivative vaccine strains, was
not cloned during the development and the preparation of
vaccine (67). Sequencing of the complete genome of the orig-

J. VIrOL.

inal Oka-V vaccine preparation revealed that it contained mul-
tiple variants that could be separated in cell culture (20, 22),

The aim of the present study was 1o analyze the complete
consensus nucleotide sequences of Oka-V strain viruses con-
tained in Varilrix (GSK Biologicals; Oka-V ) and Varivax
(Merck & Co., Inc,; Oka-V,,.,.,) and to compare them to the
published sequences of Oka-V and Oka-P (22). The full-length
genomic sequences were also compared to published partial
sequencing information on Oka-V ;e and Oka-Vy,.... (3, 32,
60, 63).

MATERIALS AND METHODS

Nucleic acid extraction. Total DNA was extracted from a single vial of recent
production lats of Varilrix (lot VAVIOL1S, produced in April 2002; GSK Bio-
logicals, Rixensart, Belgium) and Varivax (lot 0895 M, purchased in 2003; Merck
& Co., Inc,, Whitchouse Station, NJ) vaccines using a High Pure viral nucleic
acid kit from Roche (Basel, Switzerland). In brief, 100 wlof sample was lysed in
# lysing-binding buffer in the presence of proteinase K. The lysis mixture was then
applied to a glass fiber filter, which binds the nucleic acids in the presence of the
lysis and binding buffer containing chaotropic salts. Bound nucleic acids were
eluted in 50 wl of nuclease-free water hy centrifugation and stored at =rC.

PCR. Around 540 primers were designed using Primer D software (GSK
in-house software) and the nucleotide sequence of the Dumas strain (GenBank
dccession no. X04370) (12). Overlapping primers were designed approximately
500 bases apart to cover the entire genomic sequence of VZV. Sequences of
primers used for amplification and sequencing are available upon request. The
reaction mixtures for PCR contained 15 pl of HotStarTaq Plus Master Mix
solution (Qiagen, Vilencia, CA), 0.3 uM of cach primer, and 5 ng of template
DNA. A Tetrad thermal cycler (MJ Research, Waltham, MA) was used for all
amplifications. An initial hot-start PCR step of 96°C far 15 min was follawed by
35 cycles of amplification (95°C far 20 5, 35°C for 30 s, and 72°C for 45 s)and a
final elongation step at 72°C for 3 min. All amplified products were then purified
using QTAquick PCR purification kit (Qiagen). Direct sequencing of both DNA
strands was performed on the generated amplicons,

Sequencing, Direct sequencing of purified PCR products and plasmid DNA
was performed with BigDye Terminator cycle sequencing kit and a 3730XL
genetic analyzer (both from Applied Biosystems, Foster City, CA). The viral
sequences were compiled and analyzed with Sequencher software (Gene Codes
Corp, Ann Arbor, MI), The following GenBank sequences were used for com-
parison: for the European (The Netherlands) reference strain {Dumas), X04370
(12); for Oka-P, AB097933 (22} and for Oka-V, AB0Y7932 (22), AF206304 (3),
AY016450 (15), and the sequencing information provided hy Schmidt et al. (60),
Unless otherwise stated, all described nucleotide sequence positions in this paper
correspond to the genome of Dumas strain, X04370 (12).

Cloning of PCR products. When direct sequencing did not generate informa-
tion of sufficient quality or when particular single nucleatide polymorphisms
(SNPs) could nol be reliably confirmed, additional subcloning was performed,
followed by sequencing of numerous generated clones (o confirm the consensus
sequence of the region. Dircct sequencing of the PCR products derived from
regions with highly complex secondary structure (flanking regions between jn-
ternal repeat long and internal repeat short regions, and the R3 repeat region)
was complemented by subcloning of amplicons and sequencing of plasmid
clones, PCR products containing these regions were individually inserted into a
pCR2.1 vector (Invitrogen, Carlsbad, CA) and then transformed into competent
Escherichia coli hy the TOPO TA cloning method (Invitrogen). The plasmid
DNAs were purificd from cultured bacleria with a QIAprep spin kil (Qiagen).
DNA sequences of the cloned nserts were determined using, veclor-specilic
sequencing primers,

Sequencing of ends of the viral genomes, The direct sequencing data for viral
genome ends were complemented by sequencing of overlapping amplicons gen-
erated after circularization using T4 DNA ligase (Roche). The PCR mixtures
contained 500 uM of cach deoxynucleoside triphosphate, 10 pmol of each
primer, and 2,5 U high-fidelity Platinum Taq polymerase (Invitrogen). PCR
products were inserted into a PCR4-TOPO vector and transformed into compe-
tent E. coli TOP10 bucteria by the TOPO TA cloning method (Invitrogen). The
plasmid DNAs were purified with a QIAprep spin kit (Qiagen). The consensus
sequence of the cloned amplicons was confirmed by sequencing and alignment of
multiple E. coli plasmid clones,

Nucleotide seq ¢ accession numbers. The complete nucleotide consensus
sequences of the Oka-V g (Varilrix) and Oka-Vygro (Varivax) strains are
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TABLE 1. Complete Oka-V g genome annotation

Start Stop Feature® ORF Function or comment Start Stop Feature® ORF Function ar comment
B8 49 Miscellaneous TRUUL boundary 65795 63800  Poly(A) signal
914 587 Gene 64743 AS768  CDS Thymidine kinase
592 587 Poly(A) signaf 65817 65821 3'end of dPYKmRNA
914 SK8 DS 1 H6010 68552 Gene 3
13 1861 Gene 2 68747 68552 Poly(A) signal
1133 1540 CDs 2 66010 68535 CDs T gH
1856 1861 Poly(A) signal 0229 68583 Gene 38
244 1885 Gene 3 HR5RR 6ESEY Poly(A) signal
1894 1489 Poly(A) signal 229 G604 cns 38
2446 1907 Chs 3 569 T1305 Gene 39
4140 2781 Gene 4 71300 71308 Polv(A) signal
2781 2776 Poly{ A} signal 569 71291 CDs k]
4140 1782 Cns 4 Transactivator, tegument protein 71476 75699 Gene 40
S23 4251 Gene 5 75604 T5699  Paly(A) signal
5273 4251 CDs 5 gK TI4Th 75666 CDS 40 Major nucleocapsid protein
8576 5325 Gene 6 7578 ThT48 Gene 41
: 9398 Gene 7 76743 76748 Poly(A) signal
9393 398 Poly{ A} signal T57R3 76733 cDs 41
BOOG 0385 DS 7 7974 76791 Gene 42
10666 9425 Gene A 7678 76791 Poly(A) signal ORF 45+0RF 42
2430 9425 Palv{ A signal 77974 8787 CDS 42
10666 9476 Cos ] Deoxyuridine triphosphatase TBI05 80136 Gene 43
10641 10904 CDS 9A"  gN 80131 80136 Poly{A) signal
11008 11963 Gene 9 TRI0S R3S CDS 43
11958 L1963 Polv(A) signal BO295  B1449 Gene 44
11008 1916 CDps 9 Syneytum formation, vikion protein 81444 Hl440 Poly{A) sipnal
I2159  1M20 Gene 10 BOI9S  B13B6  CDS 44
13415 1420 Poly(A) signal 82520 K147 CDS a5
12159 1331 CD§ 1 Transactivator, tegument protein A2654  BI2Y DS 46
13589 16076 Gene 11 B33 84h35 cDSs 47 Protzin kinase, tegument protein
13936 14196 Repeat region Reiteration R1 B4602 86257 CDS 48
16071 16076 Poly(A) signal Bolal  BA420  Gene 49
13589 16003 CDs 11 24 6420 Poly(A) signal
16168 18153 Gene 12 A6161 Radin DS 49
18695 19330 Gene 13 T 6466 Gene 50
19345 19350 Paly(A) signal f6471 B6466  Poly(A) signal
18345 19300 CDS 13 K787 B6500  CDS ]
21067 19296 Gene 14 87806 90313 CDS 51 Origin hinding protein
19301 19296 Paly(A) signal AMIE  9277) Gene 52
0526 20851 Repeat region Reiteration R2 92766 92771 Poly{A) signal
21067 19385 s 14 D0418 92733 CDS L¥]
22432 21198 Gene 15 93775 K275 Gene 53
21203 2198 Paly(A) signal 92780 92775 Poly(A) signal
2432 21212 CDS 15 93778 92780 CDSs 53
2748 22522 Gene 16 95904 93N CDS 54
24103 25468 Gene I7 95921 GR566 DS 55
25463 25468 Poly(A) signal 98403 020 Gene 36
24103 25467 (DS 17 99275 G280 Poly(A) signal
26444 25501 Gene I8 98493 99224 CDs 56
25506 25501 Poly(A) signal Q0548 W9 Gene 57
6444 25524 DS 18 Ribonucleotide reductase, small subunit 99314 o9 Poly(A) signal
896 IM69  Gene 19 Ribonucleotide reductase, hig subunit 99548 99333 CDS 57 Cytoplasmic protein
0426 28456 Gene 2 101%4 99529 CDS 58
28961 28956 Foly{A) signal 014l 100224 CpS 59 Uracil-DNA glycosylase
30426 28975 CDS 20 W57 10192 CDS 60 gl, chaperone for g
oo RRENT Giene 21 14410 102926 Gene 6l
13851 33856 Poly(A) signal 102931 102926 Poly(A) signal
710 3R CDS 2 Nucleocapsid 104410 103007 CDS A1 Transactivator, transrepressor
034 42M1 Gene 22 104849 104850 Miseellancous ULARL boundary
41405 41470 Repeat region Heiteration R3 HH938 104939 Miscellancous IRL/ARS baundary
42336 4234 Paly( A) signal 109061 105065  Gene 62
MM 2325 Cps n 105071 105065 Poly(A) signal
43090 42378 Gene 3 109061 105129 CDS 62 Transactivalor, tegument profein
42383 42378 Poly(A) signal 109693 09718 Repeat region Reltcration 4
43090 42383 DS 23 HOO17 110278 Origin of replication Origin of replication
43471 43163 Gene e L3507 111359 Gene 63
43168 43163 Poly(A) signal 111382 111357 Poly(A) signal
43973 4M6d CDS 4 Hos07 - 111343 CDs 63 Tegument protein
44570 44083 Gene 5 111491 112072 Gene (]
44088 44083 Poly(A) signal 112067 112072 Poly(A) signal
44570 44100 CD§ 25 111491 112003  CDS il
44458 46125 Gene il H2571 112107 Gene 65
46079 47195 Gene 27 HZHZ 112107 Paly(A) signal
47190 47195 Poly{ A} signal 112571 112263 CDS 65 Virion protein
46074 47080 CDS b 112263 112264 Miscellancous IRS/US boundary
50588 46983 Gene 28 112068 114172 Gene ity
46988 46983 Polv(A) signal L4167 - 114172 Poly(A) signal
SOSRK AT004 cos 28 DNA palymerase 112968 114149 CDS§ L) Protein kinase
SORM 54460 Gene 20 114427 115523 Gene 67
S4455 54460 Poiv(A) signat IIS518 15523 Paly(A) signal
50809 544008 CDS 0 ssDINA hinding protein 114427 115491  CDS a7 gl
54587 SARO9  Gene 0 115739 117652 Genc 68
S6044 50584 Gene Bl 117647 117652 Poly{A) signal
59579 SSRA  Poly(A) signal HST L7610 CDS 68 gk
nbdd  SUSSD DS 31 gB, fusogen 117498 117499 Miscellancous US/TRS houndary
03 60150 Gene 2 118266 117690 Gene 64
60145 60150 Poly(A) signal 117495 117490 Poly(A) signal
5903 60134 CDS iz Substrate for ORF 47 kinase 118266 117724 CDS i)
62074 60245 Gene i3 119250 118400 Gene n
60250 60245 Poly(A) signal 118405 118400  Poly(A) signal
62074 60257  CDS a3 Protease 119250 118414 CDs 70 Tegument pratein
63846 62107 Gene k) 119479 - 119742 Origin of replication Onigin of replication
64686 63913 DS 35 119921 120066  Repeat region Reiteration R4
64300 64306 promater TATA element 120698 124604  Gene K|
il 64325 S'end of dPVKmRNA 124689 124694 Poly(A) signal
64743 65800 Gene a6 120698 124630 CDS 71 Transactivatar, tegument protein

“ CDS, coding s
" ORF was ann

cquence: dPYKmRNA, deoxypyrimidine kinase mRNA.

otated according to the work of Gomi et al. (20)
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TABLE 2. Complete Oka-Vy,. genome annotation

Start Stop Feature® ORF Function or comment Start Stop Feature® ORF Function or comment
B 89 Miscellancous TRLUL boundary 65793 65797 Poly(A) signal
914 587 (ene 4741 65765 CDS 36 Thymidine kinasc
592 587 Poly(A) signal 63814 65818 3'end of dPYKmRNA
914 588 cDs i 66007 68549  Gene k¥l
1133 1861 Gene 2 68744 ABS4H  Paly(A) signal
1133 1844 CDS 2 66007 68532 CDS EX
1856 1861 Paly(A) signal MWl RSB0 Gene kL
2446 1889 Gene 3 68385 BASAD  Poly(A) signal
1804 1889 Poly(A) signal 026 68601 CDS 8
2446 1907 cDs 3 T566 71302 Gene »
4140 2781 Gene 4 21267 71302 Poly(A) signal
281 276 Poly(A} signal 0566 71288 CDS 1
4140 2782 CDS 4 Transactivator, fegument protein TI473 75696 Gene 40
521 4251 CGene 5 75691 BT Poly[A) signai
5273 4351 cDs 5 2K T3 7SRRI CDS 40 Major nueleacapsid protem
R$76 53215 Geng 3 75780 76745 Gene 41
Ao 4398 Gigne 7 740 6745 Paly(A) signal
9393 9398 Paly( A} signal JSTRO 76TI0 CDS 4]
8606 9385 oS 7 ™ T Gene 42
1666 9425 Gene A TET83 I67RE Paly(A) signal ORF 45+ ORF 42
943 0425 Poly(A) signai 97 78 CDS 42
10666 9476 CDS 8 Deoxyuridine triphosphatase TI0Z  BOI33 Gene 43
10641 1094 CDS 9Ab  gN 80128 B0I33  Poly(A) signal
11008 193 Gene 9 802 0132 CDS 43
11958 11963 Poly(A) signal R0292  Al46 Gene 44
o8 11916 CpS b} Syncvtium formation, virion protein 81441 Bl446  Pulv(A) signal
12150 13420 Gene I 80292 B13R3 DS 44
13415 1410 Paly(A) signal 82526 HI4TI DS 45
12159 133691 CDS§ n Transactivator, legument protein BI85l B350 CDS 46
13589 16076 Gene 1] BII0N R4632 (DS 47 Protein kinase. tegument protein
13936 1419 Repeat region Reiteration R| BS99 BA254 DS 48
16071 16076 Poly(A) signal BAISE  AMdle  Cene a9
13589 16003 CDS 11 86421 B6426  Poly(A) signal
16168 IRIS3  Gene 2 BOISH  Bed01 (DS 49
18695 19350 Gene i3 BT84 86463 Gene ]
19345 19350 Poly(a) signal BOMOS  BA463  Poly(A) signal
18395 19300  CDS i3 RTR04 B649T  CDS 50
2067 19296 Gene 14 87803 %0310 CDS 81 Origin binding protein
19301 19296 Poly(A) signal SMI5 92768 Gene 52
20526 20851 Repeat region Reiteration R2 92763 92768 Poly(A) signal
21067 19385 CDS 14 90415 92730 CDS 52
12432 21198 Gene 15 93772 92772 Gene 53
21208 21198 Paly(A) signal Y2777 92772 Poly(A) signal
2432 21212 Cos 15 93772 W7 CDS 53
23748 22522 Gene If 95506 493507 cDs 54
24103 25468 Gene 17 W5918 GRS63 CcDSs 55
29463 25468 Poly(A) signal 98400 99277 Gene Sh
24103 215467 CDS 17 9RTL W27 Paly(A) signal
26444 255014 Gene 18 98490 99221 CDS 56
2506 25501 Poly(A) signal 99545 99306 Gene 57
26444 25524 CDS 18 Ribonucleatide reductase, small subunit 99311 99306 Poly(A) signal
2879 26469 Gene 19 Ribonucleotide roductase, big subunit 20545 99330 CDS 57 COytoplasmic protein
30426 28956 Gene n 00191 99526 CDS 58
28961 28956 Poly(A) signal 01138 100221 CDs 59 Urncil-DNA glycasylase
30426 28975 DS 20 01571 101089 CDS 80 gL, chaperone for gH
3070 33WSE Gene 21 104407 102923 Gene ]
33851 N3O Paly(A) signal 102028 102923 Paly(A) signal
070 k6 DS 2 Nucleacapsid 4407 1304 CDS 61 Transactivator, transrcpressor
MM 42 Gene 22 104846 104847 Miscelianeous ULJIRL boundary
41405 41470 Repeat region Reiteration R3 104935 |1M4936  Miscellanaouse IRL/RS houndary
42336 42341 Poly(A) signal 109058 105062 Gene 62
M0d4 42325 ps 22 I0S0A8 105062 Poly(A) signal
43088 42376 Gene il 19058 105126 CDS 62 Transactivator, legument protein
42381 42376 Paly(A) signal 109690 109715 Repeat region Relreration 4
43088 42381 DS 23 10014 110277 Origin of replication Origin af replication
43971 4316 Gene 4 110506 111356 Gene 63
43166 43161 Poly(A) signal 1351 110356 Poly(A) signal
43971 43162 (DS k] 110506 111342 CDS§ 63 Tegument protein
44568 44081 Gene FL} 111490 112067  Gene L
44086 44081 Poly(A) signal 12062 112067 Paly(A) slgnal
A4E68 44098 cos 25 1114%) 112032 CDS fid
44456 46123 Gene 26 112566 112102 Gene 65
46077 47193 Gene 7 H2007 112102 Poly(A) signal
ATIRE 47193 Paly(A) signal 113566 112258 CDS 65 Viron proten
46077 47078 DS rirg 112258 112259 Miscellancous IRS/US boundary
50586 46081 Gene 28 112963 114167 ne fity
46986 46981 Paly(A) signal 14162 114167 Poly(A) signal
50586 47002 CDS .| INA polymerase 112963 114144 CDS 66 Protein kinase
SDB0OT 54458 Crene 9 114422 115518 Gene 67
54453 S4458 Poly(A) signal 15513 115518 Poly(A) sigmal
S0807 54406 CDS 2 Single-stranded-DNA binding protein 114422 115486 CDS§ 67 gl
54585 56897  Gene 3n HST34 117647 Gene 68
56942 59582 Gene il 7642 117647 Paly(A) signal
59577 50582 Paly(A) signal 11573 117605  CDS 68 gE
56042 59548 DS 3l &8, fusopen 117490 117491 Miscellancous US/TRS boundary
59701 60148 Gene 32 LIB260 117682  Gene 69
60143 60148 Paly(A) signal 17687 117682 Paly(A) signal
59701 60132 DS a2 Substrate for ORF 47 kinase 118260 117118 CDS (]
62071 60242 Gene 13 119244 118394 Gene ki
60247 60242 Paly(A) signal 118399 118304 Poly(A) signal
62071 60254 CDS KK} Provease 118244 18408 CDs 70 Tegument protein
63843 62104  Gene M 19473 119736 Origin of replication Ongin of replication
64686 63910 CDS§ 35 19915 120060 Repeat region Reiteration R4
4297 64303 Promoter TATA element 120692 124688 Gene 7
64321 64325 S endof dPYKmRNA 124683 124688 Poly(A) signal
64740 65797 Gene 3 120692 24624 CDS A1 Transactivator, tegument protein
* CDS, coding sequence; dPyKmRNA, deoxypyrimidine kinase mRNA.
" ORF was a

nnotated according to the wark of Gomi et al. (20).
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available in GenBank under the accession numbers DOIE354 and DONOK3SS,
respectively.

RESULTS

Oka-Vi and Oka-V,, . genome organization. The full-
length consensus sequence of Oka-V gy and OKka-V g4, vaccine
strains was essentially determined by bidirectional sequencing of
overlapping PCR-amplified fragments. Occasionally, when the
amplified region contained SNPs that could not be conclusively
resolved, the amplified fragments were subcloned and a con-
sensus sequence was derived from multiple plasmid clones.
The obtained sequences were assembled and the complete
genomes of the vaccines were annotated using the VZV se-
quence of the Dumas strain published by Davison and Scott as
a template (12). The full annotations for Oka-V 5 and Oka-
Vierck are presented in Tables 1 and 2, respectively,

The complete genomes of Oka-V ;g and Oka-Vy_ .
strains are comprised of 124,821 and 124.815 bp, respectively,
Like the wild-type Dumas strain and the parental Japanese
Oka-V strain, the Oka-V ¢, and Oka-Vy .. genomes consist
of a unique long region flanked by terminal repeat long and
internal repeat long inverted repeat regions, as well as a unique
short region flanked by internal repeat short (IRS) and termi-
nal repeat short (TRS) inverted repeat regions, An origin of
replication was found in both the IRS and TRS regions. Four
unique reiteration regions (R1 to R4) were found along the
genome, with R4 duplicated in the RS and TRS regions,

All the open reading frames (ORFs) described for the Du-
mas VZV strain (12) and the Oka vaccine parental strain (22)
were found in the two Oka-derived vaccine strains (Tables 1
and 2). The 72 ORFs predicted to encode proteins were evenly
distributed on both DNA strands. Three genes were located
within the repeat sequences and were thercfore duplicated
within the VZV genome, so that ORFs 69 to 71 in the IRS
region correspond to ORFs 62 to 64 in the TRS region.

Comparison of Oka strain genomes to the Dumas strain
genome. The obtained sequences of Oka-V and Oka-
Vierer Were aligned with the full-length VZV genomes of
Oka-P, Oka-V, and Dumas strains. All sequence differences
between the four Oka strains and the Dumas strain are given
in Table 3. A total of 326 nucleotide positions displaying dif-
ferences relative to the genome of Dumas strain (X04370[12])
were identified. Among these, 228 were common to the four
Oka strains, and the remaining 98 were specific to one, two, or
three of the Oka strains. Several deletions or insertions were
found, but most mutations were substitutions of one nucleo-
tide, i.e., SNPs. Frequently, the original nucleotide was none-
theless preserved, resulting in a mixture of two nucleotides
present at the same position (Table 3). Because, to our knowl-
edge, the vaccine strains were never cloned, this is consistent
with the existence of multiple viral species that evolved during
the attenuation pracess, Multiple SNPs were found to still
contain the original Oka-P-specific nucleotide. This supports
the cooperative effect of the overall pattern of nucleotide sub-
stitutions in the expression of the attenuation phenotype and,
to a lesser extent, the contribution of individual SNPs.

The 98 differences between the Oka-Vex (124,821 bp),
Oka-Vyere (124,815 bp), Oka-P (125,125 bp), and Oka-V
(125,078 bp) genomes were found in 25 ORFs (ORFs 1, 2,
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6, 9A, 10, 11, 14, 18, 21, 22, 31, 35, 39, 45, 47, 48, 50, 51, 52,
54, 55, 62, 64, and 71), the R1 and R3 repeal regions (in
ORFs 11 and 22, respectively), and one origin of replication
(Table 3).

The total number of differences between the four Oka
strains was determined (Table 4). Of the 98 differences iden-
tificd, 69 were found between Oka-P and Oka-V, 51 hetween
Oka-V and Oka-Vg, and 68 between Oka-V and Oka-
Vuera Consequently, Oka-V, ... contains 17 more differ-
ences that discriminate il from Oka-V compared with Oka-
Vask.

Although the highest convergence was found for Oka-Vep
and Oka-Viy,., . they still had 36 nucleotide differences (Ta-
ble 4), For 12 of these positions, Oka-V,., .. had nucleo-
tides matching the Oka-P strain, whercas the Oka-V ek
strain had only a single position (119683) where the sequence
was Oka-P-like. Overall, for the positions in which Oka-V i
differed from Oka-Vyy o the Oka-Vex sequence was closer
to Oka-V, whereas the Oka-V g Sequence was closer to
Oka-P,

Sixty-nine nucleotide changes between the Oka-V and the
Oka-P strains were identified (Table 5). Among these 69 dif-
ferences, 56 positions in Oka-P were identical to the reference
Dumas strain, whereas only 11 positions in Oka-V were iden-
tical to the Dumas strain. Identical nucleotides for many of
these positions were also present in Oka-Vq, and Oka-
chrck‘

To better characterize the observed differences, the substi-
tution spectra were analyzed (Fig. 2). The large majority of
mutations were SNPs and only partial, with two different nu-
cleotides at the same position. Compared to Oka-P, transitions
(i.e., mutations resulting in substitution of a purine for a purine
[A<> G] or a pyrimidine for a pyrimidine [Ce T]) were more
frequently (64% to 69%) observed for the Oka-Vgex and
Oka-V ..k Strains than transversions (i.e., mutations resulting
in substitution of a purine for a pyrimidine and vice versa; 13%
to 17%). Transversions were more common than insertions or
deletions (<10%). The majority of the identified multations
were silent mutations, either because they were located in
intergenic regions or because of the degenerated genctic code.
A significant proportion of mulations in intragenic regions
(~45%) caused single amino acid substitutions in both the
Oka-V gk and Oka-Vy,,,., strains (Fig. 2). No stop or frame-
shift mutations were identified. All deletions and insertions
either were located in intergenic regions or, when located
within coding regions, were multiples of three bases.

Comparison of Oka-V, and Oka-Vy, . genomes. Se-
quence differences observed between the Oka-V ¢, and Oka-
Viterei Strains are described in Table 6. Only 36 differences
were found throughout the complete genomes (i.e., ~125 kb),
three of which were repeated in ORF 62 and it duplicate,
ORF 71, These 33 nucleotide unique position changes resulted
in 14 amino acid changes, 1 each in ORFs 6,9A, 10, 31, 39, and
52 and 2 each in ORFs 14, 55, and 62/71 and the R3 repeat
region,

Among these 36 position differences between Oka-Vex
and Oka-Vy,,...,, Oka-V ¢ had 23 nucleotide sequences iden-
tical to Oka-V but only 3 identical to Oka-P. In contrast,
Oka-Vy. o had 18 positions identical to Oka-P but only 6
identical to Oka-V (Table 6 and Fig. 3)
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TABLE 3. Comparison of complete genomic sequences of Dumas and Oka strains of VZV¥

Feature relative 10 WT — Feature in: Position in:
: asition {WT)
(Dumas) Oka-P Oka-V Oka-Vsx Oka-Vyy Oka-Vix Okit-Vygerns

A—=G 1 X X X ). 4 1 |
G—C 3 X X X X 3 3
Deletion of C (from WT) N9 X X X X 109 109
G—C 178 - - X X 177 177
A—=G 236 X X X X 235 235
C-T 262 X X X X 261 261
T—C 560 - X X X 559 559
G—A (ORF 1), N, silent 683 X X X X 684 684
T—T/C (ORF 1), Q, 703 - X & 2 702 702

silent
T—T/C (ORF 1), P, 763 X C C 762 762

silent
T—C (ORF 1), T—A TRY X X X X 788 788
T—C (ORF 1), Q—R 790 X X X e 789 789
T—C (ORF 1), Q—R 791 X X X X 790 790
C—G (ORF 2), G, silent 1838 - X - - 1837 1837
T=T/C 2515 - X & - 2514 2514
A—G (ORF 4), T, silent 3764 X X X X 3763 3763
C—T (ORF 5), K, silent 4258 b4 X X X 4257 4257
A—G (ORF 6), S—P §745 - X X AIG 5744 5744
G—T (ORF 6), H—Q 6853 X X X X 6852 6852
C—A (ORF 6), GV 7091 X X X X 7090 7090
C—T (ORF 6), P, silent 7753 X X X X 7752 7752
T-=C 9460 X X X X 9459 9459
G—A (ORF 8), P—§ 10079 X X X X 10078 10078
T—=C/T (ORF 9A), 10800 - X X - 10899 10899

W—R
T—G (ORF 9), S, silent 11890 X X X X 11889 11889
A—G (ORF 9), T=A 11906 X X X X 11905 11905
C—A (ORF 10), P—H 12188 X X X X 12187 12187
T—C (ORF 10), F—$§ 12284 X X X X 12283 12283
T—C (ORF 10), F—8§ 12285 X X X X 12284 12284
C—C/T (ORF 10), A=V 12779 s X X - 12778 12778
T—G (ORF 10), G, 13173 X X X X 13172 13172

silent
G—A 13407 X X X X 13406 13406
Deletion (ORF 11, R1), 14088 X X X X 14086 14086

ATTGACGACGAGG

GAGAGGCGGAGGA

GGGAGAGGCGGA

GGAGGGAGAGGC

GGAGGAGGGA

GAG, IDDEGEAEEG

EAEEGEAEEGE
Deletion (ORF 11, R1), 14199213 X X X X 1413448 1413448

GCGGAGGAGGAC

GCG, AEEDA
Insertion (ORF 11, R1), 14242 X - X X 1416496 1416496

CGCGATCGACGAC

GAGGGAGAGGCG

GAGGAGGA
T—=C 14390 X X X X 14344 14344
C—T (ORF 12), V, silent 17404 X X X X 17358 17358
C—T (ORF 12), L, silent 17834 X X X X 17788 17788
C—T (ORF 12), T, silent 18082 X X X X 18036 18036
G—A (ORF 13), K, 18467 X X X X 18421 18421

silent
T—T/C (ORF 14), stop 1943) - X - - 19385 19385
A—G (ORF 14), 1, silent 19719 X X X X 19673 19673
T—A (ORF 14), Y=F 20656 X X X X 20610 20610
T—C (ORF 14), T—A 20684 X X X X 20638 20638
C—C/T (ORF 14), K, 20703 - - X - 20657 20657

silent
A—T (ORF 14), E»V 20711 X 20665 20663
C—A (ORF 14), C—A 20745 X X - - 20699 20699
T—A (ORF 14), T—S§ 20753 X X X X 20707 20707

Continued on following page
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TABLE 3—Continued

Feature glmiw o WT Pasition (WT) Feature in: Position in;
(Dumas) Oka-P Oka-V Oka-V 5ok Oka-Vyy Oka-Vgex Oka-Vy ok
C—A (ORF 14), K—N 20787 X X CrA - 20741 20741
C—A (ORF 14), K—N 20829 X X CiA C/A 20783 20783
T—A/T (ORF 14), T—S§ 20837 - - X X 20791 20791
C—A (ORF 14), K—N 20871 - CiA CiA 20825 20825
A=T (ORF 14), §—T 20879 - - AT 20833 20833
C—A (ORF 14), K—N 20913 - - AlC AIC 20867 20867
T—A (ORF 14), T—§ 21005 X X X X 200959 20959
G—A (ORF 15), L. 21371 X X X X 21325 21325
silent
G—T (ORF 15), R, 21734 X X X X 21688 21688
silent
G—A (ORF 15), S, silent 22311 X X X X 22265 22265
A—=G 22504 X X X X 22458 22458
A—G (ORF 16), M—T 22794 X X X X 22748 22748
A—G (ORF 16), F, 23294 X X X X 23248 23248
silent
Deletion (ORF 17), 24516 X X X X 24469 24469
dCAT (delS)
A—G (ORF 17), T—A 24578 X X X X 24529 24529
C—T (ORF 17), T—=M 24654 X X X X 24605 24605
G—A (ORF 17), V=i 25067 X X X X 25018 25018
A—G (ORF 18), N, 26125 - X X AG 26076 26076
silent
A—G (ORF 19), H, 27523 X X X X 27474 27474
silent
T—G (ORF 20), G, 29201 X X X X 29152 20152
silent
C—T/C (ORF 21), T-sl H732 - X - - 31683 31683
A—=G (ORF 21), T=A 32274 X X 2 X 32225 32225
T—C (ORF 21), H, silent 33722 X X X X 33673 33673
T—C (ORF 21), D, silent 33725 X X X X 33676 33676
T—C (ORF 21}, N, silent 33728 X X X X 33679 33679
T—C (ORF 22), V, silent 35543 X X X X 35494 35494
A—G (ORF 22), L, 37649 X X X X 37600 37600
silent
A—G (ORF 22), [-»V 37902 X X X X 37853 37853
T—C (ORF 22), T, silent 38036 - - GIT CIT 37987 37987
T—C (ORF 22), Y—H 3B055 X X X X 38006 38006
A—C (ORF 22), P, silent 38081 X X X X 38032 38032
G—A (ORF 22), E, 38177 X X X X 38128 38128
silent
G—T (ORF 22), T, silent 38714 X X X X 3R665 38665
C—T (ORF 22), A, silent 38717 X X X X 38668 RETTT
A—G (ORF 22), R, 39023 X X X X 38974 38974
silent
T—T/G (ORF 22), P, 39227 - X X - 39178 39178
silent
G—A (ORF 22), Q, 39263 X X X X 39214 39214
silent
G—A (ORF 22), R—H 39394 X X X X 39345 39345
A—=G (ORF 22), v, 39530 X X X X 39481 39481
silent
A—G (ORF 22), Q, 40388 X X X X 40339 40339
silent
T—C (ORF 22), P. silent 41057 X X X X 41008 41008
G—A 41452 x X X X 41403 41403
C—T (R3 repeat), A=V 41458 X X X X 41409 41409
G—C (R3 repeat), A=V 41459 X X X X 41410 41410
C—T (R3 repeat), A=V 41476 X - X X 41427 41427
Deletion, GCGCAGCCC 41475-83 - X - - 41426-34 41426-34
G—C (R3 repeat), A=V 41476 X - X X 41427 41427
Deletion, GCGCAGCCC 41484-519 X X . - 41435-70 41435-70
GCGCAGACCGTCC
AGCCCGCGCAG
CCC, AQPAQTVQ
PAQP

Continued on following page
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TABLE 3—Continued

J. VirOL.

Feature rclatfvc to WT Pkt (Wt Feature in: Position in:
(Dumas) Oka-P Oku-V Oka-Vask  Oka-Vyy Oka-Viie OKé-Vaerex
C—T (R3 repeat), A=V 41485 - - X - 41436 41436
C—C/T (R3 repeat), 41494 5 X 41443 41445
A=V
A—C (R3 repeat), T—P 41499 - - X X 41450 41450
C—T (ORF 22), T, silemt 41618 X X X X 41569 41569
G—A (ORF 22), S—N 41764 X X X X 41715 41715
C—G (ORF 22), Q—E 42069 b4 X X X 42020 42020
C—T (ORF 22). R, silent 42176 X X X X 42127 42127
A—C (ORF 22), A, 42242 X X X X 42193 42193
silent
42403 Del AAA Del AA Ins A Del A 42355 42353
T—G (ORF 23), S, silent 42476 X X X X 42428 42426
T—C (ORF 24), -V 43262 X X X X 43214 43212
C—T (ORF 26), C, silent 44835 X X X X 44787 44785
A—G (ORF 28), C=R 47162 X X X X 47114 47112
C—T (ORF 28), L, silent 4794() X X X X 47892 47890
T—C (ORF 28), $—G 48050 X X % X 48002 48000
G—A (ORF 28), T, 48825 X X X X 48777 48775
silent
G—A (ORF 28), L, 49535 X X X X 49487 40485
silent
C—A (ORF 28), G—C 50081 X X X X 50033 50031
C—T (ORF 29), 8, silent 51168 X X X X 51120 51118
A—G (ORF 29), Q, 52917 X X X X 52869 52867
silent
A—C (ORF 29), I-L 53482 X X X X 53434 53432
G—A (ORF 29), A—T 53938 X X X X 53890 53888
Deletion (ORF 29), ACA 54359-73 X X X X 54310 54308
TTTCAGGGTCAA,
NISGS
Deletion, T 54562 X X X X 54498 54494
T—C 54564 X X X X 54500 54498
A—G (ORF 30), P, silent 55820 X X X X 55756 55754
A—C (ORF 31), T=P 57224 X % X X 57160 57158
A—C (ORF 31), A, 57301 X X X X 57237 57235
silent
G—T (ORF 31), A, 57397 X X X X 57333 57331
silent
A=G (ORF 31), [=V 58395 - AG AG X SB331 58529
A—A/G (ORF 31), P, 59287 - X X X 59223 59221
silent
Insertion, G 59760 X X X X 59697 59695
Deletion 60278 Del5A DelsA Del A Del AA 60214 60211
A—C 60279 X X X X 60215 60212
C—A (ORF 33), A, 60405 X X X X 60341 60338
silent
T—G (ORF 33), Y-8 60781 X X X X 60717 60714
G—A (ORF 33), P—L 61018 X X X X 60954 60951
G—A (ORF 33), P—L 61019 X X X X 60955 (00952
T—C (ORF 33), N—G (1201 X X X X 61137 61134
T—=C (ORF 33), N—G 61202 X X X X 61138 61135
A—G (ORF 15), A, 64067 - X e NG 64003 A0
silent
A—G (ORF 35), C, 64136 X X X X 64172 64069
silent
T—C (ORF 35), P, silent 64259 X X X X 64195 64192
T—C (ORF 35), M—V 64375 X X X X 64311 64308
C—T (ORF 36), A, silent 64989 X X X X 64925 4922
C—T (ORF 36), S—L 65669 X X X X 65605 H5602
G—T (ORF 371 L, silent 66646 X X X X 66582 657
C—T (ORF 37), P-L 66879 X X X X 66815 66812
G—A (ORF 37), R—K 68172 x X X X 68108 68105
A—=G (ORF 38), T, 69349 X X X X 69285 69282
silent
T—C (ORF 38), S—=G 69756 X X X X 69692 69689

Continued on following page
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TABLE 3—Continued
Feature relative to WT Pasition (WT) Feature in: Position in:
(Dumas) Oka-P Oka-V Oka-Vex Oka-Vier Oka-Vioy Oka-Vyer g
T—C (ORF 39), M—=T 71252 - X X CT 71188 71185
C—T (ORF 40), V, silent 72997 X X X X 72933 72930
T—C (ORF 40), T, silent 73593 X X X X 73929 73926
C—T (ORF 41}, V, silent 76530 X X X X 76466 76463
Deletion, T 78144 X X X X 78079 78076
G-T 80244 b X X X 80179 80176
A—G (ORF 44), N—D 80840 X X X X 80775 80772
C—T (ORF 44), A, silent 81187 X% X X X 81122 81119
A—A/G (ORF 45), P, 82225 - X - - 82160 82157
silent
G—A/G (ORF 47), E, 84001 X - - 84026 84023
silent
A—G (ORF 47), T, 84616 X X X X 8455] 84548
silent
G—A (ORF 48), R—H 84983 X X X X 84918 84915
C—T (ORF 48), D, silent 85563 X X X X 85498 85495
A—AJ/G (ORF 48), T—A 85594 - - X X 85529 85526
C—A (ORF 48), Q—K 86170 X b4 X X 86105 86102
Deletion, CCTGAT 8648493 % X X X 86418 86415
AAAC
T—G 86356 X X X X 86481 86478
A—A/G (ORF 350}, C, 87280 . X - « 87205 87202
silent
T—C/T (ORF 50), S=G 87306 . X . - 87231 87228
C—T (ORF 50), S, silent 87841 X X X X 87766 87763
G—T (ORF 51), S, silent 88477 X X X X 88402 88399
A—G (ORF 51), T, 80734 - X X - 89659 89656
silent
T—C (ORF 51), T, silent 89905 X X X X 89830 89827
G—T (ORF 51), Q—H 90202 X X X X 90127 90124
T—C (ORF 51), S, silent 90217 X X X X 90142 9139
G—A 90392 X X X X 90317 90314
A—A/G (ORF 52), =V 90535 - X x - 90460 90457
C—T (ORF 52), G, silent 91191 X X X X 91116 91113
A=G (ORF 52), T—A 92026 X X X X 91951 91945
A—G (ORF 52), T—A 92092 X X X X 92m7 92014
A—G (ORF 52), H—R 92375 X X X X 92300 92207
T—C (ORF 53), V, silent 92999 X X X X 92924 92921
T—C (ORF 54), L, silent 94167 - X X TC 94092 94089
A—G (ORF 54), v, 94632 X X X X 94557 94554
silent
A—T (ORF 54), T, silent 94641 X X X X 04566 94563
T—C (ORF 54), G, silent 95241 X X X X 95166 95163
G—A (ORF 54), L, 95546 % X X X 05471 95468
silent
T—G (ORF 54), E=D 95601 X X X X 93526 95523
T—C (ORF 55), L, silent 97141 X X X X 97066 97063
T—T/C (ORF 55), VoA 97479 - - - X 97404 97401
C—T (ORF 55), I, silent 97501 X X X X 97516 97513
G—A/G (ORF 55), 97748 - X X X 97673 97670
A—T
T—C/T (ORF 55), C=R 97796 - X X - 97721 97718
T—C (ORF 53), G, silent 08437 X X X X 98362 98359
T—C (ORF 56), V, silent 98765 b X X X 98690 98687
A—C (ORF 56), T, silent 98807 X X X X 98732 98729
Deletion (ORF 56), 99227-29 X X X X 99148 99145
TTC, 8
T—G (ORF 57), H—Pp 99421 X X X X 99343 99340
A—G (ORF 58), Y, 99709 X X X X 99631 99628
silent
C—T (ORF 58), V-] 99981 X X X X 99903 96900
T—A (ORF 58), K—=N 100114 X X X X 100036 100033
T—G (ORF 58), N—T 100151 X X X X 100073 100070
A—=G 100283 X X X X 100203 100202
A—AJ/G (ORF 59), L—P 101089 X X X X 101011 101008
C—T (ORF 60), AT 101331 X X X X 101253 101250

Continued on following page
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TABLE 3—Continued
Feature relat'!ve to WT Position (WT) Feature in: Position in;
(Dumas) Oka-P Oka-V Oka-Vggx  Oka-Vyeor Oka-Vask Oki-Vayeres

Insertion (ORF 60), ATC 101623 X X X X 101543-101545 101540-10154Z
T=C 101886 X X X X 101811 101808
C—=T 101991 X X X X 101916 101913
G—A 102192 X X X X 102117 102114
A—=G 102203 X X X X 102128 102125
Insertion, TCAAGCTTT 102219 X X - - 102144 102141

AAAAACGTACCCCA

AACTTAAAACGCTC

AAATTGCCTTTTGG

AGGCCTGCCCAACG

GCCATTATCCCTTG

GATCTAAGATTGAT

TTGCGGTAACGTTT

GCCAA
C—A 102309 X X X X 102234 102231
A—C 102351 X X X X 102276 102273
A—G 102458 b4 X X X 102383 102380
T-G 102601 X X X X 102526 102523
T=C 103043 X X X X 102968 102965
A—-G 104898 X X X X 104823 104820
C—G 105010 X X X X 104935 104932
T=5C 105012 X X X X 104937 1014934
T—C 105015 X X X X 104940 104937
T—C 105017 X X X X 104942 104939
Insertion, C 105020 X - X X 104946 104943
Deletion, G 105054 X X X X 104979 104976
Deletion, G 105071 X X X X 1045995 104992
Insertion, ACAA 105145 X X X X 105075 105072
A—=A/G 105169 - X X X 105007 105094
A—A/G (ORF 62), L-§ 105310 - X X X 105238 105235
A—G (ORF 62), G, silent 105312 X X X X 105240 105237
T—C (ORF 62), =V 105356 - X X TIC 105284 105281
A—G (ORF 62), L—P 105451 X X X X 105379 105376
A—C (ORF 62), S—A 105512 X X X X 105440 105437
A—G (ORF 62), V—=A 105544 - X X X 105472 105469
T—C (ORF 62), A, silent 105705 - X X X 105633 105630
T—C (ORF 62), R—G 106262 - X X X 106190 106187
T—C (ORF 62), A, silent 107136 - X X T 107064 107061
C—T (ORF 62), A—T 107165 X X X X 107093 107090
T—C (ORF 62), §—G 107252 - X X X 107180 107177
T—C (ORF 62), R, silent 107307 X X X X 107235 107232
A—AJ/G (ORF 62), V—A 107599 - X X - 107527 107524
C—A (ORF 62), T, silent 107607 X X X X 107535 107532
T—C (ORF 62), A, silent 107715 X X X X 107643 107640
T—C (ORF 62), P, silent 108111 - X X X 108039 108036
A—G (ORF 62), L, silent 108747 X X X X 108675 108672
A—A/G (ORF 62), M—T 108838 - X X X 108766 108763
G—A (ORF 62), H, silent 108951 X X X X 108879 108876
C—G (ORF 62), A, silent 109044 X X X X 108972 108969
A—AIG 109137 - X X X 109065 109062
A—A/G 109200 - X X - 109128 109125
T-CT 109546 - - X - 109474 109471
G—-T 109654 X X X X 109582 109579
Insertion, CAT 109696 X X X X 109625109627 109622-109624
Insertion, GGGAGGGG 109907 X X - - 109838 109835

GCGCGGTACCCCGC

CGATGGGGAGGGG

GCGCGGTACCCCGC

CGATGGGGAGGGG

GCGCGGTACCCCGC

CGATGGGGAGGGG

GCGCGGTACCCCGC

CGATG
Insertion, GGGAGGGG 109907 X - - - 109838 109835

GCGCGGTACCCCGC

CGATG

Continued on following page
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Feature relative 10 WT . ) Feature in: Position in:
(Dumas) Position (WT) 3
Oka-P Oka-V Oka-V gk Oka-Vigeren Oka-Vgex Oka-Vy, o

G—A 110003 X X X X 109934 109931
Deletion, G 110058 X X X X 109988 109985
G—A (Ori), -, silent 110112 X X X X 109934 1019931
Deletion, AT 110212 - X X - 110142 110140-110141
T-G 110214 - - - X 110141
Insertion, ATATAG 110214 X - - - 110142 110141
T—G (On) 110216 X X X X 110144 110143
T—G (Ori) 110218 X X X X 110146 110145
T—=G (Oni) 110220 X X X X 110148 110147
T—G (Ori) 110222 X X X X 110150 110149
T—=G (Ori) 110224 X X X X 110152 110151
T—G (Ori) 110226 X X X X 110154 110153
A—=G (On) 110232 X X X X 110160 110159
A—G (Oni) 110235 X X X X 110163 110162
Deletion, GC 110378-110379 X X X X 110305 110304
A—G (ORF 63), T, silent 111312 X X X X 110238 110237
A—G (ORF 64), Q—R 111630 . X A/G A/G 111576 1115758
T—C (ORF t4), Y—=H 112093 X X X X 112019 112018
Deletion/insertion 112128 Del A Del A Ins 5a Ins A 112064-112068 112063
G—A 112198 X X X X 112129 112124
A—=G (ORF 66), §, silent 114140 X X X b ¢ 114071 114066
G—A (ORF 67), P. silent 115041 X X X X 114072 114967
C—T (ORF 68), T—I 115926 X X X X 115857 115852
C—T 117699 X X X X 117630 117625
Deletion/insertion 117769 Del T Del T Ins 5T InsT 117701-117705 117696
A—G (ORF 69), Y—H 117804 X X X X 117740 117731
T—C (ORF 69), Q—=R 118247 - X T/C T/C 118183 118174
T—C (ORF 70), T, silent 118585 X X X X 118521 118512
Deletion, GC 119518-119519 X X X X 119453 119444
Insertion, CTCTCT 119654 X X - - 119588 119579
T—C (Ori) 118656 X X - - 119590 119581
T—=C (Ori) 119665 X X X X 119599 119590
A—=C (Ori) 119671 X X X X 119605 119596
A—C (Ori) 119673 X X X X 119607 119598
A—=C (Ori) 119675 X X X X 119609 119600
A—C (Ori) 119677 X - X X 119611 119602
Deletion, ATATATAT 119677119684 - X - 119611-119618 119602-119609
A—C (Ori) 119679 X - X X 119613 119604
A—C (Ori) 119681 X X X 119615 119606
A—C (Ori) 119683 X - X A/C 119617 119608
C—=T (Ori) 119785 X X X X 119719 119710
Deletion, C 119847 X X X X 119780 119771
C-T, 119894 X X X X 119827 119818
Insertion, TACCGCGCC 120135 X X - - 120068 120059

CCCTCCCCATCGGC

GGGGTACCGCGCCC

CCTCCCCATCGGCG

GGGTACCGCGCCCC

CTCCCCATCGGCGG

GGTACCGCGCCCCC

TCCCCATCGGCGGG

GTACCGCGCCCCCT

CCCCATCGGCGGGG
Insertion, TACCGCGCC 120135 X - - 120068 120060

CCCTCCCCATCGGC

GGGG
Insertion, GAT 120202 X X X X 120136-120138 120127-120129
C—A 120243 .4 X X X 120179 120170
A—NG 120351 - - X - 120287 120278
T—=T/C 120697 B X X - 120633 120624
T-T/C 120760 - X X X 120696 120687
G—C (ORF 71), A, silent 120853 X X X X 120789 120780
C—T (ORF 71), H, silent 120946 X X X X 120882 120873
T—C/T (ORF 71), M—=T 121059 - X X X 120995 120986
T—C (ORF 71), L, silent 121150 X X X X 121086 121077
A—G (ORF 71), P, silent 121786 - X X X 121722 121713

Continued on following page
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TABLE 3—Continued
Fcalure( E'el ativc o WT Besiion (WD) Feature in: Position in:
) Oka-P Oka-V Oka-V e Oka-Vygerx Oka-Vigex Ok Ve e

A—G (ORF 71), A, 122182 X X X X 122118 122109

silent
G—T (ORF 71), T, silent 122250 X X X X 122226 122217
T—C/T (ORF 71), VA 122298 - X X - 122234 122225
A—=G (ORF 71), R, 122590 X X X X 122526 122517

silent
A—G (ORF 71), 5—G 122645 - X X X 122581 122572
G—A (ORF 71), A—=T 122732 X X X X 122668 122659
A=G (ORF 71, A, 122761 - X X AIG 122697 122688

silent
A—G (ORF 71), R—=G 123635 - X X X 123571 123563
A=G (ORF 71), A, 124192 - X X x 124128 124119

silent
T—C (ORF 71), VA 124353 - X X X 124289 124280
T—G (ORF 71), S—A 124385 X X X X 124321 124312
T—C (ORF 71), L—P 124446 X X X X 124382 124373
A—=G (ORF 71), I=V 124541 - X X AIG 124477 124468
T—C (ORF 71), G, silent 124585 X X X X 124521 124512
T—C (ORF 71), L—§ 124587 - TiE T/C T/IC 124523 124514
T=-=TIC 124728 - X X X 124664 124655
Insertion, TGTT 124750 X X X X 124687-124690 124678124681
Deletion, C 124834 X X X X 124773 124764
Deletion, C 124851 X X X X 124789 124780
A—=G 124880 NA NA X X 124818 124809
A—=G 124882 NA NA X X 124820 124811

* A partial analysis of 20 of these nucleotide differences was published previously (70). Nucleotide positions within ORFs are indicated, as well as the encoded amino
acids. Ori, origin of replication; WT, wild type. X. difference relative to Dumas strain; -, identical nucleotide relative to Dumas strain: NA, not applicable; Del, deletion;

Ins, insertion, Where apphicable, the resulting codan switch is specified.

DISCUSSION

In this study, we compared the complete genomes of the
varicella vaccine strains Oka-Vgx and Oka-Vy,,.,, both de-
rived from the original attenuated Oka-V strain (67). Phylo-
genctic analyses of these sequences along with 16 other com-
plete VZV genomes were recently reported (50, 69), providing
new insight into strain variability (69) and evidence of recom-
bination between major circulating VZV clades (50).

Although VZV is a monotypic virus with a very low rate of
interstrain sequence variations (0.061%) compared to other
members of the Herpesviridae family of viruses (between 0.32%
and 3.0% [47]), the sequence analysis of the Oka vaccine
strains is not straightforward due to the presence of heteroge-
neous genomes with distinct sequences (21), Therefore, con-
sensus sequencing provides only an indication of the most
prevalent bases for each position. In the present study, we
determined the full-length sequences of both Oka-V e and
Oka-Vy,, largely by bidirectional sequencing of overlapping
PCR fragments, but when direct sequencing did not generate
resulls of sufficient quality, fragments were subcloned and the

TABLE 4. Numbers of genomic sequence differences between the
four Oka strains

No. of differences from:

Strain
Oka-V Oka-Viqp OKa-Vpgerex
Oka-P 69 (Table 5) 79 6d
Oka-V 51 68
Oka-Viex 36 (Table 6)

consensus sequence was derived from numerous plasmid
clones. All sequences obtained were confirmed on both DNA
strands, This approach gave a high-quality assessment of the
whole genomes of Oka-V 4 and Oka-Vy,.,.., and this is, to
our knowledge, the first published comparative analysis of the
complete genomes of these two strains.

Comparison with partial sequencing information published
on these strains and the other Oka strains, Oka-P and Oka-V,
is shown in Table 7 (3, 22, 32, 59, 60, 63, 69). Argaw ct al.
sequenced approximately 34 kb from the 3' ends of Oka-V,
Oka-P, and Oka-V,, ., strains, and Schmidt et al, sequenced
approximately 26 kb of the Oka-Vgy strain (3, 60). Two
sequence differences were found for Oka-Vy,,,. in ORF 59
(position 101089; A versus A/G) and ORF 62 (position 105310;
G versus A/G) (3). Six differences were observed between the
present results and those previously published for Oka-V gy,
and 13 differences were observed for Oka-V,., (60). Finally,
comparison between the present study and a previous one (32)
revealed quantitative (number of sequence differences be-
tween Oka-Vgge and Oka-Vy.,.. Strains) and qualitative
(ORFs involved) discrepancies,

Our analysis of Oka-Vggy and Oka-Vy.,., scquences re-
vealed that they have very few nucleotide differences. When we
compared their complete genomic sequences (i.e, ~125 kb),
we found that only 36 positions were different between Oka-
Vask and Oka-Vy.,.,. These differences lead to 14 unigue
amino acid substitutions, which suggests that although these
two vaccine strains are not identical, they are very similar, The
differences resulting in amino acid substitutions were found in
10 different ORFs and in the R3 repeat region, while silent

|7
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TABLE 5. Comparison of complete genomic sequences of Oka-P and Oka-V strains of VZV¢

Feature in: Position in:
Feature relative to WT (Dumas) Position (WT)
Oka-P Oka-V Oka-Vask  Oka-Vyera Oka-Vex Oka-Vyperce

T-C 560 - X X X 559 559
T—T/C (ORF 1), Q, silent 703 - X c C 02 702
T—T/C (ORF 1), P, silent 763 - X C o 762 762
C—G (ORF 2), G, silent 1838 - X - - 1837 1837
T=T/C 2515 - X C - 2514 2514
A—=G (ORF 6), 5—P 5745 - X X AIG 5744 5744
T—C/T (ORF Y9A), W—R 10900 - X X - 10899 10899
C—=CIT (ORF 10), A=V 12779 - X X - 12778 12778
Insertion (ORF 11, R1), CGCGATCGA 14242 X X X 14164-14196 14164-14196

CGACGAGGGAGAGGCGGAGG

AGGA
T—=TIC (ORF 14), stop 19431 X - 19385 19385
A—G (ORF 18), N, silent 26125 - X X AIG 26076 26076
C—T/C (ORF 21), T—lI 31732 - X - - 31683 31683
T—T/G (ORF 22), P, silent 39227 - X X - 39178 39178
C—T (R3 repeat), A=V 41476 X X X 41427 41427
Deletion, GCGCAGCCC 41475-83 - X - - 4142641434 41426-41434
G—C (R3 repeat), A—V 41476 X X X 41427 41427
Deletion/insertion 42403 Del AAA Del AA Ins A Del A 42355 42353
A—G (ORF 31), 1=V 58595 - A/G AG X 5RS531 58529
A—AJG (ORF 31), P, silent 50287 X X X 59223 59221
A—G (ORF 35), A, silent 64067 X X A/G 64003 64000
T—-+C (ORF 39), M—T 71252 - X X GT 71188 71185
A—A/G (ORF 45), P, silent R2225 X - - 82160 82157
G—A/G (ORF 47), E, silent Ba191 X - - 84026 84023
A—A/G (ORF 50), C, silent 87280 - X - - 87205 87202
T—C/T (ORF §0), S—G 87306 X - - B7231 87228
A=G (ORF 51), T, silent 80734 - X X - 89659 B96S6
A=—AIG (ORF 52), [V 90535 X X - G0460) 90457
T—C (ORF 54), L, silent 94167 - X X TiC 94092 94089
G—A/G (ORF 55), A—T 97748 - X X X 97673 97670
T—C/T (ORF 55), C—R 97796 - X X - 97721 97718
Insertion, C 105020 X X X 104946 104943
A—=AG 1051649 - X X X 105097 105094
A—A/G (ORF 62), L-S§ 105310 - X X X 105238 105235
T—C (ORF 62), |-V 105356 X X TIC 105284 105281
A—G (ORF 62), V—A 105544 - X X X 105472 1054649
T-»C (ORF 62), A, silent 105705 - X X X 105633 105630
T—C (ORF 62), R—G 106262 - X X X 106190 106187
T—C (ORF 62), A, silent 107134 X X TIC 107064 107061
T—C (ORF 62), S—G 107252 X X X 107180 107177
A—AIG (ORF 62), V—A 107599 - X X - 107527 107524
T—C (ORF 62), P, silent 108111 X X X 108039 108036
A—AIG (ORF 62), M—T 108838 X X X 108766 108763
A—AIG 19137 - X X X 109065 109062
A—A/G 19206} - X X 109128 109125
Insertion, GGGAGGGGGCGCGGTAC 109907 X - - 109838 109835

CCCGCCGATG
Deletion, AT 110212 - X X - 110142 110140-110141
Insertion, ATATAG 110214 X - - - 110142 110141
A—G (ORF 64), Q—R 111650 - X AG AG 111576 111575
T—C (ORF 69), Q—R 118247 - X TIC TIC 118183 118174
A—C (Ori) 119677 X - X X 119611 119602
Deletion, ATATATAT 119677-119684 - X - - 11961 1-119618 119602-1 19604
A—=C (Ori) 1196749 X - X X 119613 119604
A=C (Ori) 119681 % X X 119615 1196106
A—=C (Ori) 119683 X X AIC 119617 119608
Insertion, TACCGCGCCCCCTCCCCA 120135 X - - 120068 120060

TCGGCGGGH
T—T/C 120697 X X 120633 120624
T-TIC 120760 X X X 120696 120687
T—CIT (ORF 71), M—T 121059 - X X X 120995 120986
A—G (ORF 71), P, silent 121786 - X X X 121722 121713
T—C/T (ORF 71), V—A 122298 - X X 122234 122225
A=G (ORF T1), $—G 122645 - X X X 122581 122572
A—G (ORF 71), A, silent 122761 X X AIG 122697 122688
A—G §ORF 71), R—=G 123635 X X X 123571 123563
A—G (ORF 71), A, silent 124192 - X X X 124128 124119
T—C (ORF 71), V—A 124353 X X X 124289 124280
A—G (ORF 71), I=V 124541 - X X AG 124477 124468
T—C (ORF 71), L-»§ 124587 TiIC T/C TIC 124523 124514
T—=TIC 124728 - X X X 124664 124655

* Ori, arigin of replication; WT, wild
applicable, the resulting codon switch §

Okt Vi i

type. X, difference relative to Dumas strain; -, identical nucleotide relative to Dumas strain; Del, deletion; Ins, insertion. Where
s specified. Boldface highlights homologies between genomic sequences of Oka-V and genomit sequences of Oka-V g, and/or

40



11036 TILLIEUX ET AL.

A Oka-Vgy

J. VIROL,

Oka-V),,

| B Transition
O Transversion
O Insertion
0O Deletian

B Intergenic
0 Deletion
[ aa change
0 Silent

FIG. 2. Type (A) and function (B) of the mutations between Oka-P and the Oka-V g, and Oka-V ..., vaccine strains of VZV. The numbers
indicate the number of events identified {or each category of mutations, aa, amino acid.

nucleotide substitutions were found in 8 different ORFs, and 1
noncoding substitution was found in the origin of replication,

Transactivation. ORF 62 encodes immediate early protein
62 (IE62), also known as a transcription regulator, which is the
major component of the virion tegument and an important
transactivating protein for all classes of VZV promoters (28,
49, 56). It is located in the short repeatl sequences and has
therefore a duplicate gene, ORF 71. These two duplicated
genes cover 7% of the whole VZV genome. Recent studies
suggested that ORF 62 could play a central role in the atten-
uated phenotype of the Oka vaccine strains (3, 20-22). Defined
amino acid substitutions in ORF 62 that are associated with
individual virus variants purificd from the vaceine mixture have
been linked to enhanced virus growth and spread in monolayer
cell culture (22).

The present analysis of vaccine strains confirmed that a high
number of mutations could be detected within ORF 62 (20—
22). As previously discussed, these SNPs in ORF 62/71 may be
important for attenuation of VZV (50, 69). The current anal-
ysis identified a nucleotide transition (position 105356 in ORF
62, corresponding to 124541 in ORF 71) that altered an Ile of
the IE62 protein to a Val only partially in Oka-V,,,,.,. and
completely in Oka-V gy and Oka-V, Because Oka-P encodes
only Ile at this position, it is likely that the Oka-Vy. .. pas-
saging history has selected for minor Oka-P-related species
that might be present in the Oka-V vaccine, The second sub-
stitution (position 107599 in ORF 62 and 122298 in ORF 71)
partially changed a Val 1o Ala in Oka-Vgx and Oka-V: for
Oka-Vyerer this position is identical to the one found in
Oka-P and encodes Val only, In both cases, the amino acids
involved are small hydrophobic residues. Gomi et al. demon-
strated that five amino acid substitutions, including the 105356

mutation, in the carboxyl terminus of IE62 directly reduced
transactivational activity (22). Experiments with recombinant
VZV will be required to determine how these mutations in
ORF 62 modulate VZV gene expression and which amino
acid substitutions are responsible for the differences in viral
spreading.

The product of ORF 10, the virion-associated transactivator,
is a tegument protein that regulates the IE62 promoter (28,
46). A nucleotide substitution (C—C/T) at position 12779 re-
sults in a conversion of an Ala in the Dumas, Oka-P, and
Oka-V .o Strains to a mixture of Ala and Val in the Oka-V
and Oka-Vgx strains. Similarly, minor subspecies from
Oka-V that were originally present in Oka-P may have been
selected in Oka-V . ... This position, which corresponds to a
location in the middle of the protein, in Oka-V and Oka-V gk
encodes two small hydrophobic amino acids (Val and Ala) that
could have similar functions. Indeed, no statistically significant
differences in transactivational activity of the ORF 10 gene
product could be detected between the wild type and the mu-
tant form, suggesting that this alternative form of ORF 10 has
a minimal effect on viral attenuation through modulation of
the expression level of IE62 (22). Furthermore, in vitro studies
have shown that ORF 10 product was dispensable for VZV
replication in vitro (10).

The helicase-primase complex. The helicase-primase com-
plex consists of three proteins encoded by ORF 6 (primase)
and ORFs 52 and 55 (helicase). Interestingly, we found four
amino acid substitutions in these proteins, three of which were
described previously (22).

The first amino acid substitution was located near the C
terminus of ORF 6 (position 5745, A—G), which was a Ser in
Dumas and Oka-P, a Pro in Oka-V and Oka-Vg, and a

N



" VoL. 82, 2008 FULL-LENGTH SEQUENCING OF TWO Oka VACCINE STRAINS 11037
TABLE 6. Comparison of complete genomic sequences of Oka-V g and Oka-Vy,_,., vaccine strains of VZV?
Feature relative to Position Feature in: Position mn:

WT (Dumas) (WD) Oka-P Oka-V Oka-Vg Oka-Viyorn OkaV Okt-Vayercy
T-T/C 2515 - b4 (& . 2514 2514
A—G (ORF 6), S—P 5745 - X X AIG 5744 5744
T—C/T (ORF 9A), W—R 10900 - X X - 10899 10899
C—C/T (ORF 10), A=V 12779 - X X - 12778 12778
C—C/T (ORF 14), K, silent 20703 - . X . 20657 20657
C—A (ORF 14), K—N 20787 X X CiA 20741 20741
A—T (ORF 14), S—T 20879 - . AT - 20833 20833
A—G (ORF 18), N, silent 26125 - X X AIG 26076 26076
T—T/G (ORF 22), P, silent 39227 - X b4 - 39178 39178
C—T (R3 repeat), A—V 41485 - E X . 41436 41436
C—C/T (R3 repeat), A=V 41494 - - X - 41445 41445
Deletion/insertion 42403 Del AAA Del AA Ins A Del A 42355 42353
A—G (ORF 31), -V 58595 - AG A/G X 58531 58529
Deletion 60278 Del 5A Del 5A Del A Del AA 60214 60211
A—G (ORF 335), A, silent 64067 - X X AIG 64003 64000
T—C (ORF 39), M—=T 71252 X X /T 71188 71185
A—G (ORF 51), T, silent 80734 - X X - 89659 89656
A—A/G (ORF 52), [-V 90535 - X X - 90460 90457
T—C (ORF 54), L, silent 94167 - X X T/C 94092 Y4089
T—T/C (ORF 535), VA 97479 - - - X 97404 97401
T—C/T (ORF 355), C—»R 97796 - X X - 97721 97718
T—C (ORF 62), I»V 105356 X X T/C 105284 105281
T—C (ORF 62), A, silent 107136 X X TiC 107064 107061
A—=A/G (ORF 62), V—A 107599 X X - 107527 107524
A—A/G 109200 X X - 109128 109125
T-C/T 109546 - X - 109474 109471
Deletion, AT 110212 X X - 110142 110140-110141
T-=G 110214 - - - X - 110141
Deletion/insertion 112128 Del A Del A Ins 5a Ins A 112064-112068 112063
Deletion/insertion 117769 Del T Del T Ins 5T Ins T 17701-117705 117696
A—C (Ori) 119683 X - X A/C 119617 119608
A—A/G 120351 - - X - 120287 120278
T=TIC 120697 - X X - 120633 120624
T—C/T (ORF 71), VoA 122298 - X X - 122234 122225
A—G (ORF 71), A, silent 122761 = X X AIG 122697 122688
A—G (ORF 71), |-V 124541 - X X AG 124477 124468

* WT, wild type. X, difference relative to Dumas strain; -, identical
applicable, the resulting cadon switch is specified. Boldface highhght
Oka'v‘wcuk-

mixture of both in Oka-V ... Pro is a rigid residue that could
induce substantial changes in the protein conformation, This
nucleotide substitution was also comprised in an Alul restric-
tion site. Interestingly, Quinlivan et al. found no differences
between Oka-Vgx and Oka-Vy,.,. by Alul restriction anal-
ysis: both Oka-Ve and Oka-V,,.,.. were A/G (*Alul),
whereas Oka-V was G (+Alul) (52).

The second substitution occurred in ORF 52 (position
90535, A—AJG). In this case, the amino acid residue in Oka-P
and OKa-V o was Ile, which was partially changed to Val in
Oka-V and Oka-V 5.

The last two substitutions were located in ORF 55, Val at
position 97479 was partially replaced by Ala in Oka-Vy
and Cys at position 97796 was partially replaced by Arg in
Oka-V and Oka-V ey

Gomi et al. demonstrated that pathogenicity and spreading
of VZV were affected by mutations in ORFs 6, 10, and 62,
whereas ORFs 52 and 55 did not seem to be important for
efficient VZV spreading (22). Because these substitutions were
only partial, they could result in the coexistence of different
helicase-primase activities resulting from different isomeric

nucleotide relative to Dumas strain; Ori, origin of replication; Del, deletion; Ins, insertion. When
s homalogies hetween genomic sequences of Oka-V and genomic sequences of Oka-V g5 andlor

complexes, as shown by restriction fragment length polymor-
phism analysis (22). For most of these positions Oka-V ¢, was
similar to Oka-V, whereas Oka-V,,_, was similar to Oka-P,

Envelope glycoproteins. VZV produces at least seven glyco-
proteins, gK, gC, gB, gH, gL, gl, and gE, which are the prod-
ucts of ORFs 5, 14, 31, 37, 60, 67, and 68, respectively (11).
Two putative additional glycoproteins were recently described,
gN (ORF 9A) and gM (ORF 50) (55, 77). It is known that
VZV glycoproteins induce a strong humoral immune response
following either natural infection or vaccination with the Oka
strain. The SNPs in the nine VZV glycoproteins were reviewed
in a recent comparative analysis (64). Some of them are spe-
cific to the vaccine strains and thus could be involved in VZV
attenuation.

The product of ORF 68, gE, is the most abundant glyco-
protein expressed during infection. A single amino acid sub-
stitution in this protein was shown to induce the accelerated
replication phenotype of the VZV-MSP mutant strain (57).
Recently, Grose at al. reported the sequences of two VZV
isolates harboring a D150N mutation within ORF 68 (25). That
study identified only onc mutation, common to all four Oka

i

50
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119683 ' 20787

117769 A58 20879

112128 : ; 26125

110214 |

110212

O Identical to Oka-V

J. ViroL.
Oka-V .k
124541
120351 20703
11968 20787
117769 20879

112128 26125
3g227
110212 41485

B Identical to Oka-P
B Identical to both
@ Different from both
FIG. 3. Sequence comparisons of Oka-V e, and Oka-Vy, o with Oka-P and Oka-V strains of VZV, The 36 nucleatide positions that are
different in Oka-V gy and Oka-V ., vaccines were compared to the sequence of the original vaccine strain Oka-V and its parental virus,

Oka-P,

strains (position 115926, C—T), which induced the replace-
ment of a Thr by Ile.

The product of ORF 31, gB. is the second most abundant
and immunogenic envelope glycoprotein of VZV after gE.
Along with gH and gC, it scems to play a role in the attachment
and penetration of viral particles. It was also shown to have
important fusogenic properties in the presence of gE and to be
associated with cell-to-cell infection (39, 45). An A—G tran-
sition at position 58595 induced a conversion of Tle to Val in
Oka-Vyere and a mixture of Ile and Val in both Oka-V e
and Oka-V. Both amino acids are small and hydrophobic,
suggesting that this substitution would probably not affect the
properties of this glycoprotein,

ORF 14 exhibited one silent replacement and two amino
acid substitutions in its product, gC. At position 20787, a co-
existence of C and A induced the partial replacement of a Lys
by Asn in Oka-V gy, whereas the original C residue was com-
pletely replaced by A in Oka-V,,, .. entirely replacing Lys
with Asn. Both residues are hydrophilic; however, Lys is basic
and Asn is polar, with an uncharged side chain, Because Asn
was not detected in either Oka-P or Oka-V, it is likely that this
amino acid substitution evolved as a result of additional vac-
cine passages and might reflect additional cell culture adapta-
tion. The second modification (position 20879, A—T) was
found only in the Oka-V gy strain. It partially changed a Ser
to Thr. Both residues are hydrophilic and polar with an un-
charged side chain. Grinfeld et al. showed that products of
ORF 14 and ORF 67 were dispensable for the establishment of
latency in a rat model (24). However, experiments with

SCID-hu mice showed that gC is important for viral tropism in
skin cells and that a decrease in gC plays a critical role in
attenuation (44). It was also previously shown that expres-
sion of gC is dependent on the strain of VZV, with the gC
level of Oka-V being much lower than that of wild-type
viruses (29, 37).

A nucleotide substitution at position 71252 induced the re-
placement of a Met by a Thr in the product of ORF 39, one of
the two multiply inserted membrane proteins of VZV. This
change was complete in Oka-V gk and Oka-V but only partial
in Oka-Vy, ... Although both amino acids are neutral, Thr is
polar and Met is hydrophobic. This difference may have some
effect on the properties of the protein, although these are
unclear at present (23),

We also found a mutation in the gN envelope glycoprotein.
This glycoprotein is the product of ORF 9A, a newly identified
gene positioned closely upstream of the ORF 9 initiation
codon (55). Glycoprotein gN is an 87-amino-acid protein
whose amino-terminal extremity overlaps with the first nine
amino acids of the ORF 8 product, coded on the complemen-
tary strand. The observed T-to-T/C shift at position 10900
involves a Trp-to-Arg switch in the very last amino acid of the
protein in Oka-V and Oka-V . This change leads to replace-
ment of a hydrophobic amino acid with a large aromatic side
chain at the carboxy! terminus of the protein by a hydrophilic
basic amino acid, which could alter the membrane topology of
the protein or its stability,

R3 repeat region, The R3 reiteration region is located in
ORF 22, the longest ORF in VZV. The product of ORF 22 is

4
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TABLE 7. Comparison of Oka-V gy and Oka-Vy.,., genomic sequences with previously published Oka genomic sequences™

Previously reported feature

Feature in present study
Reference Position ORF
Dumas Oka-P Oka-V Oka-Vgen Ok-Vgorex Oka-V e Oka-Vygerex
3 84983 48 G A A A A A
85563 48 C T 2 ) T T T
8h484 cclgataaac - cclgataaac  cclgataaac
86556 T G G G
87841 50 C T T i
88477 51 G T T I
89734 51 A G G A
89905 51 T C | &
90202 51 G T T T
50217 51 T C © C
90392 G A A A
91191 52 4 T T T
92092 52 A G G G
92375 52 A G G G
92999 52 T 6 C C
94167 54 T C C T/C
94632 54 F G G G
94641 54 A T T T
95241 a4 T % L & C C
93546 54 G A A A
971141 55 T € = (5]
97470" 55 G G G G
97591 35 C T T i
97748 55 G A AG A/G
97834° 55 & T C .81
98437 55 T C £ C
98765 56 T C LB G
98807 50 A G C |8
99227 56 TTC - - TTCE TTC
99709 58 A G G G G G
99981 58 C T T T T T
100114 58 T A A A A A
100151 58 T G G G G G
100283 A G G G
101089 59 A A G A AIG A/G
101331 it} C Q] T T T T
101623 60 - +ATC  +ATC +ATC +ATC
101886 T c c C
101991 C T T T
102192 G A A A
102203 A G G G
102219 +112 bp
102309 C A A A
102351 A & £ G
102458 A G G G
102601 T G G G
103043 T c (8 &
104898 A G G G
105010 cetectet ceteelet  geecttaceee ceteetet ceteetct ceteetet
105054 G Del G Del G Del G
105063 G Del G Del G Del G
105145 +AACA  +AACA +AACA +ACAA
105310 62 A A G G A/G AIG
105312 62 A G G G G G
105356 62 T g1 C L C C
105451 62 A G G G
105512 fi2 A C £ C
105544 62 A G G G
105705 62 T C C C
106262 62 T T C C C C
107136 62 T C C C
107165 62 C i T T
107252 62 T & C C
107307 62 T C |8 C
107607 62 C A A A
107715 62 T c €] C

Continued on following page
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: TABLE 7—Continued
- Previously reported feature Feature in present study
Reference Position ORF
< Dumas Oka-P Oka-V Oka-Vex Oka-Vigerer Oka-Vgex Oka-Viuerek

108111 62 T C C e
108747 62 A G G G
108951 62 G A A A
109044 62 C G G G
109694 +ATC +CAT +CAT
109762 +27 bp (i C
110196 Del TA No del No del
110216 (ga)ogy (ta)q(gc),aaga (ta) gagiga), (ta),,(ga),nan(ga),
110378 Del GC Del GC Del GC
111312 63 A G G G
111650 H4 A A G A/G /G A/G
112093 H4 T € C C C c
1121307 - - + A +A, +A; +A,
112198 G A A A A A
114140 66 A G G G
115041 67 G A A A
115926 (i) C T & T

60 1 A G G G A G G
3 G C G G G c C
178 G G G C C C c
560 T T LA 63 c C &
703 1 T T T & @ (i C
82225" 45 A A A G A A A
86363 49 A A A T A A A
87677 50 A A A G A A A
89734 51 A A G A A G A
90115 51 A A stop A A A A
105054 G - - - G Del G Del G
105071 G G - - G Del G Del G
105145 Poly(A) - AACA  AACA AACA - ACAA ACAA
105169 A A AJG AG A A/G AG
105310 62 A A AIG G A AIG AlG
105356 62 T T C 0 T L9 TIC
105544 62 A A G G G G G
124353 i T T c (& (& C C
124541 71 A A G G G G AG
124587 mn T T CT C T C CT
124728 T T CT cT i i T crr
124750 pA-T1 - TGTT TUTT TGTT TGTT TGTT TGTT
124834 C - - C Del C Del C
124851 6 - - - € Del C Del C

22 560 T & C G
703 1 T T/C C C
763 1 T T/C C C
2515 T T/C C il
5745 f A G G AIG
10900 9A T TiC T/C T
12779 10 T TIC T/C C
19431 14 T T/C i T
26125 18 A G G AIG
31732 21 & T/C | c
38036 22 T TiC T/C TIC
39227 22 T TIG TG T
58595 31 A AlG A/G G
59287 3 A AG AG AG
64067 35 A A/G G AIG
T1252™ 39 T TiC € TiC
82225 45 A AG A A
84091 47 G AJG G G
87280 50 A AG A A
87306 30 T T/C i T
89734" 51 A A/G G A
90535 52 A AIG AlG A

Continued on following page



VoL. 82, 2008 FULL-LENGTH SEQUENCING OF TWO Oka VACCINE STRAINS 11041
TABLE 7T—Continued
Previously reported feature Feature in present study
Reference Position ORF
Dumas Oka-P Oki-V Oka-Visx Oka-Vaeiee Okit-V ok Oka-Vygeru
94167 54 T C C T/C
97748 55 G AG AIG AG
97796 55 T TC b 4 T
101089 59 A AIG AIG AIG
105169 A AG AIG AG
105310 62 A AIG AIG A/G
105356 62 T G € TiIC
105544 62 A G G G
105705 62 T & € c
106262 62 2N C C C
1067107 62 A AIG A A
107136 62 ik & G TIC
107252 62 T [ 2 € (&
107599 62 A A/G AlG A
1077977 62 A AIG A A
108111 62 1l C c C
108838 62 A AIG AG AIG
109137 A AlG AG AIG
109200 A AIG AIG A
111650¢ 4 A A/G AIG AIG

* Boldface highlights differences (3. 60) and homologies (22} between results from published studies and results from the present study. Lowercase indicates insertion;

-. missing nucleotide position.

" Indicated as G in the Oka-V GenBank submission ABW7932,
* Indicated as C in the Oka-V GenBank submission ABO9TY3L,
4 In the present alignment, this position is 103071,

© In the present alignment, this position is 109696,

"In the present alignment, this position is 112128,

F Indicated as Y in the Oka-V GenBank submission AB0S7932.
" Indicated as R in the Oka-V GenBank submission AB097932.
! Indicated as A in the Oka-V GenBank submission AB097932,
!'Indicated as C in the Oka-P GenBank submission ABD97933,
* Indicated as T in the Oka-V GenBank submission AB0Y7932.
! Indicated as G in the Oka-V GenBank submission AB0S7932.
" Indicated as C in the Oka-V GenBank submission AB097932,
" Indicated as G in the Oka-V GenBank submission ABU97932,
“ Indicated as R in the Oka-P GenBank submission ABO97933,
P Indicated as A in the Oka-V GenBank submission AB097932,
7 Indicated as A in the Oka-V GenBank submission AB097932,
" Indicated as A in the Oka-V GenBank submission ABOY7932,

homologous to the UL36 virion tegument phosphoprotein of
herpes simplex virus type 1 (41, 42). R3 is a highly variable
region consisting of repeated elements that can vary in number
and combination (12, 22), but the impact of this region on the
function of ORF 22 phosphoprotein remains mostly unknown
because the function of the phosphoprotein itself is poorly
understood.

Despite the high variability of the R3 region, no frame-
shift mutations were detected in ORF 22, because the re-
peated elements are present as multiples of 3 bp. Neverthe-
less, two mutations (positions 41485 and 41494, C—T) in the
Oka-V gk strain were identified, both of which convert Ala
into Val, another amino acid with similar properties that
probably does not affect the function of the ORF 22 protein.

Attenuation and reactivation. Comparison of the four Oka
strain sequences of VZV indicated that Oka-Vg is geneti-
cally closer to Oka-V than Oka-V,_ . is but that Oka-V .
is closer to Oka-P than Oka-Vgk is (reference 50 and the
present study). In agreement with these findings, Sauerbrei et
al. demonstrated that Oka-Vy .. is genetically closer to
Oka-P than Oka-V g is (59). Nevertheless, it is well estab-
lished that both vaccine strains are attenuated but remain

strongly immunogenic (43, 73). Recently, Quinlivan et al. sug-
gested an association of particular SNPs in the VZV genome
with frequency of vaccine-induced rash (53). Four SNP posi-
tions were suggested to contain nucleotides specific to Oka-P
in most of the viruses isolated from vaccine rashes. The first
one is a silent nucleotide change within ORF 51 (A—G at
position 89734). The nucleotide at this position is A in Oka-
Verek @and Oka-P but G in Oka-V s and Oka-V. The second
SNP, at position 105169, contains mixed A/G nucleotides for
Oka-Vyyerer, Oka-Vige and Oka-V, whereas the parental
Oka-P contains only A. The third SNP, at position 105356, is
located within ORF 62. The change from T to C is responsible
for an amino acid switch (Ille—Val) for both Oka-V g, and
Oka-V. At the same position, the parental Oka-P contains T
(Ile), and Oka-V 4., contains a mixture of T and C (Ile/Val).
The last position (nucleotide 107797) was not identified as a
SNP in our sequencing data, which agrees with a previous
study (22).

Although the genetic basis of Oka-V attenuation has not
been determined, Oka-V and Oka-P genomes have nucleotide
differences predicted to change amino acids in every class of
viral proteins (3, 21). VZV atlenuation is a multifactorial phe-
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nomenon whose mechanism remains unclear (80), but it is
conceivable that mutations of the vaccine genome, in particu-
lar, mutations resulting in amino acid modifications, could
affect virulence or latency of the vaccine strain. Recently, Pe-
ters and coworkers sequenced 11 VZV genomes from different
clades, bringing the current number of available full-length
VZV sequences to 18 (50, 69). To assess variations that can
occur during serial passage in cell culture, these studies in-
cluded the four Oka strains (Oka-P and the three Oka vaccine
strains) and a VZV strain sequenced at passages 5, 22, and 72.
As discussed by Tyler et al. (69), the SNPs in ORF 62/71 found
in the three Oka vaccine strains and in the VZV strain at high
passage level (§628G, R958G, and 11260V in IE62) could be
involved in the attenuation of VZV. In addition, it was sug-
gested that other mutations could play a role, particularly
those in regions containing ORFs 30 to 55 (69, 78, 80). How-
ever, we found that numerous SNPs contain the original Oka-P
nucleotide, supporting the idea that the attenuated phenotype
is the result of a cooperative effect between several SNPs
rather than the result of selected mutations. Therefore, our
analysis of SNP importance is aligned with the conclusions of
Tyler et al, regarding VZV attenuation (69).

VZV remains latent in sensory-nerve ganglia and can rcac-
tivate later, causing herpes zoster. It was suggested that herpes
zosler is less common after vaccination, because initial access
of Oka-V to neural cells is reduced by limited skin replication
or because Oka-V reactivation and secondary viral infection of
skin are less efficient, rather than because of an intrinsic at-
tenuation of Oka-V neurotropism (5). Indeed, even though the
Oka-V strain of VZV can cause herpes zoster, it seems to
reactivate less often than the wild-type VZV even in immuno-
compromised children (18, 27, 68), and increased incidences of
reactivation after vaccination have not been demonstrated in
cither clinical studies or postmarketing surveillance (33a, 43,
62, 66, 70, 73). In addition, the Oka vaccines have been shown
to elicit a strong and protective immune response against vari-
cella (7, 43, 73).

Conclusion. Overall, this study shows that, throughout the
entire VZV genome, only 36 nucleotide positions differ be-
tween the Oka-Vqi and Oka-V,, ., vaccine strains. Anal-
vsis of the complete genome of VZV also shows that, ge-
netically, Oka-V g is closer to Oka-V and that Oka-Vyg o
is closer to Oka-P. Although Oka-Vggx and OKka-Vyge o
exhibit differences, there is a high degree of conservation
between these strains at both the nucleotide and amino acid
levels. This result supports the clinical data showing that
both vaccines are well tolerated and clicit strong immune
responses against varicella.
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The Oka vaccine is a live attenuated vaccine for the prevention of varicella. Although the vaccine differs
fram the progenitor virus by over 40 mutations, only three of these are fixed, the rest being a mixture
of the wildtype and the vaccine allele. To examine the extent of this variability between two of the
three commercially available vaccine preparations, we analysed the vaccine/wildtype allele frequencies
present at fifteen vaccine loci in five preparations each from two different manufacturers of the vOka
vaccine, Our results suggest that differences in manufacturing processes between the rwo companies
have resulted in significant variation in the frequencies of the vaccine/wildtype alleles in their vaccines.
Yer despite these differences, the allele frequencies in the vaccines from the two companies are strongly
correlated, We discuss the significance of these findings and the role of evalutionary processes that
influence the production of this live attenuated vaccine.

@© 2011 Elsevier Ltd, All rights reserved.

1. Introduction

The live attenuated Oka vaccine is licensed for the prevention
of varicella in children in the USA, Japan, Korea, Germany, Greece,
Australia and Canada and for targeted immunisation of seroneg-
ative health care workers in several countries, including the UK.
Over 15 years of experience has demonstrated that VZV vaccines
are safe and well tolerated [1-4]. Universal vaccination in the USA
has massively decreased the incidence of varicella in both vacci-
nated individuals and, by herd immunity, unvaccinated individuals,
with significant reduction of associated hospitalization and mor-
tality (reviewed in [5]). The commonest adverse event is a mild
rash occurring following vaccination, which occurs in around 5% of
children and a higher proportion of adults. Life threatening vOka
(vaccine Oka) infection has only been described in subjects with
undiagnosed cell mediated immunodeficiencies,

The original Oka vaccine strain was derived by serial passage of
a wildtype Japanese VZV isolate, pOka (parental Oka) which had
been obtained from a child with chickenpox |6]. Three main prepa-
rations derived from the original vaccine seed stock are licensed
for use, the Biken vaccine, Varivax (Merck) and Varilrix (GSK). In

* Corresponding author, Present address: Department of Life Sciences, Imperial
College London, Silwood Park, Buckhurst Rd, Ascot, Berkshire SL5 7PY, UK.
Tel.: +44 0207 594 1780; fax: +44 020 7594 2339,
E-mail address: r.kanda@imperialac.uk (R.K Kanda).

0264-410X/5 - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.vaccine.2011.02.021

addition, combined vOka with live attenuated measles, mumps and
rubella, is marketed by both Merck and GSK. Comparative Sanger
sequencing of the Biken strain vOka and pOka, the wildtype pro-
genitor, genomes identified 42 loci at which vaccine substations
have occurred, 20 of which are non-synenymous [7]. In addition,
length polymorphisms in the known variable repeat R1, R3 and R4
repeat regions and the viral origin of replication OriS were observed
and five loci identified that were fixed for the vaccine polymor-
phism, the rest being polymorphic for vaccine and wildtype single
nucleotide polymorphisms (SNPs). Sequencing of 10 clones of the
Biken vaccine ORF62 confirmed the Biken vaccine to contain a mix-
ture of related but distinct haplotypes 8], Subsequently, both the
Merck and GSK vOka vaccine preparations were also found to be
heterogeneous [9-11].

Only three loci in the ORF 62 gene, which codes for the major
immediate transactivating protein, are fixed for the vaccine SNP
in all three vaccine preparations, the remainder being either wild-
type or mixtures of vaccine and wildtype SNPs [7,11-13]. Overall
the GSK vaccine has been found to carry more loci which are fixed
for vaccine mutations and fewer which are wildtype than either
the Merck or Biken vaccines [11]. Merck and Biken vaccines also
differ from one another, with the former having at least one SNP
that was not previously identified [9]. However, unlike the Merck
vaccine [10,13], there has been no analysis of vaccine allele fre-
quencies in the GSK vaccine. Differences between Merck and GSK
vaccines could have arisen due to differences in the downstream
manufacturing process by each company (Fig. 1). For example,
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Oka Varicella Vaccine HEL,,GPE,,WI38,*®

- | Merck?® |

A

Oka Varicella Vaccine
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Sonicated, terminal dilution WI38
Y

Sonicated, terminal dilution WI138
v

Sonicated, terminal dilution WI138
Y
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¥
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v

Merck Oka Vaccine Master Seed Stock
HEL,,GPE,,WI38,MRC5.

GSK Oka Vaccine Master Seed Stock
HEL ,,GPE ,,WI38,MRCS5, 4.

b

v

Merck Oka Vaccine Working Seed Stock
HEL,,GPE,,,WI38,MRCS5.

GSK Oka Vaccine Working Seed
Stock HEL,,GPE,,W138,MRC5,

L 4

VARIVAX vaccine
HEL yGPE ;;,WI38,MRC5, ;4

VARILRIX vaccine
HEL;GPE,,WI38,;MRC5; 4.

Fig. 1. Overview of varicella vaccine production, HEL, human embryonic lung cell cultures; GPE, embryonic guinea pig cell cultures; W138, human diploid cell cultures; MRCS,
human diploid cell cultures. Subscript numbers indicate passage levels. *Information abtained from Merck Product information IPC-VRV3-1-032008. PInformation obtained
from D'Hondt et al. [14], *Unknown number of passage levels in MRC5 cells. Where passage levels are given next toa “*", these have been inferred from ? and ", World Health
Organisation guidelines indicate a limit for Oka-strain varicella vaccine at passage level 38, hence final levels of passage in MRCS cells can be estimated [ 14,

the GSK vaccine was subjected to five rounds of terminal dilu-
tion in an attempt to generate a genetically uniform vaccine strain
[14]. Somewhat surprisingly this process did not appear to gen-
erate new vaccine mutations [11]. Limited analysis of different
batches of vOka vaccines suggests little variation, [13], however,
this has not been extensively characterised. To further examine
variability between companies and among batches/Iots, we anal-
ysed vaccine/wildtype allele frequencies present at 15 vaccine loci
in five preparations each of the Merck and GSK Oka vaccines, which
are currently available for vaccine programmes in Europe and the
USA.

2. Methodology
2.1, Vaccine batches and SNPs

Five lots each of GSK and Merck vaccines derived in each case
from three batches were available for analysis ( Table 1), Fifteen loci
at which vaccine substitutions have been identified were selected
for analysis. Nine of these were located in ORF62, which con-
tains over 30% of all the vaccine SNPs identified—several of these
SNPs (105169, 105705, 105724, 107136 and 107797) have been
identified as being of potential biological importance for vaccine
attenuation and as immune targets [13,15]. Two of these were pre-
viously identified as fixed vaccine SNPs. The remainder were chosen
as they have previously been found to be variable and therefore

informative [10,13] and to consistently be present in ORFs across
the VZV genome,

2.2. Nucleic acid extractions

Total DNA was extracted using a QIAamp® DNA Mini Kit(Qiagen
LTD., UK) according to the manufacturers instructions. The lot num-
bers, their date of issue and the number of loci analysed in each are
shown in Table 1. Prior to extraction, lyophilised vaccine prepa-
rations were resuspended in the 500 .l of accompanying buffer.
DNA from each preparation was extracted from 2x 200 pl and 1x
100 .l (mixed with 100 .l of PBS) aliquots. The 3x 200 .l aliquots
of eluted DNA were merged to form a 600 .1 DNA pool, which was
used for subsequent experiments, A negative control was used dur-
ing the extraction process by replacing sample material with 200 pl
of water.

2.3. PCR reactions

All PCRs were performed in a GeneAmp 2700 thermocycler
(Perkin Elmer, UK), initiated by hot start activation at 95 C for
10min and ended with a step of 72°C for 10min before being
incubated at 4°C. For direct sequencing, reactions included 35
cycles ofamplification (95 C, 1 min; primer annealing temperature
(supplementary Table 1), 1 min, 72°C, 1 min), For pyrosequencing,
reactions included 45 cycles of amplification (95 C, 15s; primer
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annealing temperature (supplementary Table 2), 30s, 72°C, 155).
PCR reactions included 5l of template DNA, 5l of PCR buffer
Il (Perkin Elmer, UK), 1.5mM MgCl; (Perkin Elmer, UK), 200 LM
of each deaxynucleotide triphosphate (Advanced Biotechnologies,
UK), 12 pmol of each primer and 1 unit of AmpliTaq Gold DNA poly-
merase (Perkin Elmer, UK). Final reaction volumes were adjusted
to 50 .l using DNAse/RNAse free water (Sigma, UK). For PCR reac-
tions with each primer set, two negative controls were emplayed.
The first consisted of PCR reaction mix, in which template DNA was
replaced with water. The second consisted of PCR reaction mix, in
which template DNA was replaced with the water used as a neg-
ative control during the DNA extraction process. PCR with each
set of CSA and pyrosequencing primers also included a reaction
containing DNA homogenous for the wildtype allele. For pyrose-
quencing primers a second reaction containing DNA homogenous
for the vaccine allele was also included.

2.4. Determining allele frequencies

In the past we have used two methods for determining allele
frequencies, comparative sequence analysis (CSA) and pyrose-
quencing, using primers directed against 35 of 42 vaccine SNPs
identified by Gomi et al. [7]. To determine the accuracy of
CSA and pyrosequencing, we used primer sets which amplify
fragments containing the nucleotide present at position 108838
(supplementary Tables 1 and 2). These fragments were cloned into
the EcoRlI site of a pUC based pCR2.1 vector using a TA Cloning Kit in
accordance with the manufacturer's instructions (Invitrogen, UK)
and transformed into One Shot competent TOP10 Escherichia coli
(Invitrogen, UK). Clones containing the vector plus insert were iso-
lated and the DNA was purified using a QIAprep Spin Miniprep Kit
(Qiagen, UK) according to the manufacturer's instructions. The DNA
concentration was measured on a Gene Spec 1 Spectrophotome-
ter (Nalca Instruments Ltd., UK) and Tris-EDTA (10 mM) was used
to normalise the concentrations (i.e. DNA from clones containing
the wildtype allele and clones containing the vaccine allele were
both diluted to a concentration of 200 ng/ul each). DNA from clones
containing the wildtype SNP at 108838, and clones containing the
vaccine SNP at 108838, were then mixed in ratios of 100;0, 90:10,
70:30, 50:50,30:70, 10:90 and 5:95. The allele frequencies at posi-
tion 108838 were analysed in triplicate by CSA and pyrosequencing

Table 1
Vaccines used in this study.

Company Vaccine? Year Number of
{country) SNPs
of purchase analysed
Merck Batch 1: 2003 (LK) 35
Lot 1 [A)
Batch 2: 2004 (LK.) 15
Lot 1{B)
Barch 2; 2005 (LK. 15
Lot 2(C)
Batch 3: 2005 (U.S.) 15
Lot 1 (D)
Barch 3; 2005 (U.S.) 15
Lot 2 (E)

GSK Batch 1: 2003 (UK.} 35
Lot 1(1)
Batch 2: 2008 (U.K.) 15
Lot 1(2)
Batch 2: 2008 [(U.K.) 15
Lot2(3)
Batch 2: 2008 (UK. 15
Lot 3 (4)
Batch 3; 2010{UK) 15
Lot 1(5)

* Vaccine lot identifiers were anonymised for the purpose of this study. Numbers
and letters in parenthesis are abbreviated identifiers for each vaccine,

3295
o[ - -~
=
(=] /
$ P
P
E. - 4 ./‘
=1 P
& &
3 ¥ 4
1]
E o
@
w
/.
a4 /
97
g,/
- |5
(=]
T ] 1 1
0.2 04 08 08 1.0

Actual Proportion

Fig. 2. Calibration of the two different methods for determining the frequency of
alleles at polymorphic loci. The three estimates obrained by pyrosequencing (black
symbols) and three obtained hy CSA (grey symbols} are plotted for each mixture,
along with a 1.1 line illustraring the known frequency.

using published methods [13,16], For mixtures where the one allele
was present at <10%, the experiment was repeated, giving six read-
ings per SNP rather than just three. Relative SNP percentages were
calculated automatically for the pyrosequencing, by measuring the
area under the curve for loci with dual peaks, The relative percent-
ages for CSA were calculated according to the method described by
Mattocks et al. [16].

2.5, Statistical methods

The significance of the genetic differences among the various
vaccines was evaluated using generalized linear modelling of the
arcsine transformed allele frequencies.

3. Results

3.1. Comparison of CSA and pyrosequencing for allelic
quantification

The accuracy of CSA and pyrosequencing for allele mixtures
were comparable ( Fig, 2), but the pyrosequencing was significantly
closer to the true proportions (P=0.,012): the standard deviation
around the known frequency being 0.016 (max. 0.03) compared to
0.027 (max. 0.05) for CSA. When the mixtures of allele frequen-
cies were at their most different, the pyrosequencing still detected
the lowest frequency allele, whereas CSA did not (Fig. 2). Because
of this greater sensitivity and reproducibility, pyrosequencing was
used for further analyses. When quantifying alleles in the vaccines,
if the wildtype allele was detected at <10%, the PCR and relevant
assay was repeated,

3.2, Variation in lots of Oka/GSK and Oka/Merck

The allele frequencies observed at the fifteen loci analysed in all
of the GSK and Merck lots are given in Table 2. Three of the loci
were fixed for the novel vaccine allele (560, 106262 and 107252),
With the exception of positions 89734 which retained the ancestral
allelein all Merck batches, and 105724 which retained the ancestral
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Table 2

Variation in lots of Oka/GSK and Oka/Merck,

RK, Kanda et al. / Vaccine 29 (2011) 3293-3298

SNP ORF P-Oka® OkafGSK lots®© Oka/Merck lots® ¢

- A B c D E 1 2 3 4 5
560 5' non-cod T o ] "] 0 1] ] 0 1] 4] a
19431 14 T 61 57 57 57 64 79 B1 80 a5 83
58595 (530) 31 A 71 67 67 58 78 45 46 48 47 49

~ B7280 50 A 100 84 80 T4 100 100 85 85 85 87
89734 51 A 24 25 25 25 18 100 100 100 100 100
97748 (585) 55 G 45 56 50 58 30 61 56 b4 67 60
105169 61/62 A a0 21 21 21 61 56 50 53 53 51
105356 (1260) 62 T 3 6 0 0 0 34 36 3 33 31
105705 62 T 11 0 0 0 0 51 0 0 a 0
105724 (1137) 62 A 100 100 100 100 100 93 81 82 B1 100
106262 (958) 62 iT 0 Q 0 0 0 0 1] 0 0 0
107136 62 T 40 0 32 33 0 50 50 48 48 46
107252 (628) 62 iT 0 ] 0 0 0 0 0 0 0 0
107797 (446) 62 A 69 55 56 55 55 70 75 68 68 68
10B838 (99) 62 A 100 80 60 63 60 100 76 75 77 75

a

B

Numbers refer to the nucleotide position in Dumas: numbers in parenthesis refer to the affected amino acid residue within a particular ORF.
P-Oka bases are identical to those in Dumas at every position; P-Oka sequence is from Gomi et al, |7].

© Oka/GSK-A was analysed by CSA, Oka/GSK-B, -C & -D were analysed by pyrosequencing.
¢ Oka/Merck-1 was analysed by CSA, Oka/Merck-2, -3, -4 & -5 were analysed by pyrosequencing.

f Mumbers refer to the percentage wildtype allele.

allele in all GSK batches, the remaining loci were a mixture of the
of the ancestral (wildtype) allele and the vaccine allele in varying
proportions,

3.3. Comparison between and within Merck and GSK Oka vaccine
preparations

The percentage wildtype alleles present in the vaccine prepa-
rations from Merck and GSK for 15 of the 42 loci known to differ
between pOka and the Oka Biken vaccine preparation are shown
in Fig. 3 (data in Table 2). As can be seen in Fig. 3, there is a
strong correlation between the allele frequencies in the vaccines
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Fig. 3. Comparison of range and average allele frequencies at polymarphic sites
in Oka/Merck (black) and Oka/GSK (grey) vaccines. The whiskers on the box
plots represent the full range of estimates of the wildtype allele, from the three
batches obtained from each company; the box illustrates the inter-quartile range.
The band inside the box represents the median value. Letters indicate the SNP
position as below: a—560, 106262, 107252; b—105705: c—105356: d—107136;
e—105169; f-97748; g—58595; h—889734; i—107797; j—19431; k—108838:
1-87280; m—105724,

from the two companies (r=0.79, P=0.0005). The implications of
this result are discussed further (see below). For each vaccine we
compared genetic variation between different lots from the same
batch, between different batches of the same vaccine and between
the two vaccine preparations. There was a significant trend across
most loci for the Merck vaccine preparations to have higher fre-
quencies of the wildtype allele (P=3.422 x 1073), as illustrated
in Fig. 3. There was significant batch to batch variation between
the three Merck batches (P=7.181 % 1077) and between the three
GSK batches (P=9.697 x 10~'?). Although the amount of variation
between batches was not significantly different for the two vac-
cine companies (P=0.160), there was significantly more variation
in allele frequencies among lots from a single batch of GSK vaccine
compared to lots from a single batch of Merck vaccine (P=0.006).
The implications of these between and within-vaccine variations
are discussed.

4. Discussion

We and others [10,11,13] have confirmed that the Oka vaccine
comprises multiple haplotypes, each of which contains different
numbers of vaccine mutations. Our data show three important
findings. First, we confirm previous reports of the loss of wildtype
alleles in the GSK as compared to Merck at 4 loci (560, 105705,
106262 and 107252), particularly where the wildtype allele was
rare (i.e, at low frequency). Additionally, we show that where loci
are mixed for vaccine and wildtype SNPs, the frequency of the wild-
type allele at these loci is on average lower in the GSK than in the
Merck vaccine, These findings are likely to be explained by produc-
tion differences. Prior to development of the commercial vaccine
in the 1980s, Smith Kline Beecham attempted to produce a geneti-
cally uniform vaccine—as a part of this the GSK seed lot underwent
serial terminal dilutions in WI38 cells before further passages in
MRC5s to generate the GSK working seed lot and vaccine stocks
(Fig. 1). At the very least, this would be expected to reduce the
amount of variability present in the vaccine mixture, if not indeed
succeeding in making the vaccine genetically uniform. In contrast,
the Merck vaccines are derived directly from the seed stock without
any attempted purification before further passages in MRC5 cells
(17], Merck Product information IPC-VRV3-1-032008 —summarised
in Fig. 1), and are therefore expected to be more of a mixture of
multiple haplotypes, as in the original seed stock.

bl
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L]
. Oursecond observationis that despite the differences in produc-
tion processes, the allele frequencies in the Merck and GSK vaccines
\are strongly correlated (Fig. 3). This is an unexpected observation. If
the vaccine alleles were simply neutral in the in vitre environment
of vaccine production ane would not expect to see a correlation in
allele frequencies between the two vaccines given the differences
in the manufacturing process (Fig. 1). Taking into consideration the
GSK terminal dilution procedures, there are two possible explana-
tions. If we assume that the GSK process succeeded in producing
a genetically uniform vaccine, then the vaccine alleles could have
arisen by de novo mutation and spread in the GSK production line
after purification had occurred. However, two questions then arise:
why have the vaccine mutations appeared at the same loci and
with approximately the same frequency, as the Merck vaccine, and
what would explain the lower frequency of the ancestral alleles in
the GSK vaccine? One possibility is that both the Merck and GSK
production processes select for the same intermediate allele fre-
quencies, but that the GSK values have had insufficient time to reach
this stable "optimum” value through the accumulation of muta-
tions following the loss of the ancestral allele during the process of
serial terminal dilutions. An alternative explanation is that the GSK
serial dilutions did not result in a genetically uniform population
but rather one that remained polymorphic with approximately the
same allele frequencies as the original seed mixture. Both explana-
tions would account for the lower frequency of the ancestral allele
in GSK batches at those loci where the ancestral allele was initially
rare inthe seed stock, since itis the rare alleles that would tend to be
lost by serial dilution and be prone to ascertainment bias (whereby
rare alleles would have been detected if they were slightly more
comman in the Merck population but not vice versa). The fact that
the ancestral allele is rarer in GSK at all but two loci (Fig, 3, 58595
and B7280), suggests a third possibility: that some difference in the
Merck production favours selection of the ancestral alleles at the
majority of loci.

Finally, we have observed that the Merck vaccine has more sim-
ilar allele frequencies between lots of the same batch, than does
the GSK vaccine, If the variation between lots were due to chance
(i.e. random genetic drift), then this observation would imply that
the Merck protocols maintain larger sample sizes of virus at each
generation than the GSK, as the effects of genetic drift are more
pronounced in smaller populations than larger populations. Alter-
natively, if as suggested earlier, selection is occurring in the Merck
production process, this could explain the more similar allele fre-
quencies observed in the Merck vaccines than the GSK.

In summary, our data suggest that evolutionary processes do
influence production of live attenuated vaccines and affect their
composition. We have focused on variable loci that have previously
been identified as being of potential biological importance for vac-
cine attenuation and as immune targets [13]. However, there is
evidence to suggest other loci may also play a key role in attenua-
tion [17]. More extensive sequencing of different batches and lots
from each source would give a better idea of the allele frequencies
present at all variable loci, allowing us to distinguish between the
different hypotheses described here as they make different predic-
tions. If the lower frequency of ancestral alleles in GSK batches were
due to ascertainment bias, this trend would disappear once all loci
were sequenced. If the trend were due to the loss of rare alleles in
the GSK production line, more extensive sequencing would reveal
a pattern in which the GSK allele frequencies were more extreme
than those in Merck batches, i.e. closer to zero in GSK at loci where
they were rare in Merck batches, and closer to one where they
were common. Finally, if there were genome-wide selection against
ancestral alleles in GSK, that trend should be apparent across most
vaccine loci irrespective of their frequency. Our analyses of the
differences in allele frequencies between the vaccines provide an
insight into the various evolutionary processes that are clearly
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affecting the composition of live attenuated vaccines. The data
suggest that both batch to batch variation and variation between
vaccines manufactured by different companies is not insignificant.
To date, there is little evidence that the differences between the
GSK and Merck vaccines or the batch to batch variation, affect
efficacy or safety. However, a recent paper reported more break-
through infections in children immunized with one dose of the
GSK vaccine as compared with the Merck preparation, although
the differences were not significant [18]. A previous publication
also reported lower antibody titres following vaccination with the
GSK preparation as compared to the Merck, albeit in the context of
co administration of MMR vaccine [1]. Whether these data reflects
greater variation in batch to batch immunogenicity of the GSK vac-
cine remains to be established. Nonetheless, understanding the
evolutionary processes influencing this vaccine is clearly an impor-
tant consideration for continued quality assurance of production.
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Molecular Analysis of the Oka Vaccine Strain
of Varicella-Zoster Virus

Koichi Yamanishi
National Institute of Biomedical Innovation, Ibaraki, Osaka, Japan

Live attenuated Oka vaccine was subjected to molecular analysis, with the long-term goal of identifying genes
in the vaccine strain responsible for its attenuation. Complete genomic sequences for both the Oka parent
virus and the Oka vaccine virus were determined and compared. There were differences in only 42 bases
between the 2 viruses. More than one-third (15/42) of the nucleotide substitutions in V-Oka were found in
open reading frame (ORF) 62. These differences were also observed when sequences of Japanese low-passage
clinical isolates of varicella-zoster virus (VZV) were compared with the Oka vaccine strain. The ORF62 gene
encodes an immediate early (1E) protein, [E62, that is the major transactivator of VZV and, as such, is critical
to initiating the VZV gene expression cascade. Several insertions and deletions were also observed in comparing
the 2 sequences, largely in the internal tandem repeat units. Functional differences between the 2 types of
Oka virus were also examined. Oka vaccine was found to consist of a mixture of different subpopulations,
and the parental Oka virus replicates more efficiently than does the vaccine strain. Development of a bacterial
artificial chromosome for VZV expression should lead to the discovery of additional differences in wild and
vaccine types and, thus, enhance our understanding of the genetic basis for attenuation of the Oka vaccine

strain,

Live attenuated varicella vaccines derived from the par-
ent Oka (P-Oka) strain of varicella-zoster virus (VZV)
are used routinely to prevent or modify the severity of
varicella in children in Japan and many other countries
[1-4]. The vaccine Oka strain (V-Oka) was developed
by Takahashi and colleagues, using the empirical ap-
proach of passing P-Oka, which is a clinical isolate
recovered from skin lesions of a child with varicella, in
cultured human and guinea pig cells [5]. Attenuation
of V-Oka was established clinically by inoculating sus-
ceptible children., These children had no signs of var-
icella, developed VZV 1gG antibodies, and were pro-
tected from illness when they were exposed to wild-type
VZV. Attenuation was also demonstrated by the re-
duced virulence of V-Oka in immunocompromised
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children with leukemia or other immunosuppressive
conditions [5-9]. Finally, V-Oka exhibits a low sec-
ondary transmission rate in comparison with wild-type
VZV, with secondary transmission occurring only when
the vaccine recipient had cutaneous lesions, and cases
of varicella resulting from secondary V-Oka transmis-
sion are characteristically mild (10, 11]. The develop-
ment of live varicella vaccine was accomplished before
methods were available to investigate the genetic basis
for V-Oka attenuation. New tools can now be used to
clarify what molecular changes were introduced that
distinguish P-Oka and V-Oka and which of those
changes are likely to be associated with the reduced
pathogenicity of V-Oka. Conceivably, the results from
such studies could drive the future development of a
molecularly engineered immunogenic vaccine that lacks
any functional VZV virulence genes. Here, we sum-
marize our work related to understanding the molec-
ular mechanisms of V-Oka attenuation.

COMPARISON OF THE DNA SEQUENCES
OF V-OKA AND P-OKA VIRUSES

The first approach that we used to investigate V-Oka
attenuation was lo sequence the complete genomes of
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V-Oka and P-Oka, on the basis of the hypothesis that corre-
lations between DNA sequence and virulence could be iden-
tified. The full-length DNA sequences of V-Oka and P-Oka
were determined by amplifying regions across the whole ge-
nome by polymerase chain reaction (PCR), followed by cloning
and direct sequencing of the PCR products [12]. When the
complete DNA sequences of V-Oka and P-Oka viruses were
compared, only 42 bases were found ta be different (figure 1).
These differences did not include the substitutions in the ter-
minal repeat segment (TRS), because these changes are dupli-
cated in the internal repeat segment (IRS) of the VZV genome.

The DNA sequence information was used to predict amino
acid sequences of predicted VZV gene products [12]. This anal-
ysis revealed that base substitutions at 20 nucleotide positions
in V-Oka would result in amino acid conversions, and base
substitutions at 17 nucleotide positions were silent mutations,
The remaining 5 base substitutions occurred in noncoding
regions. At 30 positions, alternative base substitutions appeared
in V-Oka, indicating that V-Oka contained a mixture of ge-
nomes that differed with respect to the particular nucleotide
(figure 1). Fifteen of these substitutions resulted in differences
between the amino acid residues in the respective V-Oka gene
products, so that V-Oka was predicted to contain viruses with
variations in the amino acid at each of these positions. Sur-
prisingly, more than one-third (15/42) of the nucleotide sub-

Oka vaccine | Oka parent
(NCR)
{G1n)

{Pza)
{NCR)
(Ser)
' (Tzp)
{Ala)
(Stop)
(Asn)
> (Thz)
{Thz)
(Pra)
(Ile)
{Pro)
VY
(Met)
(Pro)
(Glu)
{Cys)
(Ser)
(Thr)

stitutions in V-Oka were found in open reading frame (ORF)
62 and therefore in the duplicated gene, ORF71, and its flanking
regions. Approximately half (8/20) of the predicted amino acid
substitutions resulted from nucleotide substitutions within
ORF62, This observation of enhanced variability in the ORF62
region was of particular interest because ORF62 and ORF71
encode the immediate early (1E) 62 protein, which is the major
viral transactivator of VZV and directs the transcription of all
VZV genes required for its replication and for the production
of progeny virions. In addition to the changes in IE62, 12 other
amino acid substitutions were identified on the basis of dif-
ferences in the V-Oka and P-Oka DNA sequences, These mu-
tations occurred in ORFs 6, 94, 10, 21, 31, 39, 50, 52, 55, 59,
and 64. Among these, the gene products for which the char-
acteristics, functions, or predicted functions are known include
OREF6 (helicase primase complex}, ORF10 (tegument/regula-
tary protein), ORF21 (nucleocapsid), ORF31 (glycoprotein B),
ORF39 (integral membrane protein), ORF50 (glycoprotein M),
ORF55 (helicase primase complex), and ORF59 (uracil DNA
glycosylase).

In addition to the nucleotide substitutions, the V-Oka se-
quence had several deletions and insertions, compared with P-
Oka in certain regions, including the tandem repeat regions
and the origin of DNA replication. The VZV genome has 5
repeat regions, designated R1, R2, R3, R4, and RS5, that appear

Fosin | ORF | Oka vaccine | Oka parent
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Figure 1. Mutations between the Oka vaccine virus (V-Oka) and the parent virus (P-Okal. NCR, noncoding region, ORF, open reading frame. Adapted

from [12], with permission from the American Society for Microbiology.

546 « JID 2008:197 (Suppl 2) * Yamanishi



IRy
] TR .l|'1|TR||

B
c
e NANUENEN .3 o mIes
} C: recombinant plasmid:
5 ha PHA-2VZV11-12

D: recombinant VZV
E: BAC vector lacked

Figure 2. Canstruction of the varicella-zoster virus (VZV) genome bac-
terial atificial chromosome (BAC] in Escherichia coli. The VZV genome
{Al is approximately 125 kbp long and consists of terminal repeat (TR,
unique long (UL), internal repeat (IR), and unique shart (US) DNA domains.
The recombinant plasmid, PHA-2/VZV11-12 (C), contained 2.0 kbp each
of 2 sequences from VZV (shaded boxes 11 and 12), as well as the BAC
vector, the gpt gene, and the gfp gene, flanked by JosP sites. The open
reading frame (ORF] 11 and ORF12 fragments of the genome of the VZV
wild-type strain, P-Oka (shaded boxes 11 and 12] were generated by
polymerase chain reaction amplification using the appropriate primers
The recombinant VZV V01 (D) was generated by transfection of the VZV
BAC plasmid into HEL cells. The recombinant VZV rV0Z, which lacked
the BAC vector sequences (£], was generated by superinfection of VZV
V01 and a recombinant adenovirus, AxCANCre. The VZV V02 contains
a single /oxP site. The circle enclosing an L represents the loaP site
Adapted from [15].

in ORFs 11, 14, and 22 and in the intergenic regions between
ORFs 62 and 63 (and the corresponding region between 70
and 71), and between ORFs 60 and 61, respectively. The length
of the repeats in regions R1, R3, and R4 were variable in V-
Oka. The VZV genome contains an origin of replication in the
[RS, which is duplicated in the TRS; each origin region is ~270
bp in length. The P-Oka genome contained 269 bp in this
region and was 8 bp longer than V-Oka. The average full-length
genome of V-Oka was slightly longer than that of P-Oka be-
cause of these insertions and deletions,

BIOLOGICAL COMPARISON OF V-OKA AND
P-OKA VIRUSES

When the sequencing of V-Oka revealed that it consisted of a
mixture of subpopulations with some sequence differences, vi-
ruses were isolated from V-Oka by plaque purification [13, 14],
Thirteen V-Oka isolates were obtained. When ORF62 was am-
plified and sequenced from each isolate, ane clone, designated
§7-01, had all of the 8 predicted amino acid substitutions com-
pared with P-Oka. In contrast, another clone, §7-13, had the
minimum number of substitutions compared with P-Oka, with
only 5 predicted changes in amino acid residues. Therefore,
these 2 clones were chosen to determine whether the ORF62

mutations correlated with differences in the replication of §7-
01 and S7-13. A comparison of the plaque sizes of 57-01, 57-
13, V-Oka, and P-Oka showed that P-Oka produced the largest
plaques. V-Oka and $7-13 showed relatively larger plaques than
§7-01. In particular, §7-01 showed significantly smaller plaques
compared with P-Oka (P<.01). When these V-Oka progeny
viruses, V-Oka, and P-Oka were compared by infectious center
assay using human embryonic lung fibroblasts, the number of
cells infected by P-Oka was 2.1-fold, 4.2-fold, and 2.6-fold
higher than the number infected by V-Oka, S7-01, and §7-13,
respectively. These results suggested that the efficiency of viral
replication differed slightly among the V-Oka clones and that
P-Oka replication was relatively more efficient than V-Oka
replication,

To further assess the biological significance of differences at
ORF62 of the V-Oka clones and P-Oka, the capacity of each
version of 1E62 to transactivate the ORF28 (VZV polymerase)
promoter was evaluated, 1E62 has well-established transacti-
vating effects on this promoter. A reporter plasmid, pLuc-Pol,
that had the DNA polymerase promoter upstream of the lu-
ciferase ORF was constructed and used for transient luciferase
assays. The mutant IE62s expressed by the V-Oka variants were
predicted to have less transactivating activity than 1E62 encoded
by P-Oka. The results of the luciferase assays showed trends
that were consistent with the differences observed between P-
Oka and V-Oka variants in mean plaque size and in infectious
center assays. These findings support the possibility that both
viral replication and cell-cell spread may be diminished in V-
Oka because of altered potency of IE62 for inducing VZV gene
transcription.

ORFI10 protein, which is a homologue of herpes simplex
virus type | VP16, is a virion-associated transactivator that can
stimulate transcription from the ORF62 promoter. The base
substitution identified in ORF10 caused a predicted amino acid
conversion. Given the importance of 1E62 as the major VZV
transactivating protein, this change had the potential to affect
V-Oka replication. However, when the ORF10 prateins encoded
by V-Oka and P-Oka were compared for their capacities to
enhance transcription from the ORF62 promoter, the P-Oka
ORF10 gene product was somewhat more potent, but this dif-
ference was not significant,

GENETIC DIFFERENTIATION OF V-OKA VIRUS
FROM OTHER CLINICAL ISOLATES OF VZV

To demonstrate that the changes in ORF62 were associated with
the process of P-Oka attenuation by passage in cultured cells
to generate V-Oka, clinical isolates were evaluated to determine
the nucleotide sequence of ORF62 [13, 14|. All of the low-
passage clinical isolates of VZV differed from V-Oka at the
same 15 bases that were found to be different between V-Oka
and P-Oka. The differentiation of V-Oka from other clinical
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isolates, including P-Oka, was also evident from changes that
altered the cleavage sites for BssHII and Nael to a unique pat-
tern in V-Oka. V-Oka was successfully identified using 7 of 8
enzymes, with the exception of Maell. On the basis of PCR
and restriction enzyme digestion, all 54 VZV clinical isolates
were shown to have sequence differences from V-Oka. Thus,
the empirical attenuation of V-Oka introduced genetic changes
in V-Oka that resulted in a mixture of genetic variants that
appear to differ consistently from wild-type VZV.

DEVELOPMENT OF A BACTERIAL ARTIFICIAL
CHROMOSOME (BAC)

A more complete analysis of the mutations in V-Oka that lead
to its attenuation may be accomplished by introducing the
changes observed by PCR and sequencing as single mutations
or combinations of mutations into the P-Oka genome. Toward
this end, we have developed a BAC that contains the P-Oka
genome (figure 2) [15]. After electroporation into E. coli strain
DHI10B, the VZV BAC was stably propagated over multiple gen-
erations of its host. Human embryonic lung cells transfected with
VZV BAC DNA that was recovered from DHI10B showed cy-
topathic effects, and spread of the virus to neighboring cells was
observed. The BAC vector sequences are flanked by loxP sites,
and coinfection of the reconstituted virus with a recombinant
adenovirus expressing Cre recombinase removed the residual
bacterial sequences. The resulting recombinant, designated rV02,
replicated as well as the parental virus in cultured cells. This P-
Oka BAC should facilitate the next phase of investigations of the
molecular mechanisms of V-Oka attenuation,
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I. INTRODUCTION

Immunization is the most efficient way of preventing infectious
diseases in humans and domestic animals. However, only about 20
medicinal vaccines have been prepared since the initial work by Jen-
ner, and about a dozen of these have found wide application (Warren,
1986; Murphy and Chanock, 1986). As a conservative estimate, an
additional 20 medicinal vaccines for presently known serious diseases
need to be developed within the next few years (Warren, 1986). In
addition, the WHO and UNICEF programs for protecting children
against the gravest infectious diseases, as well as for substantially
extending immunization of adults, require a manifold increase in the
variety and production of medicinal vaccines. Although there are
many more vaccines for veterinary purposes, the variety and produc-
tion of these vaccines are still insufficient to significantly reduce the
loss of cattle and poultry due to infectious diseases, particularly in
developing countries.

To increase the availability of a variety of vaccines requires a rational
approach and strategy for the production, control, and utilization of
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vaccines. This article deals with some of the problems and prospects
regarding the production of whole-virion killed antiviral vaccines and
considers the principles and approaches needed to reduce the time
required in developing production techniques and to ensure the safety
and efficiency of vaccines.

Because of advances in genetic engineering, much attention has
centered on the development of techniques for the production of ar-
tificial (synthetic) subvirion vaccines. However, their applicability has
remained problematic (Barry et al., 1976; Bittle et al., 1982;
McKercher et al., 1985), and only the vaccine against hepatitis B is
actually in use at present. There is a lack of scientific principles for
constructing artificial vaccines, and the empirical approach, which is
expensive and laborious, can yield a satisfactory result only by chance.
This is why the prevention of viral diseases in humans and domestic
animals is presently based on whole-virion vaccines, either live (at-
tenuated) or killed (inactivated).

An argument against the use of live vaccines, especially in medi-
cine, i8 not so much the risk of the reversion of an attenuated virus to
the original pathogenic type (e.g., Evans et al., 1986), which can be
prevented in many cases by the choice or construction of the attenu-
ated virus, but rather the other postvaccinal complications caused by
the reproduction of nonpathogenic viruses in the organism (Huppert
and Wild, 1984, 1986; Brunell, 1985). Such a reproduction (an increase
in the number of virions by many orders of magnitude) is a prerequi-
site for the induction of the immune response after inoculation with a
live vaccine. In principle it is impossible to avoid completely postvac-
cinal complications caused by live vaccines.

Huppert and Wild (1986) have reviewed some primary events in-
duced by virus reproduction in animal organisms that lead to com-
plications such as damage to the host cell chromosomes (Clifton et al.,
1970) and suppression of some functions, including the immune re-
sponse and the overproduction of interferons (Oldstone et al., 1982).
Obviously, the same results can also be induced by reproduction of
contaminating virus(es) from the cells or tissues used for the propaga-
tion of the virus. Only the suspected contaminants can be detected
with the required certainty; all other viruses may escape routine in-
spection procedures.

Pathological consequences of virus reproduction (e.g., malignancies,
autoimmune diseases, neuropathologic disorders, and teratogenic mal-
formations) can manifest themselves long after vaccination, even
after the complete clearance of the virus from the organism (“hit and
run” mechanism, Galloway and McDougall, 1983), or as a result of
virus persistency (Wyatt, 1973; Chantler et al., 1981; Haase et al.,

)(O
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1985). We do not know which of the more recently discovered diseases
were found because of improvements in diagnostic methods or were
the result of virus reproduction due to immunization with live vac-
cines widely used over the last decades.

The character, frequency, and gravity of postvaccinal complications
depend on the vaccinal strain and the immune status of the vaccine
(Brunell, 1985) and therefore cannot be predicted. The safety of each
viral strain can only be determined by assessing the consequences,
including remote ones, of vaccination on a large population. Such
large-scale experiments on humans are only practicable in exclusive
cases and are hardly permissible for reasons of humaneness. There-
fore, less hazardous, properly prepared, killed vaccines (Norrby, 1987;
Willems and Sanders, 1981) must be used in place of living ones.

In the early 1950s, when it was not yet known which components of
the virion were responsible for its infectivity and immunogenicity, the
reagent (formaldehyde) and production conditions were determined on
a purely empirical basis for the killed whole-virion vaccine against
poliomyelitis (Salk et al., 1953; Salk and Gori, 1960). The success of
this vaccine, which practically eradicated poliomyelitis in the devel-
oped countries within a short period of time, was a convincing demon-
stration of the applicability of killed whole-virion vaccines for the
prevention of virus diseases in humans and domestic animals. A
number of studies were initiated on production procedures and the
properties of killed antiviral vaccines (Salk and Gori, 1960; Schaffer,
1960; Gard, 1957, 1960; Lo Grippo, 1960; Potash, 1968; Hortmann,
1979; Kleczkowski, 1968; Ginoza, 1968).

However, the success of the killed poliomyelitis vaccine gave rise to
an unfounded conviction that formaldehyde was the optimal, univer-
sal inactivating agent for the production of killed vaccines. This con-
viction slowed down the development of principles of inactivation of
virus infectivity and created obstacles to the assessment of many pub-
lished (see, e.g., Fulginity et al., 1967; Salk and Salk, 1977; Brooksby,
1981; King et al., 1981; Beck and Strohmaier, 1987) and unpublished
data demonstrating the inadequate safety of killed antiviral vaccines
prepared with the aid of formaldehyde. The presence of the infectious
viruses in some batches of formol vaccines is usually ascribed to a
faulty technique at the infectivity inactivation step in vaccine produc-
tion (King et al., 1981; Beck and Strohmaier, 1987). Such a possibility
cannot be completely excluded; however, it is more likely, that the
inevitable and uncontrollable restoration of infectivity of the inacti-
vated virus during storage of the vaccine is a result of the reversibility of
the reactions of formaldehyde with nucleic acid components (Gard, 1960;
McGhee and von Hippel, 1975a,b; Beland et al., 1984). In principle, the
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use of formaldehyde cannot ensure the safety of killed antiviral vac-
cines. Therefore, the use of formaldehyde in the production of killed
vaccines, as well as the importation of meat products from the coun-
tries using such vaccines in cattle breeding is prohibited in West Ger-
many (Strohmaier, 1987). Attempts are still being made to improve
the techniques for inactivation with formaldehyde and even to use this
agent in the production of new killed vaccines (see, e.g., Hilleman,
1980; Relyveld and Ben-Efraim, 1983; Girard et al., 1988; Newmark,
1988). The selectivity of formaldehyde with respect to the nucleic acids
in the virion is not high. Attempts to improve the safety of vaccines by
increasing the concentration or duration of action of formaldehyde led
to a significant modification in the viral proteins and glycoproteins
(Deng and Beutner, 1974) and hence to a reduction in the efficiency
and a distortion in the specificity of the vaccines.

The inadequate safety and efficiency of formol vaccines led to a wide
search for new inactivating agents (Gard, 1957, 1960; Lo Grippo, 1960;
Potash, 1968; Kleczkowski, 1968; Ginoza, 1968). In the majority of
cases, however, the new agents and ways of inactivation differed from
those already known only in that they have never been used before
and it is unlikely that they would ever be used for the production of
killed vaccines. To date only a few agents or techniques have found
application in the production of killed vaccines; these include ultra-
violet radiation, B-propiolactone, ethyleneimines, etc. These agents
are not always helpful in producing safe and efficient killed antiviral
vaccines because both the choice of the agent and the determination of
inactivation conditions are carried out empirically.

Data on the efficiency of killed vaccines can be contradictory and
difficult to interpret, which leads to distorted ideas regarding the pro-
duction of safe and efficient preparations and the use of killed vac-
cines. As will be shown below, the shortcomings of the presently used
killed vaccines are avoidable: they are due to the absence of scien-
tifically based and properly formulated requirements for the decisive
step in the production of killed vaccines—inactivation of the infec-
tivity of the virus-containing starting material.

The present state of virology, immunology, molecular biology, and
bioorganic chemistry allows a rigorous statement of the problem and a
reasonable choice of the optimal agents and conditions for the selective
inactivation of the viral genome in the virion. The possibility of pro-
ducing safe and highly efficient killed antiviral vaccines for the pre-
vention of most viral diseases in humans and domestic animals is
limited only by the availability of the purified virus in sufficient
quantities for production of the killed vaccine.

It is not the purpose of this article to review the numerous works
(including patents) devoted to the development of production procedures

Al
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and to the study of properties of killed antiviral vaccines. The random
choice of agents, the empirical adjustment of inactivation conditions,
and the use of inappropriate techniques for determining the safety and
protective efficiency of preparations make it in most cases impossible to
compare published data and assess their significance. Rather, this
article refers only to works that recognize both the hopelessness of the
empirical approach and the necessity and possibility of the development
of methods to produce safe and efficient killed vaccines and appropriate
techniques to control the efficiency of preparations.

II. PriNcIPAL REQUIREMENTS FOR INACTIVATION STEP

The main objective of the inactivation step in the production of
killed antiviral vaccines is to irreversibly reduce (inactivate) the infec-
tivity of the original virus-containing material to such an extent as to
ensure the safety of the vaccine and, at the same time, to retain max-
imum (possibly, the whole) immunogenicity of the virion, thus secur-
ing the protective efficiency of the vaccine.

Safety is the decisive requirement in any medicinal or veterinary
preparation. At present, a preparation is considered a safe vaccine if
infectivity has been “completely” inactivated, i.e., when any dose of
the preparation has a zero probability of causing infection. However,
the inactivation of viruses within a population is an aleatory process;
therefore the term “complete inactivation” is meaningless. One can
only speak of a sufficient inactivation which ensures the statistical
(Koshland, 1985) safety of the vaccine, i.e., the maximum admissible
probability of an infectious virus being present in annual production
of the preparation. It should be emphasized that the strictest laborato-
ry controls cannot guarantee the safety of millions of doses of vaccines
which are used for immunization (Henderson, 1952; Gard, 1956). The
degree of inactivation of the original virus-containing material neces-
sary for a warranted safety of the vaccine can be estimated as follows.
A preparation can be regarded as a safe medicinal vaccine if the proba-
bility of its causing infection is only once in 10 to 100 years, i.e., the
probability of an infectious virus being present in any annual produc-
tion of the vaccine does not exceed 10! to 10~ 2, Assuming that 108 to
1019 virions are usually required to immunize an animal (see Mandel,
1985), the sufficient safety of the preparation produced at a rate of 106
to 108 doses a year will be achieved by a reduction in the infectivity of
the original virus-containing material as great as 15 to 20 orders of
magnitude. The degree of inactivation of the infectivity of the original
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material to ensure the safety of the vaccine is determined by the dan-
gerousness of the corresponding disease for each virus and must be
established by medical or veterinary authorities.

The infectivity of a virus is due to its capability to reproduce. A
necessary condition for reproduction is the replication of the viral
genome, which can be prevented by chemical modification, caused by
the action on the virion of various reagents and ionizing or ultraviolet
radiation (Kleczkowski, 1968; Ginoza, 1968; Wang, 1976; Fraenkel-
Conrat, 1980; Singer and Grunberger, 1986; Strauss et al., 1986). Since
these chemical agents modify nucleic acids, they can cause vaccine-cell
mutations (see, e.g., Auerbach et al., 1977; IARC Working Group,
1985). Therefore, the presence of inactivating agents in the final prod-
uct is not acceptable and they should be neutralized or removed from
the vaccine before its use.

The action of any agent on the virus evokes modification of not only
the nucleic acid responsible for virus infectivity, but also of other
virion components responsible for immunogeneity, leading to altera-
tion of protective efficiency and immunogenic specificity of virion
(Deng and Beutner, 1974; Onica et al., 1980, 1982), and hence to the
protective efficiency of the vaccine. Therefore, rational selection of a
suitable agent that can give sufficient inactivation while preserving
virus immunogenicity is most important.

III. PrRINCIPAL REQUIREMENTS FOR INACTIVATING AGENTS

Agents used for the inactivation of infectivity in the production of
killed antiviral vaccines should meet a number of requirements as
discussed below.

1. Irreversibility of agent-involving reactions that block replication:
It is evident that a reversible modification of the genome poly-
nucleotide can result in the restoration of the infectivity of the inacti-
vated virus during storage (Gard, 1960; Budowsky and Pashneva,
1971). For the production of killed vaccines, agents that reversibly
modify nucleic acids, such as aldehydes, e.g., formaldehyde (McGhee
and von Hippel, 1975a,b) and glyoxal (Broude and Budowsky, 1971),
and nucleophilic agents, e.g., bisulfite (Hayatsu, 1976) and hydrox-
ylamine (Budowsky et al., 1972), cannot be used. It should be noted,
however, that the action of the majority of chemical agents leads to an
irreversible modification of nucleic bases (Kochetkov and Budowsky,
1972; Singer and Grunberger, 1986).

2. Selectivity: The action of the agent must preferentially lead to
modification of the nucleic acid inside the virion. An increase in selec-
tivity increases the reliability of the technology used to produce killed
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vaccines. The data available concerning the chemistry of nucleic acids,
proteins, lipids, and other virion components permit a reasonable
choice of appropriate agents or the synthesis of new ones having an
adequate degree of selectivity for the various viruses which differ in
the type of genome polynucleotide, composition, and physical stability
of the virion.

The most promising agents are those whose selectivity is due not so
much to peculiarities in chemical reactivity but to the possibility of
their concentration increase near the polynucleotide of the virion. This
is possible in cases where the agent has an increased affinity to the
polynucleotides by virtue of the formation of specific complexes, e.g.,
owing to intercalation (Berman and Young, 1981; Hearst and Thiry,
1977) or the positive charge of the reactant (Budowsky and
Zalesskaya, 1985) (for more details, see section VI, C).

In addition to the above general requirements, there are also a
number of specific ones, dependent on physical and biological factors.
Physical factors include the stability of the virion during and after
inactivation. Because the destruction of the virion leads to a dramatic
reduction in immunogenicity, this factor should also be taken into
consideration when choosing an appropriate inactivating agent and
when determining the minimum and maximum duration of inactiva-
tion. In order to increase the physical stability of the virion, bifunc-
tional agents, e.g., diepoxybutane, which induces formation of protein—
protein (Baumert et al., 1978) and polynucleotide—protein cross-links
(Skold, 1981), along with modification of the polynucleotide, should be
used. Biological factors include the repair of lesions in the viral DNA
inside the infected cell (Friedberg, 1984). The repair efficiency depends
not only on the type and physiological state of the cell but also on the
nature of the damage. For the inactivation of the infectivity of viruses
containing double-stranded DNA, agents are preferred whose action
results in the formation of DNA lesions that are difficult to repair, such
as interchain cross-links in polynucleotides [caused by bifunctional
alkylating agents, e.g., diepoxybutane (Otvas and Elekes, 1975; Verly et
al., 1971), or by ultraviolet irradiation in the presence of psoralens
(Hearst and Thiry, 1977)].

IV. DETERMINATION OF MINIMUM DURATION OF AGENT ACTION

The degree of modification of virion components and changes in the
infectivity and immunogenic properties are affected by the length of
time over which the agent acts. Therefore, after selection of an appro-
priate agent for a given virus, it is necessary to determine both the
minimum duration of action of the agent that ensures the safety of the
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vaccine (tjor ¢;, Fig. 1) and the maximum duration at which the
protective efficiency of the vaccine (immunogenicity of the virus) is
still preserved in sufficiently full measure (¢,, Fig. 1).

Experimentally, one can control a reduction in the infectivity of the
virus suspension by, at most, 10 orders, even if one increases the sample
volume (within reasonable limits) and takes advantage of a series of
successive passages. However, the production of safe killed antiviral
vaccines requires that the infectivity of the original virus-containing
material be reduced by at least 15 to 20 orders of magnitude. Therefore,
the safety of killed antiviral vaccines cannot be determined experimen-
tally (see Henderson, 1952) and “must be built into the production
method itself” (Gard, 1956). The minimum duration of agent action (¢, or
t1,Fig. 1), at which the necessary reduction in infectivity is achieved, can
only be determined using a kinetic approach. This requires an accurate
kinetic description of the inactivation process for the corresponding
virus under the conditions and with the agent actually used for inactiva-
tion. Data can be obtained from the early (experimentally controlled)
part of the survival curve, taking into consideration the effects of
biological and chemical factors on the inactivation kinetics.

It should be emphasized that an accurate kinetic description should
be based on a precise and reliable determination of the infectivity of
the viral suspension during inactivation. Systematic errors in the in-
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Fic. 1. Dependence of the infectivity and immunogenicity of the virus-containing
material on the duration of action of the inactivating agent. ¢, or 21, Minimum duration

that ensures the safety of the vaccine; ¢, maximum duration that ensures the sufficient
immunogenic (protective) efficiency of the vaccine.
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fectivity (titer) determination can lead to erroneous values for the
inactivation rate constant and the minimal duration of the agent ac-
tion (¢,). Underestimation of infectivity is most hazardous because it
leads to overestimation of the rate constant, underestimation of the ty
value, and insufficient safety of the killed vaccine. Therefore, the
adequacy of the infectivity determination method deserves special at-
tention (Budowsky et al., 1990). A reliable valué of ¢, can be obtained
using the kinetic approach when the survival curves provide a good
kinetic description up to a specified degree of reduction in infectivity.

Some principles regarding the application of the kinetic approach to
the determination of the minimum duration of treatment by an inac-
tivating agent will be considered below.

If the correlation between the degree of inactivation of infectivity
and the degree of modification of the genome are not distorted by
biological factors, e.g., processes of genome repair and multiple reac-
tivation by recombination (Friedberg, 1984; Agut et al., 1984; Agol et
al., 1985) or reassortment of the segmented viral genome (Wenske et
al., 1985; Gombold and Raming, 1986; Stott et al., 1987), the ap-
proaches and principles of chemical kinetics can be used to investigate
and describe infectivity inactivation. On the assumption that the for-
mation of the first inactivating lesion, regardless of its position in the
viral nucleic acid, blocks the complete replication of the genome, the

survival curves for the virus during the action of the inactivating
agent obey Eq. (1):

S = 8§, exp(—Akt) (1)

where S, and S are the infection titers of the virus-containing mate-
rial before and at time ¢ after the start of the agent action, A is the
concentration of chemical agent or radiation intensity, and k is the
rate constant for inactivation, i.e., modification of a nucleotide residue
per genome.

For Eq. (1) to be valid the formation of an inactivating damage
should be a single-hit process. If a lesion appears as a result of the slow
spontaneous transformation of a modified nucleotide residue, as in the
case of N7-methylation of guanine (see O’Connor et al., 1988), the
experimentally determined inactivation rate can be undervalued.
Since it takes considerable time from the infectivity inactivation to
the utilization of the vaccine, the duration of inactivation calculated
by extrapolation of the early part of the survival curve can turn out
not only greater than actually needed for vaccine safety (¢,), but even
greater than ¢,, i.e., the time of treatment admissible based on the
efficiency of the final product.

If the values of A and k are constant during inactivation, the sur-
vival curves are exponential. In this case, the inactivation duration
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required for a reduction of infectivity to a given extent can be calcu-
lated according to Eq. (2):

t, = [2.3/(Ak)log(S/S,) (@)

To calculate the minimum duration of agent action from Eq. (2) one
must prove that the agent concentration and the inactivation rate
constant are constant and must determine the k value from data on the
inactivation rate within the experimentally controllable part of the
survival curve. Note that the value of the constant depends not only on
the nature of the agent and inactivation conditions (pH, temperature,

and composition of the solution), but also on the species and strain of
the virus.

V. ErrEcTS OF DIFFERENT FACTORS ON THE KINETICS
OF INFECTIVITY INACTIVATION

The application of Eq. (2) is justified only when the inactivation
kinetics are unaffected by biological and chemical factors. The lack of
safety of killed vaccines is often due to a disregard of those factors in
the development of techniques for inactivation of the viral suspension.

A. Biological Factors

The effects of biological factors can lead to a deviation from expo-
nential survival curves as a result of a weakening in the dependence of
the degree of inactivation of the infectious viral suspension on the
number of virions having a damaged genome. Various repair systems
can reduce by several orders of magnitude the number of modified
residues in the viral DNA before its replication. The inactivation of
viruses containing double-stranded genome DNA is a multihit process.
When using an inactivating agent there is a lag period before the
infectivity of the suspension starts to drop (Haynes, 1964). The dura-
tion of the lag period depends on the repair efficiency, i.e., on the
nature and physiological state of the infected cell. In general, inactiva-
tion kinetics for DNA-containing viruses (if inactivating lesions form

in a single step) can be described by Eq. (3) (Atwood and Norman,
1949):

log(S/8,) = log(n) — Akt (3)

where n is the extrapolation number (Alper et al., 1960) equivalent to
the number of lesions per genome at which virion reproduction is
prevented. Experimental values of log(S/S,) = f(t) after the lag time

29
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allow the values of n and & to be computed and used for determining
the value of ¢, according to Eq. (4), derived from Eq. (3):

t, = [L/(AR))log(n) — log(S/Sy)] (4)

The multiple reactivation of DNA- and RNA-containing viruses
may be due to recombination processes and reassortment of the seg-
mented genome. These processes can bring about deviations in expo-
nential survival curves in the form of a “tail,” but manifest them-
selves only at a high multiplicity of infection and reflect the features
characteristic of the procedure in determining the infectivity of the
viral suspension in a cell culture or in chicken embryos. Because the
influence of these processes on survival curves is negligible at a small
multiplicity of infection (<1), the calculation of ¢, can be based on
standard kinetic equations. In this case immunization should be based
on those techniques for which the multiplicity of infection of cells is
certainly much less than one, even in the site where the vaccine is
introduced.

The influence of biological factors on the kinetics of inactivation of
the infectivity of the viral suspension should be either taken into
account in the description of survival curves or can be made negligible
through the use of an appropriate immunization procedure.

B. Chemical Factors

The effect of virtually all chemical factors on the kinetics of infec-
tivity inactivation is expressed by a reduction in the inactivation rate
during the action of the agent. As a result, tailing of the survival
curves occurs, ie., a deviation from the exponential function takes
place with an increase in the degree of inactivation. The deviation may
not occur in the experimentally controllable part of the survival curve,
but may prove most appreciable at such degrees of inactivation as are
necessary for the vaccine to be safe. The principal chemical factors
affecting the inactivation kinetics and some procedures helpful in pre-
venting or taking into account the effect of those factors when deter-
mining the minimum duration of inactivation are considered below.

1. Heterogeneity of Viral Suspension

In a viral suspension with heterogeneously accessible virions, the
proportion of the less accessible virions among those having survived
grows with an increase in the degree of inactivation, resulting in a
drop of the inactivation rate during the agent action (Salk and Gori,
1960). Survival curves will differ for inactivation of a homogeneous or
a heterogeneous suspension. The difference grows as the degree of
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inactivation, the amplitude of difference in accessibility among vir-
ions, and the contents of the less accessible virions in the population
increase.,

The accessibility of virions in a heterogeneous viral suspension may
be affected by the presence in the original material of formations such
as whole cells or their debris, aggregates of viruses, macromolecules,
and salts. The virions within these formations are obviously less ac-
cessible to agents than those that are free. The number of shielded vs.
free virions in a suspension cannot be determined with experimental
accuracy. As a rule, the size of such shielded formations is many times
greater than the size of a free virion, so that virions should be made
equally accessible by purification of the virus-containing material be-
fore inactivation (see Salk and Gori, 1960).

2. Heterogeneity of Virus Population

In a heterogeneous virus population the inactivation kinetics can be
affected by the accessibility of the genome inside the virion, due to
differences in the composition, structure, and packing of virus parti-
cles (Rauth, 1965; Budowsky et al., 1974, 1981a, 1990; Furuse et al.,
1979). Such differences arise in the course of reproduction or purifica-
tion of the virus and can affect the accessibility of the genome, i.e., the
inactivation rate, by several times, leading to a tailing of the survival
curve. This heterogeneity can be reduced to a minimum and standard-
ized at the various steps in the production of virus and the preparation
of virus for inactivation.

Tailing of survival curves can also be caused by another type of
population heterogeneity: the presence of virus particles containing
more than one copy of the genome (Dahlberg and Simon, 1969). To
prevent reproduction of such particles the number of inactivating
damages per particle should be proportional to the number of genome
copies. The inactivation kinetics for each subpopulation of particles
containing n genome copies can be described by Eq. (3). The total
survival curve for such a heterogeneous population can be described by
the sum of the curves for all subpopulations, taking into account the
percentage of each subpopulation that differs in the number of ge-
nome copies. It is impossible to obtain these data for every initial batch
of virus-containing material. Therefore, the complications involving
inactivation kinetics, caused by this kind of heterogeneity, should be
prevented by using proper methods for preparation and purification of
the initial material.

Because of the effect of a heterogeneous virus population on the
kinetics of infectivity inactivation, certain qualifications for the de-
velopment and technological standardization of the steps in the inac-
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tivation (see Gard, 1956) and the production and purification of virus-
containing material used for producing killed vaccines are necessary.

3. Nonuniformity of Agent Action within Inactivated Volumes

Ultraviolet radiation is a very convenient end highly selective inac-
tivating agent (Kleczkowski, 1968; Murphy and Gordon, 1980; Day,
1980). Because of the difference in the abgorption spectra between
nucleic acids and other virion components, radiation in the range of
250 to 270 nm is chiefly absorbed by nucleic bases, photomodification
of which blocks the replication of polynucleotides. The genome pho-
tomodification rate and hence the virus infectivity photoinactivation
are proportional to the incident light intensity. When light passes
through a solution, the radiation intensity decreases when the path
length and optical density of the solution are increased. The ac-
cessibility of virions to light, i.e., the inactivation rate for each virion
in the solution, will depend not only on the intensity of the incident
light, but also on the position of the virion in the irradiated volume
relative to the light source. In measuring the action of ultraviolet
radiation on unstirred suspensions, the survival curves, which reflect
the total inactivation rate, depart from the exponential (Fig. 2) and
can be described by Eq. (5) (Morowitz, 1950; Budowsky et al., 1981b).

log(S/So) = {logl1/(2.3D,)}(Eil,Etx10-D:) — Eil,EH]  (5)

where [, is the intensity of the incident radiation, E is the cross-section
of infectivity inactivation for a given virus under the action of light of
wavelength \, D, is the optical density of the irradiated layer at that
wavelength, and Ei is the exponential integral function.

If the irradiated solution is stirred vigorously, all the virions in the
solution become equally accessible to the light, i.e., they absorb equal
doses of radiation, and the survival curves become exponential at any
optical density of the irradiated layer (Fig. 3) (Budowsky et al., 1981b).
The slope of the exponential curve depends on the optical density of
the irradiated layer, as expressed by Eq. (6)

10g(S/Sg) = [I,EH1-10-P4)]/(2.3D,) (6)

The kinetics of the inactivation of virus infectivity due to the action
of ultraviolet light on stirred or unstirred solutions with any optical
density of the irradiated layer permit a sufficiently rigorous protocol
as noted by Budowsky et al. (1981a,b).

Naturally, such a description is quite simple and is accurate only if a
monochromatic radiation source is used. Sources emitting radiation at
254 nm (low-pressure mercury lamps) are inexpensive and readily
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Fic. 2. Theoretical survival curves as calculated by Eq. (5) for the action of UV
radiation on nonstirred viral suspensions with various optical densities of the irradiated
layer (Budowsky et al., 1981b). The optical density of the irradiated layer is shown for
each curve. Inset: The twofold enlargement of the initial part of the picture.

available and can be used for inactivation of practically unlimited
volumes of viral suspensions.

Photoinactivation of viruses is one of the most promising techniques
for obtaining safe vaccines. Unfortunately, neglect of the factors af-
fecting the kinetics of photoinactivation repeatedly lead to an insuffi-
cient inactivation of intectivity of the virus-containing material,
which undeservedly discredits the photochemical method of inacti-
vation.

It should be emphasized, however, that some viruses, e.g., the tick-
borne encephalitis virus, are physically unstable and can be destroyed
even at low doses of ultraviolet radiation (Effimova et al., 1982), which
results in a virtually complete loss of immunogenicity. In such cases,
bifunctional agents (see Section III), such as diepoxybutane, should be
used, thus preventing the virion from being destroyed and thereby
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Fic. 3. Survival curves for bacteriophage MS2 by the action of UV (254 nm) radia-
tion on stirred (A) and nonstirred (B) suspensions with various optical densities of the
irradiated layer at 254 nm (shown by the numbers at each curve). Solid and dashed lines

are theoretical curves caleulated according to Egs. (5) and (6), respectively. (From
Budowsky et al., 1981¢.)
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helping to preserve the protective efficiency of the vaccine. Photoinac-
tivation kinetics provides a rather rigorous description only for pu-
rified viral suspensions, because the presence of sensitizers and
quenchers of excited states in the original material may produce a
marked effect on the course of photoinactivation. The use of chemical
inactivating agents for the production of killed antiviral vaccines is
more dependable and versatile.

4. Variation in Concentration of Agent during Inactivation

Many inactivating agents are very reactive and their concentration
significantly decreases during inactivation due to hydrolysis and reac-
tions with the components of the virus-containing medium. This is the
main reason for tailing in the survival curves based on the action of
these agents on a purified homogeneous virus suspension. Addition
after partial inactivation of another agent or of another portion of the
same agent is widely used in such cases for reaching “complete” inac-
tivation (see, e.g., Fellowes, 1965). Such an empirical approach, how-
ever, cannot ensure safety of the killed vaccine and must be sub-
stituted by a kinetic one, as described below.

If, as a result of hydrolysis and/or reactions with the components of
the medium, the agent concentration falls considerably during inac-
tivation, then Eq. (7) (Budowsky and Zalesskaya, 1985, 1990

Budowsky et al., 1990) can be used for the kinetic description of sur-
vival curves:

In(S/8,) = [(kAg)/ky)[1- exp(—k, )] (7

where A is the initial concentration of the agent and k and k, are the
rate constants for the infectivity inactivation and consumption of the
agent under experimental conditions.

It is evident that the calculation of the ¢, value from Eq. (7) requires
that the values of % and k, be determined experimentally under the
infectivity inactivation conditions. Changes in the agent concentra-
tion with time, and hence, the value of k,, are determined by any
suitable procedure. If the &, value is constant up to the expected in-
stant when the infectivity is reduced to a given extent, then the
value can be obtained from Eq. (7) using the value obtained for k, and
the initial rate of inactivation (Budowsky and Zalesskaya, 1985, 1990;
Budowsky et al., 1990). Alteration of experimental conditions signifi-
cantly affects both the values of these constants and their proportion
as well, leading to serious changes in the shape of the survival curves.
Notwithstanding, experimental data on the inactivation of phage MS2
infectivity by B-propiolactone fit well, over a wide range, with the
theoretical curves calculated from Eq. (7), using the values of k and & 1
under proper conditions (Fig. 4). This approach provides a rigorous
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Fic. 4. Survival curves for bacteriophage MS2 after treatment with B-propiolactone.
(A) Temperature is 20°C: concentrations of the agent are shown on the curves. (B)
Concentration of the agent is 0.011 M; temperatures (°C) are shown on the curves, Solid
lines are theoretical curves calculated according to Eq. (7) using the values of k and %,
under relevant conditions. (From Budowsky and Zalesskaya, 1985.)
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description of the kinetics of infectivity inactivation and can be used to
determine the duration of action by the agent that is required for
producing safe vaccines.

In the cases where the consumption of the agent by side reactions
during inactivation affects the survival curve, another approach for
determining ¢, can be used (Gard, 1960; Lo Grippo, 1960) in which the
description of the inactivation kinetics also involves experimental
data from the early part of the survival curve. Accordingly, empirical
parameters are adjusted for an equation that satisfactorily describes
the inactivation kinetics within the experimentally controllable por-
tion of the survival curve, regardless of the actual values of the rate
constants for the consumption of the agent and infectivity inactiva-
tion. This approach is not sufficiently accurate in the description of the
Inactivation kinetics and cannot be used at all in the case where the
deviation of the survival curve from an exponential function is inap-
preciable or indiscernible within the experimentally controlled por-
tion. For example, for the action of 0.0055 M B-propiolactone on an
allantois suspension of the influenza virus, the experimentally con-
trollable portion of the survival curve does not differ from the expo-
nential. In the time ¢, calculated by extrapolation, i.e., neglecting the
decrease in the agent concentration, the actual reduction in infectivity
does not exceed 12 orders of magnitude, which is definitely too little to
produce a safe killed vaccine (Budowsky et al., 1990).

If the agent is consumed during inactivation, the survival curves,
based on increasing the duration of incubation, reach a plateau (Fig,
4B), the height of which (residual infectivity) depends on both the
initial concentration of the agent and the ratio k/k, (Budowsky and
Zalesskaya, 1985, 1990). Any further incubation will obviously not
add to the degree of inactivation in this case. Given the ratio &/ k,, the
limiting degree of inactivation for any initial concentration of that
agent can be determined from Eq. (8):

In(Sy/8) = Ay(kik,) (8)

Equation (8) shows that at an initial concentration of 0.0055 M B-
propiolactone, the survival curve for the influenza virus in the allan-
tois reaches a plateau at an infectivity drop of 17 orders. A 20-order
inactivation is never possible in this case (Budowsky et al., 1990).

The above data show how to take into account or to avoid the influ-
ence of chemical factors on the kinetics of the virus infectivity inac-
tivation. By taking into account factors such as pH, temperature, com-
position of the viral suspension, and initial concentration of the agent
the action duration required for the production of safe killed vaccines
for any virus and any inactivating agent can be determined.
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VI. CHANGES IN VIRION IMMUNOGENICITY DUE TO ACTION
OF INACTIVATING AGENTS

Modification of the virion components responsible for virus immu-
nogenicity inevitably leads to a decrease in the efficiency of the im-
mune response to the virus. Changes in the immune response increase
with increases in the modifications to the virion components, e.g., with
increases in the time of action of any inactivating agent. After the
necessary degree of infectivity inactivation is achieved, excessive ac-
tion by the agent is not needed for vaccine safety and can actually
reduce the vaccine efficiency. The production of an efficient killed
vaccine requires that the inactivating action be stopped before time to
(Fig. 1), when the changes in protective efficiency do not surpass the
acceptable extent.

Two additional problems should be considered in preparing killed
vaccines. The first problem involves the inactivation agent: the in-
stantaneous cessation of the agent action at the proper time, i.e., be-
fore time #,. Using radiation (ultraviolet or ionizing) is most conve-
nient, but the inactivating action of ionizing radiation is due to water
radiolysis products, whose selectivity with respect of the virion compo-
nents is low. As discussed below, even minute radiolytic damage to
proteins dramatically increases their accessibility to proteinases. In
the case of viruses, this could lead to a rapid degradation of viral
proteins, including those containing protective antigens, as well as of
the virion as a whole after inoculation of the vaccine. Most probably
this is the reason for failure of many attempts to use ionizing radiation
for the preparation of killed vaccines (Newmark, 1988).

For a cessation of the action of chemical agents, dilution or cooling
of the reaction mixture is commonly used. This leads to a deceleration
in the modification of the virion components and in some cases to a
decrease in the selectivity of the agent action (Budowsky and
Zalesskaya, 1990), resulting in a further, often inadmissible, decrease
in the virus immunogenicity. Only removal or neutralization of the
inactivating agent before time ¢, can provide sufficient efficiency for
the killed vaccines,

The second, much more complicated and not yet resolved problem is
the determination of ¢,. As shown above, time ¢, can be reliably deter-
mined based on the rational formulation of the term “safety” and
using the kinetic approach. This is possible because there are direct
methods of determining infectivity for many viruses, and the correla-
tion of the degree of infectivity inactivation with the type and extent
of genome modification is known for many of inactivating agents.
However, there are not clearly formulated criteria for the limits of
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permissible changes in virus immunogenicity in the production of kill-
ed vaccines. At present, there are no adequate techniques for the de-
termination of changes in virus immunogenicity during the action of
inactivating agents and there are no simple and direct methods for at
least semiquantitative determination of the efficiency of killed vac-
cines. It is not yet possible to evaluate the maximum permissible (with
respect to the protective efficiency and specificity of the vaccine) de-
gree, nature of modification of the viral components, or maximum
allowable duration (t,) of the inactivating action. Therefore, only gen-
eral principles, regarding the estimation of time ¢,, can be considered.

A. Protective and Immunogenic Efficiency of Killed Vaccines

Further discussion requires the definitions of these terms:

1. Protective efficiency: The strength of the organism’s defense
against challenge with an infectious pathogenic virus (calculated per
standard dose of the vaccine).

2. Immunogenic efficiency: The extent of the immunity (immune
response) with respect to viral antigen(s), irrespective of their protec-
tive potency (calculated per standard dose of the vaccine).

3. Virion immunogenicity: The potency of a virion that is part of a
vaccine to induce the immune response with respect to some viral
antigen(s).

The events leading to the development of antiviral immunity after a
single inoculation are different for live and killed vaccines. The depen-
dence of the protective efficiency of live and killed vaccines on the dose
(the number of inoculated virions) are significantly different.

If the dose of a live vaccine exceeds the minimal one, i.e,, if it is
sufficient to overcome the nonspecific defense barriers of the orga-
nism, reproduction of the virus takes place after inoculation, leading
to an increase in the number of virions containing a complete set of
native antigens. The development of an efficient immune response
requires that the number of virions reach some critical value (N,); but
the reproduction of the virus takes place even after N, is reached,
which promotes the maximal development of the immune response. A
decrease in the number of virions occurs later, after the development
of a sufficiently efficient protective immunity. On this basis, it is
possible to assume that, in the case of live vaccines, if N <N, i.e., if
the initial dose (N) contains less than the minimal number (N of
virions, the antiviral immunity does not develop at all; but if N >N,
development of the maximum protective immunity takes place. How-
ever, it should be stressed that if the number of virions cannot reach
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the N, value due to some nonspecific defense system (e.g., Hirsh, 1982;
Bukoski et al., 1983), then the maximum protective efficiency cannot
be obtained. In this case it is impossible to increase the vaccine effi-
ciency by increasing the dose.

In the case of killed vaccines, the inoculated virus does not re-
produce. Therefore, to develop the maximum immune response with
these vaccines doses containing no less than N, virions are required
(Mandel, 1985). Increasing the dose should not lead to a gignificant
increase in the immune response, whereas decreasing the dose (below
N,) should lead to a gradual decrease in the immune response.

Because the action of inactivating agents leads to direct or indirect
damage of the viral antigens, the virions in the killed vaccines usually
contain an incomplete set of active antigens, and therefore their im-
munogenicity may be less than that of the native virus. Using the
same dose of killed vaccine as live vaccine, the decrease in the number
of active copies of any antigen leads to a decrease in the immunogenic
efficiency with respect to this antigen. In other words, the efficiency of
the immune response against any viral antigen depends not only on
the dose (N), but also on the number of active copies of this antigen per
virion (n;), i.e., on the virion immunogenicity with respect to this anti-
gen. The total number of copies of each antigen in the initial virion
(n; ), as well as the rate (extent) of their inactivation under the condi-
tions for the killed vaccine production, are different. Because it is not
known which antigen(s) of the virion determines the protective effi-
ciency of the vaccine, only the influence of the inactivation of one of
the viral antigens on the virus immunogenicity with respect to this
antigen will be considered below.

1. Kinetics of Changes in Immunogenicity Directly Caused
by Modification of Antigens

The type of chemical modifications caused by the action of inactivat-
ing agents and their location in the 'virion components are generally
not known. Which of these modifications and to what extent these
modifications can alter the immunogenic properties of every antigen,
particularly those responsible for the protective efficiency of the vac-
cine are also not known. Generally the decrease in the number of
intact antigens of a given type conforms to single-hit kinetics, at least
to such an extent that modification does not distort the higher struc-
ture of the virion components and of the virion as a whole.

Each antigen is represented in the virion by a multitude of copies,
the total number of which (n;4) by far surpasses that necessary for
maximum immunogenicity with respect to the antigen in question.
Therefore, the immunogenicity of the virion with respect to a given
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antigen is preserved as long as inactivation of excessive copies (n;,)
continues, i.e., until the mean number of immunologically intact anti-
gens per virion decreases to a critical value (n; ). Even if inactivation
of each antigen copy obeys single-hit kinetics, the decrease in the
virion immunogenicity with respect to any given antigen under the
action of an inactivating agent obeys multihit kinetics. In other words,
in all cases a decrease in immunogenicity is observed only after a
certain lag period. The duration of the lag period for each antigen
depends not only on the rate of the inactivation of this antigen, i.e., of
the proper modification of the respective antigen under the infectivity
inactivation conditions, but also on the excessive number of copies of
this antigen per virion. The kinetics of the changes in virion immu-
nogenicity with respect to each antigen can be described for a first
approximation by Eq. (9) (see Atwood and Norman, 1949):

Im/Imy = 1 — (1-1-ke)niq 9)

where Im,, and Im are the virion immunogenicities for a given antigen
before and after ¢ minutes of the inactivating action; r; , is the exces-
sive number of copies of this antigen per virion; %, is the rate constant
for the inactivation of this antigen under the conditions of the virus
infectivity inactivation; and A is the concentration of the inactivating
agent,

Equation (9) can be rewritten as

t = [1/(k;A)]In[1-(1-Im/Img)1/7ie] (10)

In principle, Eq. (10) can be used for calculation of the maximum
duration of treatment, ¢,, i.e., the duration of the lag period in the
decrease of the virion immunogenicity with respect to this antigen
under the conditions of the virus infectivity inactivation. This would
require the availability of %, and n,, values for the corresponding
antigen, as well as the existence of a method for determining Im with
respect to this antigen. Unfortunately, such a method, as well as the
aforementioned data, are presently unavailable. Nevertheless, Eq.
(10) gives significant general information: it shows that ¢, for any
antigen, under the conditions for preparation of killed vaccines, is
inversely proportional to the concentration of the inactivating agent
and is dependent on an excessive number of the corresponding antigen
per virion in the virus-containing starting material. It should be
stressed that some copies of different antigens can be lost either dur-
ing purification or due to the action of enzymes, e.g., proteinases,
during reproduction of the virus. Therefore the excessive number of
copies of certain antigens, and, hence, the t, value, can vary from
batch to batch and may be less than theoretically predicted. A decrease
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in the copy number of some antigens below the critical value can take
place during storage of the vaccine due to enzymatic degradation of
viral proteins and/or glycoproteins. This can be prevented by the re-
moval or complete inactivation of the respective enzymes immediately
after preparation of the vaccine.

The excessive number, inactivation rate constant, and time ¢, are
different for different antigens. Therefore the immunogenicity of the
virion with respect to some antj gens may diminish considerably, while
remaining the same with respect to others. It should be emphasized
that a significant inactivation of one of the antigens can evoke an
appreciable decrease in the protective efficiency of the killed vaccine
(Norrby et al., 1975; Norrby and Penttinen, 1978; Kendall et al., 1980).
Although the dependence of the vaccine protective efficiency on the
time of treatment should be similar to that of the virion immu-
nogenicity, there is no simple correlation between the t, for protective
efficiency and that for immunogenicity for antigens chosen by chance,
even including some protective ones. Therefore the ty value for the
vaccine protective efficiency can be obtained only by means of a direct,
at least semiquantitative, method for determining protectivity. As dis-
cussed below, the methods used at present are, as a rule, inadequate
and often misleading.

2. Other Reasons for Changes in Vaccine Immunogenic (Protective)
Efficiency during or after Infectivity Inactivation

In many cases the modification of the virion components by inac-
tivating agents reduces the physical stability of the virion. After a
certain extent of modification, characteristic of the virus and the inac-
tivating agent, a spontaneous destruction of the virion may occur dur-
ing either inactivation or storage. The destruction of the virion results
in an abrupt drop in immunogenic efficiency (see, e.g., Ceglowski,
1965; Barry et al.,, 1977; Beale, 1982). An excessive duration of the
inactivating action certainly leads to a drop in the immunogenic effi-
ciency as a result of destruction of the virion, but the absence of a few
macromolecules of the virion does not produce any appreciable effect
on stability. The dependence of the virion stability on the duration of
agent action is therefore represented by a multihit curve. In other
words, the decrease in the virion stability during the agent action,
determined by the drop in immunogenic efficiency, appears only after
a lag. This lag time depends on a number of factors: the nature and
number (per virion) of lesions, i.e., the nature and concentration of the
agent, the influence of each lesion on intra- and intermolecular in-
teractions, and the distribution of lesions among the virion com-
ponents.
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As noted above, virion destruction during inactivation or during the
subsequent storage of the vaccine can be avoided or considerably re-
duced by using bifunctional inactivating chemical agents capable of
linking the virion components together (see, e.g., Budowsky et al.,
1981¢).

Factors other than those specified above also reduce the protective
efficiency of killed vaccines. For example, even a slight radiation-
induced modification in proteins is known to stimulate their rapid
enzymatic degradation (Davies ef al., 1987; Davies, 1987, 1988). It can
be assumed that a chemical modification in the proteins of the virion
envelope will also accelerate their digestion by enzymes (Horiuchi et
al., 1985). This might clearly reduce the vaccine efficiency either on
account of a reduction in the number of copies of the native antigen
per virion or by virtue of the destabilization and consequent destruc-
tion of the virions. Such negative consequences will evidently be more
expressed for the more heavily modified macromolecules responsible
for the immunogenicity and stability of the virion. This is one more
argument in favor of searching for the most selective agents and the
stringent choice of conditions which would ensure genome modifica-
tion to the extent necessary for vaccine safety and would reduce to a
minimum the extent of modification of other virion components.

3. Determination of Immunogenic (Protective) Efficiency
of Killed Vaccines

Estimation of the maximum allowable time for the action of the
inactivating agent, as well as the control of the immunogenic (protec-
tive) efficiency of the final product immediately after infectivity inac-
tivation and during storage of the vaccine plays a decisive role in
preparing efficient killed vaccines. Adequate, semiquantitative, and
reliable methods for the estimation of protective efficiency are needed.
Accurate data can be obtained only by a direct, properly designed
method in vivo. Because direct methods are expensive and time-con-
suming, indirect methods, which are faster and simpler, are generally
used for testing the efficiency of live vaccines or for determining the
number of intact virions in virus-containing materials. The validity of
these methods for testing killed vaccines has not been rigorously de-
termined and in most cases is questionable. The adequacy of these
methods for killed vaccines will be considered below.

a. Direct Method. As already mentioned, a regular dependence of
the immune response on the dose (N, number of inoculated virions per
animal) in the case of killed vaccines exists only between minimal
(N,) and critical (N,) doses. The influence of changes in virion immu-
nogenicity, caused by inactivation of antigens or virion degradation,
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on the immune response at the same dose (on the immunogenic effi-
ciency) of killed vaccine can be observed only if N, <N<N.,. Therefore
the first step in testing protective efficiency changes should be the
study of the dose-response curve, using noninfectious, native (with
respect to the set of antigens and virion integrity) virus. This curve
determines the N, and N, values and, hence, selection of the proper
dose (N,) for further experiments, The second step, investigation of
the dependence of protective efficiency on the time of the inactivating
agent action, should be performed at dose N, This is the only way to
determine directly the maximum time of the inactivating agent treat-
ment (Z,), as well as the protective efficiency changes during storage of
the killed vaccine.

Such an approach requires a method for determining the true pro-
tective efficiency, which only by chance coincides with the immu-
nogenic efficiency with respect to some individual antigens, even pro-
tective ones. Therefore the immunogenic efficiency (seroconversion),
i.e., the appearance of antibodies against some viral antigens after
vaccination, cannot be used as a measure of the protective efficiency of
the vaccine. It should be stressed that this approach, if not substanti-
ated rigorously, can give erroneous and even misleading results.

b. Indirect Methods. Many indirect methods are based on the deter-
mination of the amount (concentration) of some viral macromolecules
in suspension. Specific antibodies (mono- and polyclonal) are widely
used, as well as the measurement of the enzymatic activity of some
virion macromolecules, such an neuraminidase. However, this ap-
proach, originally developed and quite appropriate for a quantitative
determination of a native virus, is inapplicable for the determination
of the protective efficiency of viruses whose components are modified
by the action of inactivating agents, for the following reasons. First, it
is not known how the changes in macromolecules detected with anti-
bodies or by enzymatic activity are related (if at all) to the changes
affecting the virion immunogenicity with respect to the corresponding
protective antigens of those macromolecules. Second, even if such a
correlation exists and is known, the data obtained reflect only the
decrease in the amount of active antigen in solution. Virion destruc-
tion, leading to & dramatic reduction in the immunogenic efficiency,
does not produce any effect in the sample on the amount of viral
protein capable of binding to antibodies or possessing enzymatic ac-
tivity. On the other hand, even if the integrity of the virion remains
unchanged, the amount of intact antigens provides no information
about the alteration in virion immunogenicity with respect to the anti-
gen in question, unless the excessive number of copies of this antigen
per virion is known.
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For viruses capable of agglutinating erythrocytes, some idea about
virion integrity can be obtained from the hemagglutination reaction,
which is also used as a criterion for immunogenic efficiency of a killed
vaccine. For the agglutination of erythrocytes, two active hemag-
glutinin molecules per virion are needed in principle, i.e., the critical
number of active molecules of hemagglutinin for the hemagglutina-
tion reaction is two. The critical number of protective antigens of
hemagglutinin or other virion components responsible for protection is
obviously much more than two. Therefore, the hemagglutination reac-
tion gives no information concerning either the protective efficiency of
the vaccine or its changes due to the action of inactivating agents.

The indirect techniques presently known do not properly evaluate
the changes in the protective efficiency of the virus-containing mate-
rial during the course of inactivation of infectivity or during the stor-
age of killed vaccines.

B. Immunogenic Specificity

The action of inactivating agents leads not only to the inactivation
of natural antigens but also to the formation of new (artificial) anti-
gens as a result of modification of viral proteins, glycoproteins, ete. (cf,
Onica et al., 1980, 1982). As a consequence, immunization with an
inactivated virus might cause an immune response not only to the
natural, but also to the artificial, antigens. The efficiency of the im-
mune response to the new antigens will increase as their number in-
creases, especially when the critical number of copies of the new anti-
gen per virion is reached.

The immune specificity of the new antigens is determined not only
by the structure of the corresponding fragment of the viral mac-
romolecule, but also by the structure of the reaction product, i.e., by
the inactivating agent. In other words, the modification of proteins of
different viruses by the same agent may give rise to the formation of
new antigens with a similar or even identical immune specificity.
Clearly, the immune response against artificial antigens effected by
inoculation of an inactivated virus can significantly reduce (to zero)
the efficiency of a subsequent immunization of the same animal with
a vaccine against another virus but produced with the help of the same
agent (cf. Schutze et al., 1985; Flexner et al., 1988).

At present, killed antiviral vaccines are obtained with the aid of a
few inactivating agents. The above effect of modification on the im-
munogenic specificity of viruses raises a new, very serious, problem.
Several times in their life most humans and domestic animals undergo
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vaccination against various virus diseases. It is necessary therefore
that the artificial antigens appearing as a result of the action of inac-
tivating agents be different for the different vaccines. In other words,
one must have a set of inactivating agents that produce different ar-
tificial antigens, so as to inactivate each virus using only one agent
that has not been used for the inactivation of any other virus. This
problem can only be solved on a global scale with the involvement of
the World Health Organization (WHO) and other international
organizations.

C. Improvement of Killed Vaccines

The only way to overcome the above-mentioned disadvantages in the
preparation of the killed vaccines is by the maximum possible increase
in the selectivity of the action of the inactivating agent. The pos-
sibility of increasing the selectivity to such an extent to allow the
consequences of antigen modification—alterations of immunogenic
efficiency and/or specificity of the sufficiently inactivated virus—to
be neglected is discussed below.

Most chemical agents do not display specific affinity for any virion
component. Therefore, the concentration of these agents near each
virion component is not different from the overall concentration of the
agents in solution, and so selectivity, i.e., the proportion between the
extents of modification for the genome and for other virion compo-
nents, is dependent only on the number and accessibility of the reac-
tive groups of these components. By adjusting common agents and
inactivation conditions, the selectivity of action can be changed within
a narrow range. For example, a reduction in pH from 8 to 6 does not
actually affect the proportion of ionic forms of nucleic bases and,
therefore, the rate of the reaction of nucleic acids with chemical agents
(Borodavkin et al., 1977); but such a reduction in pH brings about an
increase in the degree of protonation of the most nucleophilic groups in
proteins, the sulfhydryl and imidazole groups of cysteine and histidine
residues, respectively. This will clearly result in a reduction in the
relative rate of modification of proteins by electrophilic agents. Thus,
a variation in pH within the limits tolerable for virion stability may
raise the selectivity of action of electrophilic agents.

As mentioned above, a far more promising way to increase selec-
tivity is the use of agents that have an increased affinity for poly-
nucleotides. Such affinity causes an increase in the concentration of
agent near the genome in the virion. It is well known that if a low-
molecular-weight compound possesses specific affinity for a certain
type of macromolecule, the concentration of that compound near such
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macromolecules (local concentration) will be higher—in proportion to
the extent of affinity (association constant)—than the overall con-
centration of the compound as calculated for the total volume of the
reaction mixture (Gorshkova and Chimitova, 1983). The local con-
centration of the compound decreases with distance from the polymer,
and does not differ from the overall concentration at a distance greater
than 1 nm. The specific affinity of the inactivating agent for poly-
nucleotides will increase the rate of genome modification (infectivity
inactivation), causing no changes in the modification rate for the pro-
tective antigens on the surface of the virion and removed more than 1
nm from the genome.

Nucleic acid is the only polyanion in the virion. Therefore, the local
concentration of agents which are oligocations will be considerably
higher near the viral genome than near the antigenic determinants
located on the surface of the virion. An increase in the total positive
charge of the agent will increase its local concentration near the
genome.

An example of a series of compounds exhibiting a difference in the
total positive charge is ethyleneimine and its oligomers which contain
the same reactive aziridine group. In going from a monomer to a
tetramer, the positive charge at pH 7.5 in this series increases almost
twofold and is accompanied by a hundredfold increase in the rate
constant for infectivity inactivation of bacteriophage MS2 (as calcu-
lated from the overall concentration of agent) (Budowsky et al., 1985)
(Table I). These compounds become reactive only as a result of pro-
tonation of the aziridine nitrogen atom (Dermer and Ham, 1969). The
PK values for the aziridine group drop by nearly five units when pass-
ing from a monomer to a tetramer. A corresponding decrease occurs in
the concentration of the reactive form of agent in relation to its total
concentration (Table I). An estimate made on the basis of these data
indicates that the local concentration of agent near the phage RNA
increases about 108 times when passing from monomeric eth-
yleneimine to the tetramer form. Because the total concentration of
agents near the surface antigens remains practically unchanged when
passing from the monomer to the tetramer, one can assert, taking into
account the almost ten-thousandfold higher proportion of protonated
monomer (in comparison with tetramer) at pH 7.5, that the selectivity
of action of the tetramer is ca. 10 orders of magnitude higher than that
of monomeric ethyleneimine (Table 1). It should be emphasized that
even the use of acetylethyleneimine can lead to killed vaccines with
satisfactory protective efficiency (Fellowes, 1965). Obviously, an in-
crease in the selectivity by many orders of magnitude in the transition

to tetrameric ethyleneimine offers a simple way to prepare highly
efficient killed vaccines.
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TABLE |

ACTION OF ETHYLENEIMINES ON PHAGE MS2

Ethyleneimines

Parameter Mono- Di- Tri- Tetra-

pK values of aziridine 8.1 5.15 4.10 3.3
group
Protonation of 7.9 x 10-1 4.0 x 10-3 4.0 x 10—4 6.3 x 10-6
aziridine group
at pH 7.5
Total positive charge  0.80 1.00 1.42 1.52
of molecule at pH
75
Rate constants of 1.6 13 47 150
phage MS2
infectivity
inactivation at pH
7.5
Relative local 1 1.7 x 109 6.2 x 104 1.3 x 106
concentration of
agent in vicinity
of RNA=
Relative selectivity 1 3.4 x 106 1.2 x 108 1.6 x 1010
index?

Calculated from the rate constant values taking into account the extent of aziridine
nitrogen protonation.

¢Calculated from the relative concentration values taking into account the fraction of
compound protonated at aziridine nitrogen.

This example illustrates the possibility of increasing the modifica-
tion selectivity by means of a rational choice of inactivating agent. It
is possible to practically completely preclude modification of the enve-
lope components and surface antigenic determinants of the virus un-
der conditions of infectivity inactivation sufficient for the safety of
the vaccine.

VII. CoNcLuSsION

This article demonstrates the necessity and usefulness of chemical
principles in the rational choice of agents for the selective inactivation
of the viral genome—the decisive step in the production of killed anti-
viral vaccines, The kinetic approach takes into account chemical and
biological factors, as well as techniques for the production and pu-
rification of the viral suspension and procedures of vaccination. The
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minimum duration of agent action required for the production of a
safety vaccine can be also determined reliably in every case.

Another aspect of the problem in production of killed vaccines is far
less clear, that is, the determination of the maximum permissible du-
ration of inactivation. It is evident that the modification of the virion
components responsible for immunogenicity reduces the protective ef-
ficiency of the vaccine. The extent of this reduction depends on the
nature and degree of modification of the components, i.e., on the
nature of both the virus and agent, on the conditions and duration of
inactivation. This article considered the general principles regarding
the kinetics of the dependence of the reduction in the immunogenic
efficiency on the duration of inactivation. However, these principles
can be used only to determine the maximum permissible duration of
inactivation if appropriate and accurate techniques are available for
quantitative estimation of the protective efficiency of modified vi-
ruses. At present, the direct technique, which is time consuming and
laborious, can provide such an estimation, only on the condition that
the experiment has been carried out correctly, which may not the case.
As a rule, indirect techniques, which are simpler and faster, are used.
The commonest indirect techniques (hemagglutination reaction, im-
munological and enzymological determination of the amount of corre-
sponding virion components in the preparation under investigation)
show that the results obtained are as a rule misleading and subject to
misinterpretation. It will be necessary in the future to state principles
and to develop experimental procedures that will take a reasonable
amount of time and effort, but will give sufficient accuracy in the
evaluation of the protective efficiency of killed antiviral vaccines.

In conclusion, it is worthwhile emphasizing that the principles con-
sidered in this article can and must be used for the inactivation of
viruses that contaminate labile macromolecular medicinal and veteri-
nary preparations obtained from donor blood, animal organs, animal
cell cultures, ete. This is of increasing importance in connection with
studies on virus leucoses of cattle, hepatitis, and acquired immu-
nodeficiency syndrome (AIDS). Even the most ingenious contemporary
techniques of detection, including polymerase chain reaction (PCR), do
not guarantee the complete absence of contamination in preparations
of even those viruses for which these techniques were intended. There-
fore, the only warrant of safety for such preparations is a sufficient
degree of infectivity inactivation of all contaminating viruses, includ-
ing those whose presence is only suspected. The physiological activity
of macromolecular preparations can be solved only by the selective
inactivation of virus infectivity in conformity with the principles con-
sidered in this article.
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The effects of cobalt-60 y-rays, 10 MeV electrons and 52 MeV deutrons on the
survival of plaque-forming ability has been studied in various strains of herpes
simplex virus (HSV ). The results show that the D, for the loss of plaque-forming
ability in different HSV strains lies in the range 1-3 kGy, Irradiation of isolated
HSV-1 DNA with cobalt-60 y-rays resulted in damage, as indicated by
electrophoresis of purified viral DNA and by restriction endonuclease analvsis, at
doses of 1kGy, with complete loss of structure at doses above 4kGy. The
infectivity of the irradiated naked DNA was lost at doses above 4 kGy, bui after
irradiation of the intact virus some plaque-forming ability was retained after
doses of 10 or even 40kGy. Thus the organization within the viral capsid may
play a protective role by modifying the severity of the radiation damage, and
preserving at least some degree of infectivity,

1. Introduction

The investigation of the sensitivity of genetic elements to ionizing radiation is of
special importance, particularly in view of environmental pollution by natural or
man-made radioactive contaminants, since it focuses attention on the determination
of mutation, or the complete eradication, of elements with coding capacity or of
controlling mechanisms for specific gene functions. It is also important in view of
structural analysis of viral components (Anderegg et al. 1961, Schmidt et al, 1983),
the widespread use of radiation to sterilize medical products and the interest in
possible uses of radiation to sterilize biological products (Ward 1980).

The goal of the present study was to investigate the influence of ionizing radiation
on the infectivity of both intact pure herpes simplex virus (HSV) and its isolated
highly purified genome. Studies of the influence of radiation and of the environment,
and the size of the DNA, on the radiosensitivity of viruses have been reported by
others (Cameron et al. 1979). However, we believe this to be one of the first studies in
which classical virological methods have been combined with modern molecular
biological methods to compare the radiosensitivity of an intact virus and its highly
purified isolated DNA.

The choice of HSV as a model for this investigation was based on the following:
firstly that out knowledge of the influence of lonizing radiation on this virus is limited
(Braun 1978, Cameron et al. 1979), secondly that this human virus is spread
worldwide and is a member of the family of human herpesviridae which includes
three other very important viruses, varicella-zoster-virus, cytomegalo-virus and
Epstein-Barr-virus; thirdly that the pathogenesis and molecular biology of this virus
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are well documented (Rawls 1985, Roizman and Batterson 1985, Spear and Roizman
1980), and finally that HSV shares common biological properties and genomic
structures with other members of the family of herpesviridae (Honess 1984).

2. Materials and methods

2.1, Cells and media

Monkey kidney cells (RC-37), baby hamster kidney cells (BHK-21), and human
embryonic foreskin fibroblasts (HFF-3) were grown in Eagle’s basal medium
balanced with Earle’s salt solution (BME) supplemented with 10 per cent foetal calf
serum, twice the standard concentration of amino acids and vitamins, 100iu

penicillin/ml and 100 ug streptomycin/ml (BME-FCS-10) as described previously
(Darai et al. 1978).

2.2, Virus

HSV-1 KOS (Smith 1964, Parris et al. 1980), HSV-1/17 (Brown et al. 1973,
Preston et al. 1978), HSV-Thea (Darai et al. 1982 a), HSV-1 ANG (Darai and Munk
1976), HSV-2 Mdller (Darai et al. 1982 a) and HSV-2 HG52 (Timbury 1971) were
used in this study. Essentially the viruses were grown on the appropriate cell cultures
using Eagle’s basal medium balanced with Earle’s salt solution supplemented with
10 per cent foetal calf serum. The viruses were purified so that the virions were not
contaminated with any components of the infected cells. All these strains were
propagated in HFF-3 cell cultures at a multiplicity of infectious virus (MOTI) of 0-01
PFU/cell. The cultures were incubated for 48 h at 37°C, The cultures were then
freeze-thawed three times to obtain suspensions of virus. These were clarified by
centrifugation at 1200 g for 15min at 4°C and stored at —70°C until use. The

infectivity was titrated by plaque assay using RC-37 monkey cells as described
previously (Darai et al. 1980D).

2.3. Radiation

The pure virus samples were suspended in distilled water and exposed to ionizing
radiation in 1 ml volumes frozen at —80°C in dry ice. Irradiation was carried out
using °*°Co y-rays (Gammacell 220, Atomic Energy of Canada, Ltd; dose rate about
6:2kGy/h), 10MeV electrons (linear accelerator, V-7703, Varian Associates, Palo
Alto, California: dose rate about 10kGy/h), and 52 MeV deuterons (from the
Karlsruhe isochronous cyclotron). The viruses were irradiated in polyethylene tubes
for the ®°Co studies and in special plexiglas chambers for the linear accelerator and
isochronous cyclotron irradiations. The radiation dose was checked using small
thermoluminescent dosimeters placed at the back and front of one of the plexiglas
irradiator chambers. The DNA samples (100 ul) were irradiated in agueous solution
(DNA concentration 10 ug/100 ul) at 18°C in polypropylene tubes. The DNAs could
not be irradiated at —80°C, as were the virus samples, since DNA of ca. 150 kbp
undergoes molecular fragmentation at this temperature.

2.4, Virus titration

The titres of virus were determined using RC-37 cell cultures as described
previously (Darai et al. 1978).
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2.5 Restriction enzyme analysis

The following restriction endonucleases were used: BamHI, EcoRI, and
HindIIl. These enzymes were purchased from Boehringer (Mannheim, F.R.
Germany). Incubations were carried out using 1 ug DNA ‘according to a standard
procedure for each enzyme, and the resulting DNA fragments were separated on 0'5,
0-8 or 1-0 per cent agarose slab gels (Seakem, Biomedical, Rockland, MD, U.S.A.).
Electrophoresis was performed at 4°C in vertical gels (35x20x0-3cm) at 75V
(constant voltage). The gels were stained with ethidium bromide (0-5 pg/ml) and
photographed under UV light.

2.6. DNA preparation

Intact viral DNA was prepared from RC-37 cells infected at a MO of 0:01 PFU
with the individual HSV strains and grown at 34°C as described previously (Wilkie
1973, Darai et al. 1982a).

The DNA which was purified extensively after isopycnic CsCl gradient
centrifugation and the purity was found to be very high as reflected in the adsorbance
A260/A280 ratio of 1-85-2-0, values fully in accordance with internationally accepted
criteria of purity, The G + C contents were 67-69 per cent and the DNAs were found
to be very stable at 18°C. The DNAs used in this study were double-stranded and
highly purified. No single-stranded DNA or nicks were detected by S1 enzyme
treatment which showed that 99 per cent of the viral DNA was intact, The purity of
the isolated DNA used in these studies is clearly demonstrated in the restriction
enzyme cleavage patterns illustrated in Lanes 1 of figure 2(a),(b) or (¢). For
comparative analyses, DNA from Tupaia adenovirus (Darai et al. 1980 a, Matz et al.
1980), Tupaia herpesvirus strain 2 (Darai et al, 1981a), Mycoplasma hyorhinis
(Darai et al. 1982b), and phage lambda ¢1857 §7 (Daniels et al, 1983) purchased
from Biolabs, Beverly, MA, U.S.A. were used.

2.7. Transfection assay

The infectivity of the viral DNA in BHK-21 cell cultures was measured using the
method described by Stow and Wilkie (1976).

3. Results

3.1. Sensitivity of HSV to ionizing radiation

The retention of plaque-forming ability was used to assess the sensitivity of intact
viruses from several strains of HSV-1 and 2 to 7-rays, electrons or deuterons. The
calculated survival curves and the values for Dy, the radiation dose at which 37 per
cent of the initial plaque-forming ability remains, are listed in table 1. The survival
curves for three strains of HSV after irradiation with ®°Co y-rays are given in figure
1. The data shown for each virus strain represent single experiments in which single
or duplicate samples of virus were irradiated at each dose level. Numerical data on
the changes in plaque-forming ability for HSV-1 strain 17 after irradiation with
€9Co y-rays are listed in table 2. This strain shows a moncexponential survival curve
over the whole dose range tested, from 0 to 40kGy.

The observed data for 10MeV electrons show values for D, which are
comparable with the range of values for y-rays in all the strains tested. The single
study with 52 MeV deuterons yielded a D, value similar to that found for most of the
HSV strains after irradiation with gamma rays.
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Table 1. Radiation effects on survival of plaque-forming ability after irradiation of herpes
simplex virus.
Radiation Virus Survival curve Do+ 1s.e. (kGy)
60 Co y-rays HSV-1-Thea 99E—0-81 £0:04 D 12401
HSV-1-ANG - 108 E—067+004D 16+01
HSV-1-KOS§ 99 E—096 + 004 D 10401
HSV-2-Miiller 105 E—0-674+ 005D 16401
10 MeV electrons  HSV-1-Thea 100E—0:34+0:01 D 29401
HSV-1-Thea 100 E—063+004D 16+ 0-1
HSV-1-ANG I00E—027+001 D 36402
HSV-2-Miiller 100E—0-414-002D 24401
HSV-2-HGS2 100E—054+002D 18401
52MeV deuterons HSV-1-Thea 101 E—077+ 002D 1:34+0-03
100 ™
0]
10} ®
1
e T
fg fo}
£
3
0T HSV-1 Thea HSV-2 Miil HSV-1Kos
0-01- L 1 J | I 1 I} L J
0 5 10 5 10 0 0
kiloGrays

Figure 1. The effect of ®°Co y-ra
of herpes simplex virus. The
HSV-1 KOS 1-0kGy.

ys on the survival of plaque-forming ability in three strains
Dy values are: HSV-1 Thea 1-2; HSV-2 Miiller 1+6; and
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Table 2, Protocol of a y-irradiation experiment of HSV-1 strain 17 at a dose rate of
1 kGy/min.

Results of yirus titration

Radiation doses Survival
(kGy) PFU xml™! (per cent)

ot 19x 108 100-00

1 1:3x10° 761

2 65x10° 342

4 61x10° 317

8 32x10% 16:7
10 57 x10* 30
20 2:5x10? 0-13
40 25 0-0001
60 <1

t Control experiment,

3.2, Stability of the HSV-1 genome to ionizing radiation

The stability of the HSV-1 genome after irradiation with °Co y-rays was studied
by electrophoresis of the viral DNA on agarose slab gels,

The results of this study for HSV-1 strains KOS and 17 are given in figure 2. The
viral DNAs were irradiated with °Co y-rays at doses 1, 2, 4, 8, 10 and 12kGy.
Aliquots of the individual samples were analysed directly on a 08 per cent agarose
slab gel. The data in figure 2(a) show that the viral DNA molecule began to
disintegrate after 1 kGy (lane 2), but a broader DNA band was still detectable after
4kGy (lane 4). In contrast no DNA band was observed at the position at which
untreated viral DNA migrates when the irradiation doses were increased to 8 kGy or
more (lanes 5, 6 and 7).

For further analysis the individual irradiated DN As were analysed by a variety of
restriction endonucleases. The results of this study for HSV-1 strains KOS and 17
are shown in figures 2 (b) and (¢). The irradiated DNAs of HSV-1 strain KOS (figure
2 (b) and strain 17 (figure 2 (c)) were cleaved with the restriction endonuclease EcoRI
and the resulting DNA fragments were separated electrophoretically, No significant
differences between the cleavage patterns of the viral DNA irradiated with 2kGy
(lanes 3) and that of the untreated DNA (lanes 1) were detectable. Although the
cleavage pattern of the DNA sample irradiated with 4 kGy (lanes 4) was still present,
a smear through the lanes was observed indicating an increasing proportion of
broken DNA molecules. Very severe damage of the DNA molecules was observed
after irradiation with 8 kGy upwards (lanes 5 to 7 of figure 2 (b) and lane 5 of figure
2(c)). The EcoRI DNA fragments K, L, M and N of HSV-1 (marked with letters in
figure 2 (b)) appeared highly resistant to ionizing radiation. After 12kGy (lane 7,
figure 2 (b)) these DN A fragments were still present at the same migration position as
the fragments obtained from untreated DNA (lane 1, figure 2(b)). This may be
largely a reflection of the known better stability of small restriction fragments in gels
after any random fragmentation.
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Figure2. Analysis of DNA of herpes simplex virus type 1 strains KOS (aand b) and strain 17
syn (¢) after irradiation with y-rays using agarose slab gel electrophoresis and restriction
enzyme digestion. Lanes of panel (a): DNA of HSV-1 KOS untreated (1) served as
internal marker, after y-ray irradiation with 1 kGy (2), 2 kGy (3), 4kGy (4), 8kGy (5),
10kGy (6), 12kGy (7). DNAs (1 ug of each sample) ran on agarose slab gel (0-8 per
cent), 25 % 20 x 03 cm, and electrophoresis was performed at constant voltage (75 V), at
4°C for 18 h, Ethidium bromide staining and photographed under UV light., Phage
lambda DNA undigested (M1) and digested with EcoRI (M2) served as molecular
weight marker. Lanes of panel (b): 1 ug of each DNA sample corresponding to the lanes
in the order of panel (a) was digested with restriction endonuclease Eco RI, The DNA
fragments were separated on agarose slab gels (0-6 per cent), 35x 20 % 03 cm) and
electrophoresis was performed for 20 h under the same conditions described for panel
(a). Lanes of panel (¢): DNA of HSV-1 strain 17 syn untreated (1) served as internal
marker, after y-ray irradiation with 1kGy (2), 2kGy (3), 4 kGy (4) and 8 kGy (5). The
DNA fragments were separated electrophoretically under the same conditions as
described for panel (b).

3.3. Study on the target size specificity

In order to determine whether the effects of y-rays were influenced by the target
size of the HSV genome a comparative analysis was performed using other well-
characterized pure DNAs from different viral species. The results of this study are
shown in figure 3. The DNAs of tree shrew adenovirus DNA (TAV) of 35kbp
(Darai et al. 1980a, Matz et al. 1980) (lanes 1), phage lambda c1857 S7 DNA of
48 kbp (Daniels et al. 1983) (lanes 2), HSV-1 strain KOS DNA of 150 kbp (Parris
et al. 1980) (lanes 3), tree shrew herpesvirus DNA of 210kbp (Darai et al. 1981 a)
(lanes 4), and Mycoplama hyorhinis DNA of 750 kbp (Darai et al. 1982 b) (lanes 3)
were irradiated with 1, 2, 4 and 8 kGy and subsequently analysed electrophoretically.
Although the molecular size of TAV (35 kbp) DNA is about four times smaller than
that of the HSV-1 genome (145 kbp), complete disintegration of the TAV-DNA was
observed after a 2kGy irradiation. The slightly larger phage lambda DNA (lane 2)
had already disintegrated after a 1 kGy irradiation.
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Figure 3. Analysis of different DNAs after y-ray irradiation. Lanes: 1, DNA of tree shrew
adenovirus (TAV); 2, DNA of phage lambda; 3, DNA of herpes simplex virus type 1
(HSV-1 KOS); 4, DNA of tree shrew herpesvirus strain 1 (THV-1); and 5, DNA of
Mpycoplasma hyorhinis, Panels: (a) untreated DNAs; (b) to (e) after y-ray irradiation: (b)
LkGy; (c) 2kGy; (d) 4kGy; and (¢) 8 kGy. The electrophoresis was performed using -5
per cent agarose slab gel, 35 x 20 x 0-3 c¢m, at constant voltage (75 V), at 4°C, for 13 h.
Ethidium bromide staining and photographed under UV light. Native herpes simplex
virus DNA and phage lambda DNA (M1) and phage lambda DNA digested with
restriction endonuclease Eco RI (M2) served as molecular weight marker.

3.4, Infectivity of irradiated HSV genome

The infectivity of the viral genome after $°Co y-irradiation was determined by
transfection assays using BHK-21 cell cultures. One microgram of native and
individually irradiated (1, 2, 4, 8, 10 and 12kGy) DNAs of HSV-1 strains KOS and
17 were screened. The results of this study are summarized in table 3. It was found
that the retention of plaque-forming ability was as follows: After transfection with
unirradiated HSV-1 of strains KOS and 17 DNA, titres of 51 x 10 PFU/ug DNA
respectively were determined. The percentages of the unirradiated DNA plaque-
forming ability of irradiated HSV-1 KOS were found to be 37 per cent after 1 kGy,
122 per cent after 2kGy, and 32 per cent after 4 kGy. Similar results were found for
the retention of plaque-forming ability by the irradiated DNA of HSV-1 strain 17
(table 3). The infectivity of the viral DNAs was abolished (<1PFU/ug DNA) when
the viral genomes were irradiated with 8kGy or more.

4, Discussion

The studies of the effects of *°Co y-rays or 10 MeV electrons on intact and highly
purified HSV virions indicate that the radiation-induced loss of plaque-forming
ability approximates to a monoexponential function for doses up to 10 or even
40kGy, and even at the latter very high dose some plague-forming ability was
retained, 25 PFU/ml after 40kGy to HSV-1-17 (table 2). The Dy value for the
inhibition of plaque-forming ability was found to lie between 1 and 3-6 kGy.

The D values reported here are in general agreement with those reported for
viruses by other workers, for example, Wollmann and Lacassagne (1940) found
values of 0-5 and 4 kGy for the D, for the inactivation of the E. coli phages C. 16 and
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Table 3. Infectivity of the DNAs of herpes simplex virus strains KOS and 17 after
irradiation with *°Co yp-rays.

DNAY
HSV-1 KOS HSV-1 17
Radiation (kGy)  PFU/ug DNA (per cent) PFU/ug DNA (per cent)

0 (native) 5107 (100) 3000 (100)
1 1936 (37:9) 1115 (37-1)
] 625 (12:2) kLS| (11-3)
4 165 (32) 80 (2:6)
8

10 <] (0) <1 (0)

12

Flhu HSV-1 DNA =107 par (26 % 10° DNA molecules).

8. 13, respectively after irradiation with X-rays. More recently, Ward (1980)
reported Dy values of between 0-14 and 2-0kGy for the inactivation of Poliovirus
Type 1-CHAD by y-rays; in this study the observed value of D, increased as the
concentration of tryptose-phaosphate broth in the medium in which the virions were
irradiated increased. This indicates the protective effect on virus inactivation exerted
by the components of the medium, presumably those which act as free-radical
scavengers. In our study the pure virions were suspended in distilled water and
irradiated in dry ice, thus the effects of both direct damage to the virion by adsorption
of radiation energy and indirect damage from the radiolysis products of water were
measured. It is therefore to be expected that the degree of damage we observed was
considerably greater than would have arisen if the irradiations had been carried out
in full culture medium.

The investigation of the effect of y-rays on the isolated pure viral DNAs provided a
number of interesting results. Electrophoretic analysis of the intact HSV-1 KOS
DNA showed some evidence of an altered electrophoretic pattern even after a dose of
1kGy and this increased in severity up to 8 kGy at which dose the characteristic
DNA band had almost completely disappeared (figure 3, lanes 3). Similarly, the
results of the electrophoretic analysis of the restriction endonuclease fragments
showed some evidence of damage at a dose of 1 kGy but the basic cleavage pattern
was lost only at doses of 8kGy or above (figure 2(b)). This very severe damage at
doses above 4 kGy is reflected in the results of the transfection experiments (table 3)
which showed virtually complete loss of infectivity of the HSV-1 KOS and HSV-1-
17 DNAs at doses greater than 4 kGy. Analysis of the data shown in table 3 shows
that up to 4 kGy the data for both strains can be fitted to a monoexponential function
with a Dy of about 1kGy. For th¢ DNA from HSV-1 KOS the D, is identical with
that observed following y-irradiation of the intact virus; for HSV-1-17 the D, for the
isolated DNA was less than that for the intact virus (table 2). The complete loss of
infectivity of the viral DNA after doses of more than 4kGy contrasts with the
retention of some degree of plaque-forming ability in the intact virus after much
larger doses of radiation, even up to 40 kGy. This may indicate that in the intact virus
the viral DNA is partially protected from radiation damage so that the degree of
injury induced per Gy ois less severe than when naked DNA is irradiated. This
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protective role may be played by the proteins, polyamines or other components of
the viral capsid and provides another indication of the potential for modification of

the severity of the effect of a toxin, in this case ionizing radiation, by molecular
organization.

The results shown in figures 2 and 3 and in table 3 also suggest that almost
complete fragmentation of the viral DNA is needed to destroy its infectivity
completely. This may be important in relation to the possible use of radiation to
sterilize biological products for use in medicine, since the radiation doses needed to

ensure the sterilization of any viruses present, > 500 kGy, would most likely severely
damage protein and other components of the product.
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ABSTRACT: Oxidative processes arc often harnessed as tools for pathogen
disinfection. Although the pathways responsible for bacterial inactivation with various
biocides are fairly well understood, virus inactivation mechanisms are often
contradictory or equivocal. In this study, we provide a quantitative analysis of the
total damage incurred by a model virus (bacteriophage MS2) upon inactivation
induced by five common virucidal agents (heat, UV, hypochlorous acid, singlet
oxygen, and chlorine dioxide). Bach treatment targets one or more virus functions to
achieve inactivation: UV, singlet oxygen, and hypochlorous acid treatments generally
render the genome norreplicable, whereas chlorine dioxide and heat inhibit host-cell
recognition/binding, Using a combination of quantitative analytical tools, we
identified unique pattams of molecular level modifications in the virus proteins or E< Gy
genome that lead to the inhibition of these functions and eventually inactivation. UV | # Awden

and chlorine treatments, for example, cause site-specific capsid protein backbone T

cleavage that inhibits viral genome injection into the host cell. Combined, these results will aid in developing better methods for

PUBRACTOrg AT

combating waterborne and foodborne viral pathogens and further our understanding of the adaptive changes viruses undergo in

response to natural and anthropegenic stressors,

B INTRODUCTION

Industrial processes take advantage of numerous treatment
methods (eg, UV irradiation, pasteurization, and chemical
oxidation) to inactivate pathogenic bacteria and viruses for the
sterilization of food and water supplies as well as vaccine
production. While such treatments have been used for decades
or even centuries, surprisingly little is known about what
imparts their biocidal activity. Recent progress has been made
toward unraveling how these treatments inactivate bacteria;’
however, such detailed mechanistic understanding does not
exist for viruses.

Virus inactivation is complicated by the fact that highly
related viruses can exhibit different disinfection kinetics when
treated with the same biocide.”™ For example, echovirus 1 is
approximately 100X more susceptible to inactivation by
monochloramine than echovirus 11 under the same con-
ditions.® Similarly, Poliovirus 1 Bruhilde is twice as resistant to
chlorine as the very similar Poliovirus 1 Mahoney.>* These
variable responses suggest that even minor variations in
structural or genomic components can have a marked impact
on viral resistance to inactivation. The type and cextent of
damage a virus can sustain before losing its ability to infect is
largely unknown.

The specific mechanisms that lead to virus inactivation are
also unclear. Previous studies demonstrated that exposure to
inactivating oxidants and radiation results in modifications to

WACS Publications  © 2012 American Chemical Socety
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=10 and nudeic acids.,”™""'* Based on detected

damage in these biomolecules, researchers have proposed a
number of virus inactivation mechanisms.*™'* In many of
these reports, however, inactivation is attributed to detected
virus modifications without determining if these modifications
were causal to or simply concurrent with inactivation and the
loss of specific virus functions (e.g, host recognition, genome
replication). Furthermore, many of the studies probe only a
small portion of the virus particle or track bulk modifications
(e.g., changes in spectroscopic properties, antibody recognition,
etc.). Consequently, the proposed mechanisms are often
contradictory. For example, poliovirus inactivation by FC has
been independently attributed to both protein damage® and
RNA damage.'™'® In terms of specific function losses, FC
inactivation of adenovirus was attributed to damage in viral
proteins necessary for genome delivery,'® whereas FC treat-
ment of human picornaviruses and feline caliciviruses was
attributed to a loss in host cell recognition. A systematic
understanding of virus inactivation based on linking specific
modifications to losses in essential virus functionalities would
potentially direct the development and optimization of

viral protei ns’
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treatments and strengthen our understanding of virus
- adaptation to environmental stressors.

In light of these points, we explored the effects of five
common disinfectants (free chlorine (FC), singlet oxygen
('0,), chlorine dioxide (ClQ,), UV radiation, and heat) on
bacteriophage MS2, a common surrogate for enteric viruses due
to its similar shape and composition. MS2 is an icosahedral
virus with a single stranded RNA genome (3690 nt) that
encodes four proteins: a coat protein (CP; 137 kDa), a
maturation, or assembly protein (AP; 44.0 kDa), a replicase and
a lyticase.'” The virus particle contains 180 copies of the CP
and a single AP copy--the specific role of the AP is largely
unknown. MS2 particles attach to receptors on the F-pili of
Escherichia coli at which point the genome and portions of the
AP are injected into the host cell. Once inside the host cell,
MS2 proteins are translated by the host ribosome and MS2
RNA is transcribed by a complex of MS2 replicase and three
host proteins.

The specific goals of this study were to (1) quantify how
each of the vital viral functions is affected by exposure to
inactivating treatments, (2) identify the affected protein and
genome regions that cause the losses in function, and (3) seek
generalities on the mode of action among different inactivating
treatments, We developed methods to track the loss of the
three essential virus functions—host binding, genome injection,
and genome replication. Simultaneous with these assays, we
located and tracked chemical modifications in the genome and
virus proteins with quantitative reverse transcription polymer-
ase chain reaction (qRT-PCR) and quantitative protein mass
spectrometry (MALDI-TOF MS), respectively. This approach
allowed us to monitor the distribution and quantify the extent
of modifications across the virus genome and proteome rather
than observe bulk chemical and structural changes. Further-
more, to make meaningful comparisons between different
treatment methods, we measured damage at well-defined levels
of inactivation.

B EXPERIMENTAL SECTION

Chemicals and Microorganisms. All reagents and
organisms used are described in the Supporting Information
(SI).

General Experimental Approach. In brief, our work was
divided into three sets of experiments: first, we determined the
rate of infectivity loss of MS2 for five disinfecting agents
(infectivity assays): free chlorine (FC), singlet oxygen ('0,),
chlorine dioxide (ClO,), UV at 254 nm, and heat at
pasteurizing temperature (72 °C). Second, we determined the
extent to which virus functions (host binding, genome
injection, and genome replication) were affected during
inactivation (functionality assays). Third, we quantified the
degradation of the individual virus components during
inactivation, namely the MS2 genome, capsid protein, and A
protein (integrity assays).

Infectivity Assays, All experiments were conducted with
constant stirring in dilution buffer at room temperature (DB, §
mM PO,*, 10 mM NaCl, pH 7.4), and reaction solutions
contained between 1 X 10" and § % 10" plaque forming units
of MS2 per milliliter (PFU/mL). Inactivation kinetics were
established for cach of the disinfecting treatments prior to the
virus functionality and integrity studies. Kinetics were expressed
in terms of first-order kinetics (In C/C, versus disinfectant
dose), with inactivation rate constants Kinectaye ClO; is well-
known to deviate from first-order kinetics at higher doses; 517

consequently, only the initial 23 logs were considered for
which a first-order model was applied. MS2 samples were
inactivated with heat, UV and '0, as previously described™®
and the specifics of FC and ClO; inactivation experiments are
described in detail in the SI.

Virus Functionality Assays. Virus functionality experi-
ments were conducted to assess the rate at which the MS2
population loses its ability to bind to the host cell, and the rate
at which the MS2 population loses its ability inject its genome.
In these experiments, viruses with intact host binding (see
Binding Assay below), and viruses with intact genome injection
mechanisms (see Injection Assay below) were isolated after
disinfection treatment. Their concentration was then deter-
mined by enumerating the number of genome copies in the
sample by quantitative RT-PCR (qRT-PCR), targeting genome
segment 3 (see SI Table S1 for location and corresponding
primers).

Specifically, sacrificial reactors containing MS2 were treated
to several inactivation levels between 0 and 3 logy, as discussed
for the infectivity assays. These low levels of inactivation were
chosen to avoid confounding effects of nonspecific host
binding, as quantified in experiments with E. coli that lacked
F-pili (DSMZ No. 13127). Small aliquots were enumerated by
culturing to determine the exact inactivation level. Bach sample
was then divided into three subsamples: one subsample was
assayed for its ability to bind to the host cell, one subsample
was assayed for its ability to inject its genome into the host cell,
and one subsample was used as the PCR control. This latter
sample served to quantify the loss in PCR signal due to genome
degradation by the disinfectant, rather than due to reduction in
host binding or injection. The genomes of viruses in the PCR
control samples were extracted and the number of genome
copies was determined by qRT-PCR as previously described ™
For each level of inactivation, the number of genome copies, n,
was determined, and compared to the number of genome
copies in the untreated sample (my). The frst-order rate
constant of PCR signal decrease due to genome damage by the
disinfectant, kg, was calculated by plotting In(n,/n,) versus
dose,

Binding Assay. The MS2 E. coli host was grown to log
growth phase (optical density of 0.2). At this point, 10 mM
CaCl, was added to the bacteria and 10 mL aliquots were
transferred to media tubes and placed on ice. At 4 °C, bacterial
growth is inhibited but the extracted F pili provide attachment
sites for the viruses; the viral genomes, however, do not eject
and eclipse at this temperature.”’ Bacterial suspensions were
inoculated with equal volumes of untreated MS2 control
samples or partly inactivated samples such that the multiplicity
of infection (MOI) in the control samples equaled 0.01; this
low MOT value increased the likelihood that no more than one
virus adsorbed to a given bacterium. The samples were
incubated on ice for 90 min and then centrifuged at 3000g
for 1S min at 4 °C. The resulting bacterial pellet contained
host-attached virus; viruses that failed to bind were removed
with the supernatant. The pellet was washed with Tris buffer
(TB, 50 mM Tris HCI, pH 8) four times and finally suspended
in 200 pL of TB. Total RNA (viral and bacterial) was extracted
from the pellet and the qRT-PCR assay™® was used to quantify
the number of viruses bound to the host cells. The first-order
rate constant of genome loss measured with the binding assay,
Kobseves Was calculated from In(n/n,) values at several
treatment doses. This measured rate constant was corrected
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for the decrease in PCR signal due to genome damage, to
obtain the true rate constant of binding loss, Kiunding?

khmcling = knh.vrved - k.hmage

Injection Assay. To determine the impact of inactivating
treatments on the genome injection capacity of viruses,
bacteriophage control samples and inactivated samples were
first bound to host cells at 4 °C for 30 min as described above.
Approximately 0.2 mM chloramphenicol was then added to the
bacterial-viral suspensions and the samples were incubated at 4
°C for another 60 min. By inhibiting bacterial protein
synthesis,”* chloramphenicol prevented the translation of the
viral replicase proteins that are essential for genome
amplification, and thus prevented injected  bacteriophage
genomes from replicating. The sample temperatures were
then raised to 37 “C for 30 min to initiate genome injection
into the host cells. Samples were treated by vigorous pipetting
with freshly prepared 0.1% SDS to detach bacterial F pili from
the cells. As a result, genomes in viruses bound to host cell pili
were separated from genomes inside the host. Sample
suspensions were centrifuged and rinsed twice with 0.1% SDS
and twice with TB to separate bacterial pellets from unbound
virus and detached pili. RNA was extracted from the pellets and
quantified with qRT-PCR. The first-order rate constant for
genome loss measured from the injection assays, ky,...q was
calculated from In(n,/n,) values at several treatment doses. This
measured rate constant was corrected for the decrease in PCR
signal due to genome damage and due to the loss of binding to
obtain the true rate constant for loss of genome injection,

ktn;eninrl :

km}tctwn “observed T kllind;ng = kdamlp,n

Replication. No experimental assay was available to directly
measure the rate constant for the loss of the replication
function, koo It was therefore calculated based on the rate
constants for infectivity, binding and injection loss:

k =k

replication infectivity — kbiu:d.iug = km]eniun

Details for the rationale of this calculation is given in the
Results section.

Virus Integrity Assays. In order to correlate the observed
functionality losses to virus particle damage, we assessed the
integrity of viral genomes and viral proteins using qRT-PCR
and protein mass spectrometry techniques, respectively.
Samples (10 mL) were disinfected as described in the
Infectivity Assay section to obtain inactivation levels between
0 and 9 log,, Aliquots of 100 uL were removed and
enumerated by culturing to determine the exact level of
inactivation. A second set of 100 gL aliquots was collected, and
their RNA was extracted for viral genome analysis as described
previously.?® The remaining volume was utilized to assess
protein integrity.

Genome integrity. Six MS2 genome segments (SI Table S1)
were measured separately by qRT-PCR; combined, these
fragments covered approximately 50% of the translated genome
region. We subsequently calculated the intact fraction of each
segment, n,/ny, where ng and n, represent the number of intact
genome segments, f, detected before and after a given level of
disinfection, respectively. “Intact segment” therefore refers to a
segment capable of amplification by qRT-PCR. Individual
segment decay constants (k,.,) were calculated from first-order
fits of In(n,/n) versus dosage and log,, inactivation,

We estimated the intact proportion of the full MS2 genomes
at different levels of disinfection, N/N,, by first finding the
product of the intact fractions of the individual segments, and
then extrapolating this value to account for the genome portion
not covered by the PCR assay:**

N n,

N, {H n,
Only genome segments with a decay rate significantly different
from zero (SI Table S2, p < 0.0S) were used to determine N/
No.

Protein Integrity. [“N] bacteriophage internal standard
stock was added to the control and treated samples for
quantitative MALDI-MS analysis (the production of [“N]
bacteriophages is described in the S1). The labeled and native
proteins were then digested into peptides with proteases, In
silico digestions of the capsid protein (CP) and assembly
protein (AP) and the corresponding ["*NJ-labeled proteins
were conducted with the ExPASy protein tool PeptideMass (SI
Tables $3 and $4).** For the CP analysis, the spiked samples
(~10 mL) were split into two equal volumes for trypsin and
chymotrypsin protease treatments and concentrated with 100
kDa Microcon centrifugal filters (Millipore, Billerica, MA) to a
final volume of 20 pL. For protease treatment, CP samples
were first denatured at 95 °C for 10 min. Cysteines were
acetylated with freshly prepared iodoacetamide (5 uL 25 mM in
TB) at 37 °C for | h at which point the reactions were
quenched with excess cysteine. Each sample was spiked with
freshly prepared trypsin or chymotrypsin stocks at a 50:1 capsid
protein to enzyme ratio and digested overnight at 37 °C. For
the AP analysis, internal standard-spiked samples were
separated with SDS PAGE to purify AP from the more
abundant CP.** The separation was conducted with 12%
polyacrylamide gels and Coomassie staining, The AP lane (42
kDa) was cut and immediately subjected to cysteine acetylation
followed by in-gel digestion with trypsin and chymotrypsin.**

All MALDT measurements were performed with an ABI 4800
MALDI-TOF-TOF (Applied Biosystems, Rotkreuz, Switzer-
land). Sample deposition onto MALDI plates and instrument
settings were described previously.”

Calibration curves with ['*N] MS2 peptide internal standards
were prepared to track the fraction of unmodified peptides (i.e.,
no mass change: cp,/cpy, for capsid proteins and ap,/ap,, for A
protein, respectively) at various doses of disinfecting treat-
ments. Calibration curves were established by P]urring the
known ratio of native [**'N] peptides to labeled ["*N] peptides
on the x-axis and the measured MALDI peak height ratios of
native peptides to labeled peptides ([N peptide peak height/
[*N] peptide peak height) on the y-axis (SI Figure S1).
Peptide decay generally exhibited first-order kinetics for FC,
'0, and UV (SI Figure S2). First-order peptide decay rate
constants (k,,,) were calculated in terms of both dosage and
log,, inactivation.

The fraction of unmodified MS2 capsid proteins {CP/CP,)
was approximated as the product of the intact peptide fractions:

]an‘.: length/total length of all PCR segements

CP 11 B

Chy By

An analogous analysis of was conducted for the A protein.
However, since MALDI was unable to capture the entirety of

dxdolarg/10.1021/e53029473 | Environ. 5ci [echnol 2012, 46, 1206912078



Environmental Science & Technology

- Anice

amino acids in the A protein (A protein coverage was 42—
67%), AP/AP, was determined by extrapolation as follows:

AP ar
ol

mnember of amine acdi in A protein /tumber of amno acids desected by MALDI

n

ag

i

Only peptides with decay rates different from zero (SI Tables
S5, and $6; p < 0.05) were considered in the protein decay
analyses.

B RESULTS

Virus Functionality Loss. For MS2 to be infective, it must
(1) bind to its host cell, (2) inject its genome inside the host
cell, and (3) replicate once its genome is within the host cell.
Each of these functions can be viewed as an assembly of several
steps needed to complete the function {e.g., the genome
replication function encompasses both translation and tran-
scription), All of these functions must be intact for MS2 to be
infective. The probability that a given population of MS2 is
infectious can thus be expressed as follows:

Pin!‘i.‘c‘[l\ﬂr}' = thd:ng X {lln]ccfinr. X Prt[ﬂ:t.d?h‘n

where Picivny Poinding Piaecsons nd P pjiaion represent the
probability that viruses are capable of infecting, binding,
injecting and replicating at a particular level of treatment,
respectively. Of these four probabilities, the former three were
experimentally assessed with the infectivity, binding, and
injection assays. The respective probabilities correspond to
the fraction of viruses with intact functionality upon treatment
(eg, Piofectivey = C/Cy). Because we were unable to directly
measure the genome replication function, Peglcation 3t
particular treatment dose was thus determined based on the
following relationship:

i]
I infectivity

b

Injechon

2

replication = 3
“hinding

The decay of Piectiuy Prndig Puagections 20 Py cplication followed
first-order kinetics versus dose with FC, '0,, UV, and heat
treatments (SI Figure §3). For ClO,, binding and injection
were only assessed over the initial 2—3 log,, of inactivation due
to its deviation from first order kinetics at higher inactivation
levels (SI Figure $4). From these data, we determined first-
order rate constants for infectivity loss (Kintectivty )y binding loss
(Kbinding)s genome injection loss (Kiui,), and replication loss
(l‘TrpLIL:uun) (SI Table ST’)

Our results demonstrate that replication was inhibited by FC,
'0,, and UV (Keeplicanon > 0, Figure 1 and SI Table $7), whereas
this function remained mostly intact following ClQ, and heat
treatment (K e D0t different from 0). Host binding was
impacted by 'O, ClO,, and heat treatments (i.c, Kyinding > 0),
but showed minimal effect from UV and FC. These two
treatments did impair viral genome injection, as did 'O, to a
minor extent, (ky.on > 0), whereas heat and ClO, treatment
did not.

Virus Component Decay. MS2 virus proteins are largely
responsible for interactions with the host cell and injection
mechanisms; an intact genome, in contrast, is necessary for the
formation of new virus particles within the host cell, We
therefore assume that measured losses in binding and injection
functions are primarily due to protein damage and calculated
losses in replication functions are due to genome degradation,
To test this assumption, we monitored the decay of all three

L Binding
flinjecton
M Replication

Heat |

0% 20% 40% B0 80% 100%

Figure 1. Relative contribution of binding, injection and replication
loss to over all inactivation. The Figure is based on the rate constants
kbmd_ngr klnptcm:lnj kw;:lac.mcw and kmllilm!y shown in SI Table §7.

MS2 components; the genome (N}, the capsid protein (CP),
and the assembly protein (AP).

Genome damage was negligible following heat and CIO,
treatment, whereas UV, FC, and 'O, treatments resulted in
extensive genome damage (Figure 2A). Protein damage
followed a different trend than genome damage (Figure 2B
and C): FC and ClO; caused extensive damage in the CP, with
little or no detectable intact CPs remaining after 5 logy,
inactivation (Figure 2B), The CP damage incurred by UV
treatment was less pronounced, yet still extensive. For
treatment by '0,, in contrast, most CP remained intact.
Here, “intact protein” refers to unaltered protein mass, It is
possible that physical and chemical modifications not resulting
in mass changes could also impact vital wvirus functions;
however, due to methodology limitations, we have considered
only those protein modifications detectable with mass
spectrometry. It should be emphasized that each capsid
contains 180 copies of CP and that CP/CP, represents the
intact fraction of individual CPs in a population rather than the
intact fraction of the entire capsid. In other words, small
quantities of measured CP damage in a sample population can
have a large impact on the number of unmodified intact virus
capsids.

Similar to the CP results, ClO, and FC had the most
prominent effect on the integrity of the AP (Figure 2C). In
contrast to the CP, however, 'O, caused more extensive
damage in the AP than UV. MS2 only contains a single copy of
AP; therefore, the reported intact fraction of AP (AP/AP,)
represents the fraction of virus particles with unmodified APs.

Location of Damage within Genome and Proteins.
The qRT-PCR and quantitative MS analyses employed herein
allowed us to observe the distribution of genome and protein
damage, by separately analyzing the decay of different genome
segments (n;) or CP- and AP-derived peptides (cp, or ap,).
Substantial nucleic acid damage occurred across most of the six
measured genome segments as the virus was inactivated with
FC, 'O, and UV (Figure 3A, SI Table S2); however, ClO, and
heat treatment resulted in negligible degradation. Damage due
to FC, 'Oy, and UV treatments was not consistent across the
monitored regions of the viral RNA (Figure 3A, SI Table 52).
The relative reactivities of each of the RNA segments with FC
(segment n, > ny & ng > ng > n, > n,) were similar to those with
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'0, (segment n, > ny > ne 2 ng >0y = n,); the reactivity trend
differed significantly with UV (segment n, = n, > n, = n, = ng >
ng), illustrating that certain regions of the genome are more
susceptible to FC and 'O, chemical attack and others to UV
radiation,

Regression analysis conducted on CP and AP peptide
concentrations (In (ep,/epy) or In (ap,/ap,) versus disinfectant
dose or log,, inactivation) identified a number of peptides that
were modified during inactivating treatments (Figure 3B and C,
SI Tables S5 and S6). FC treatment caused significant decay in
every measured CP peptide when treated up to 8.5-logo
inactivation. ClO; and UV treatments were more selective,
with decreases in cp,/cp; observed in four and six of the 11 CP
peptides, respectively, following 6-log;, inactivating treatment.
Singlet oxygen treatment caused the most specific damage; only
one CP peptide (Ser84-Lys106) decreased significantly
following 8.3-log,, inactivating treatment.

The AP peptide MALDI-TOF MS signals measured in the
virus digests were much weaker than the CP peptides due to
the fact that there are 180 times fewer APs in the virus samples.
As a result, poorer AP coverage (42—67%) was achieved
compared to CP coverage (97%) (SI Table $8). Similar to the
CP, FC, and ClQ, treatments caused more extensive damage to
the AP peptides at a particular level of inactivation than the '0,
and UV treatments (Figure 3C).
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M DISCUSSION

Disinfectants Exert Characteristic Impact on Vital
Virus Functions. The importance of a given function to virus
inactivation can be assessed by comparing the relative
contributions of binding, injection, and replication to the
overall rate of inactivation for the five disinfectant treatments
(Figure 1, SI Table S7). A direct comparison of the
disinfectants illustrates that each one has a characteristic
mode of inactivation. Although it may not be surprising that the
physical treatments (heat, UV) exhibit different inactivation
patterns than the chemical oxidants ('0,, FC, ClQ,), there are
also dramatic differences within the physical and chemical
groups. This implies that not only the type of disinfectant (e.g,
oxidant vs denaturing agent}, but also their specific chemical
reaction mechanism (c.g, ene reaction, chlorination, or one-
electron transfer) dictates functional impairment,

The extent to which each disinfectant inhibited virus
functions is in agreement with the level of genome and protein
degradation (Figures 1 and 2). For example, substantial
genome damage resulted from treatments that inhibited
replication functions (UV, '0,, FC), but was not present
after treatments that did not inhibit replication (CIO, and
heat). Similarly, we observed extensive CP and AP degradation
by treatments (FC, ClO,) that resulted in significant loss in
protein-mediated binding or injection functions. Modest
protein damage oceurred following treatments (UV, '0,) that

Oxdolorg/10.1021/es3029473 | Enviren. Sel. Technol 2012, 46, 1206912078
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Figure 3. Decay rate constants of MS2 (A) genome segments, (B) CP peptides, and (C) a selection of AP peptides as a function of lag,q
inactivation, See SI Tables 52, 85, and S6 for a complete list of rates as a function of dose and the associated errors,

induced moderate protein-mediated function loss. Because 'O,
and ClO, impaired binding, whereas FC and UV inhibited
genome injection, it appears that MS2 does not have a critical
“weakest link” that is susceptible to all of the virucidal
treatments,

Reported reaction rate constants for the tested disinfectants
with MS2 monomer components (ie, amino acids and
nucleotides) provide an opportunity to relate our findings
with established chemical kinetics. For bath FC and ClO,, rate
constants with amino acids are up to 3—4 orders of magnitude
larger than rate constants with nucleotides.”” ™" This is in
agreement with our finding that viral protein damage plays a
major role in ClO;; however, it fails to account for the large

contribution of genome damage with FC inactivation. Reported
reaction rate constants for 'O, and photochemical constants for
UV are more similar among nucleotides and amino acids.**™
Yet, in both cases, genome damage dominates. This highlights
the fact that qualitative predictions based on the relative
magnitude of rate constants must take into account the
structure of the virus particie.'"

Molecular-Level Inactivation Mechanisms Are Unique
for Individual Disinfectants. UV Treatment. Both viral
genome and protein da!‘nngc due to UV irradiation have heen
reported prcw’ously;“'b_" correspondingly, here we have
detected damage in the MS2 genome and proteins (Figure
2). Our function assays demonstrate that UV causes MS2

dxdolorg/10.1021/es3029473  Environ. Sci Technol 2012, 46, 12069- 12078
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inactivation primarily by inhibiting genome replication, but also
by inhibiting genome injection (Figure 1), Replication
inhibition is easily rationalized by the similarity of the rate of
viral RNA decay and the rate of replication function loss (SI
Tables 52 and §7); that is, for each UV-induced modification,
the genome lost its ability to replicate, This is consistent with
observations that UV irradiation transforms RNA itself (eg
forming uracil cyclobutane dimers, uracil hydrate, and cytosine
hydrate™ ™) or cross-links it to other molecules (RNA-RNA
and RNA—-protein'®*) leading to products that the E, coli host
cannot repair.'* These nucleic acid Phnmproducts are known
to block viral reverse transcriptase,* and therefore halt qRT-
PCR amplification. Because UV madifications that inhibit MS2
genome replication thus also inhibit qRT-PCR amplification,
the PCR signal loss is an appropriate proxy for biologically
relevant genome damage by UV,

A number of chemical modifications in the CP with UV
treatment (Figure 3B, SI Table S5) may explain why UV also
impairs the genome injection function (Figure 1, S Table §7).
CP peptide decay rates with UV were comparable to the AP
peptide decay rates (SI Tables S5 and $6); however, the fact
that there are 180 copies of the CP per virion suggests that
widespread damage occurs in the whole capsid shell concurrent
with the loss of injection function. The CP peptide with the
highest degradation rate was Val44-Arg49, this sequence
undergoes a site-specific backbone cleavage between the
Serd7 and Val48 residues.”™ If we assume that the measured
Val44-Arg49 peptide degradation is due entirely to the protein
backbone cleavage reaction (indeed, no other products were
detected in our previous studies)” then the cleavage of
approximately seven CPs occurs when 90% of the viruses have
been inactivated (cp,/cp;; = 0.96 at 1 log,, inactivation, thus 4%
180 of CP damaged; Figure 3B, and SI Tables §5 and S7). The
MS2 capsid is assembled under tension, and the virus
transforms this stored energy to inject its genome into the
host cell.** It is feasible that cleaving the CP backbone disrupts
the scaffolding required to develop this tension, thereby
reducing the energy available for genome injection.

Singlet Oxygen. 'O, caused inactivation primarily by
impairing genome replication, Host binding was mildly affected,
and a minor impairment in genome injection was found (Figure
1). Significant genome decay occurred with 1O1 treatment,
which corresponds to the observed replication function
impairment. At least one major RNA product, 8-ox0-7,8-
dihydroguanosine (8-ox0G), has been identified following
exposure to '0," Although it is unknown if this product
specifically affects the activity of the viral RNA-dependent RNA
polymerase or the host cell's ribosomal machinery, it can lead
to mutations during transcription by DNA-dependent RNA
polymerases,™ If RNA-dependent RNA polymerases undergo
the same error, the presence of 8-0x0G in the genome may
cause inactivation by producing mutations that render the
viruses noninfective.

The loss in binding function is not likely the result of CP
degradation by '0,. The one CP peptide (Ser84-Lys106) that
decreased significantly with 'O, treatment experienced only
moderate damage (Figure 3, SI Table S35). Based on the
measured decay rate, only 3.6 modified peptides were present
in an entire capsid following 1 log inactivation (cp,/cpg = 0.98
at 90% inactivation; Figure 3B, and SI Tables §5 and §7). In
contrast, several peptides in the AP were chemically modified
during 'O, treatment (Figure 3, SI Table S6). One AP peptide,
Ser78-Lys89, had a degradation rate constant (478 x 10° L

mg's™) similar to the binding function loss rate (3.5 % 10° L
mg~'s™; SI Table $7), suggesting that modification of this
peptide by 'Q, may be involved in the inhibition of host
binding, This hypothesis aligns with observations that the AP
plays a crucial role in MS2 binding to E. coli pili,""**

Free Chlorine. FC has been shown to act on both
genurm:?"z'w and proteins.*'S Here, FC treatment of MS2
caused losses in both genome- and protein-mediated functions,
namely replication and injection (Figure 1, ST Table §7). The
loss in genome replication coincided with extensive genome
damage. The distribution of genome damage with FC was
similar to that observed for 'O, but differed significantly from
UV (Figure 3A). This is likely due to the fact that chemical
oxidants are limited to solvent accessible areas of the virus
particle, whereas UV penetration is not dictated by virus
structure. Furthermore, FC induced genome damage at levels
comparable to UV and 'O, treatments (Figure 2). Compared
to UV and ‘O, however, the replication function loss induced
by FC accounted for a smaller proportion of overall inactivation
(Figure 1). Thus, not all of the genome damage induced by FC
contributed to inactivation. This suggests that it is not the
location of genome modifications, but rather its type that
determines the virucidal effect. Known products of RNA
oxidation by FC include $-chlorocytidine, B-choloroguanosine,
and to a lesser extent, 8-chloroadenosine.™ The effects of these
products on genome replication in the host, and hence their
biological relevance for virus inactivation, is unknown. Certain
types of genome damage may therefore be “read over” by the
host machinery, such that multiple modification cvents are
required to cause inactivation,

Contrary to 'O, the extensive degradation of the AP by FC
did not lead to loss in binding. As observed for the genome,
protein modifications induced by FC thus appear to be of less
biological consequence compared to 'O, The extensive and
widespread chemical modification of the CP (Figure 3) was
unexpected given that '0;, also a chemical oxidant, did not
appear to significantly attack any residues located at the interior
of the CP. This suggests that FC altered the capsid structure in
a manner that facilitated access to interior protein structures.
FC can attack the protein backbone™ and herein we detected a
site-specific CP cleavage between capsid protein residues GluS0
and SerS1 (measured cleavage product mass = 5281 Da,
theoretical mass of Asp!-GluS0 = 5281.7 Da; SI Figure S5)
following FC treatment. Because both UV and FC treatments
inhibited injection function and both treatments exhibited a
site-specific CP cleavage, we propose that CP cleavage leads to
the failure of MS2 to inject its genome.

Chlorine Dioxide. The most notable aspect of virus
inactivation by ClO, is the absence of damage to the genome
and lack of replication function inhibition (Figures 1 and 2).
Instead, the inactivation action of ClO, is due primarily to the
degradation of viral proteins. This is consistent with previous
studies that demonstrated CIQ, reacts more readily with amino
acids than with nucleotides, 2%

On the protein level, ClO, is a selective oxidant, which reacts
mainly with Cys, Trp and Tyr*” Similar to "o En degradation
was specific and affected mainly peptide Ser84-Lys106 (Figure
3, SI Table 85). The degradation of this peptide was more
extensive with ClO, than for 'Oy, causing 67.5 out of 180
capsid proteins to be damaged at 90% inactivation (Figure 3B,
SI Tables §S and §7). However, the damage was not sufficient
to disrupt the capsid protein’s structure, as other susceptible
residues remained protected. CIO, disinfection also resulted in
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widespread AP degradation (Figure 3, SI Table S6). Several of
the affected peptides exhibited degradation rates comparable to
the observed binding inhibition rate, but poor coverage of the
AP in these cxperiments did not allow for a conclusive
statement about which AP region was most affected by ClO,. In
particular, AP peptide Ser78-Lys89, which was dominantly
degraded by FC and 'O, was not detected in Clo,
experiments, [t is therefore not possible to assess if this peptide
can be implicated in binding loss during ClO; treatment.

Heat. With heat treatment, the binding function decay rate
was nearly equal to the inactivation rate and the injection and
replication function rates were effectively zero (SI Table 7).
This suggests that MS2 inactivation by heat (at 72 °C) is
almost entirely due to MS2's loss in ability to bind with its host
cell. The observed lack of replication function loss is in
agreement with the lack of RNA degradation measured in the
six regions of the MS2 genome (SI Table S2). Peptide
modifications were not detected during heat treatment,
suggesting that chemical modification of MS2 proteins did
not accur. We previously demonstrated that heat teeatment
renders MS2 proteins more susceptible to protease attack,’
which suggests that heat induces structural changes in the virus
prateins. These transformations may cause inactivation by
disrupting the specific structures needed to recognize and bind
the host cells,

Rethinking Disinfectant Mode of Action and Design.
Taken together, our results show that cach treatment results in
3 unique MS2 inactivation pathway. Indeed, some of the
inactivation mechanisms, particularly those that involve
protein-mediated functions, rely on the modification of site-
specific virus components. Tt is thus probable that different
viruses, and even different serotypes, may have very different
susceptibilities to inactivating treatments. For example, treat-
ments (UV, EC) that cause protein backbone cleavage in MS2
in part inactivate the virus by inhibiting genome injection.
However, the site-specific nature of the protein cleavages in
MS2 suggests that protein backbone cleavage may not take
place in viruses with different CP sequences. Indeed, CP
cleavage was not observed following UV treatment of
bacteriophage GA, a coliphage similar in morphology,
composition, and life cycle to MS2; this was attributed to the
absence of a cysteine residue in bacteriophage GA at the CP
cleavage site,”™ Furthermore, this cleavage-based inactivation
pathway can only be shared with viruses that exhibit the same
tension-mediated injection function with MS2. Consequently,
assigning general inactivation mechanisms based on the
behavior of one virus strain may not be appropriate. Similar
studies with other virus species will likely be required before
general conclusions can be drawn about viral inactivation
mechanisms by a particular disinfectant.

Nonctheless, these results have implications for our under-
standing of existing treatments and for the development and
optimization of treatments. For example, oxidants like C1O, or
heat treatments that target protein-mediated functions may be
most effective for inactivating viruses with genome repair
mechanisms (i.e., double-stranded DNA viruses ). Likewise, UV
treatment may be most effective for inactivating viruses without
genome repair mechanisms (e.g, single-stranded RNA viruses),
as it appears that nearly every detected modification in the MS2
proteins and genome contributed to a loss in virus infectivity.
Treatments like UV and 'Q, that inactivate viruses with little
protein damage may be optimal for virus vaccine production,
especially if an intact capsid is necessary to induce an immune

response.*”” FC is a nondiscriminative treatment method, which
causes high levels of nonspecific genome and protein damage;
not all of this damage, however, necessarily inactivates the
viruses, 'O, and UV on the other hand, are very efficient;
selective protein damage resulted in binding or injection
inhibition and the detected genome damage rendered the
genome nonreplicable. Given the selective nature of UV and
’Oz damage, a small number of mutations may be sufficient to
defer MS2 inactivation by UV and 'Qy; consequently, viruses
may easily evolve strategies to protect themselves from UV and
'0, than from FC.

This approach to virus inactivation mechanisms could also
aid in understanding the fate of virus in natural systems.
Invading viral pathogens, for example, are exposed to a barrage
of host defense mechanisms including oxidative chemicals,
including FC and reactive oxygen species. By elucidating
inactivation mechanisms of an invading virus, we can better
understand and predict the adaptations viruses may undergo to
increase virulence and resistance. Similarly, the conditions that
dictate the inactivation of marine viruses may depend on their
ability to resist or adapt to stressors. For example, exposure to
UV in the photic zone—where the majority of marine viruses
are located **—can markedly decrease the abundance of certain
virus strains.>' Understanding the mechanisms of such
phenomena is particularly important due to the fact that
marine viruses influence global geochemical cyclings"‘ and
ecosystem functioning,***’
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1. INTRODUCTION

Proteins exposed to ionizing radiation suffer both reversible and irreversible
effects. Reversible effects are defined as those which disappear in a short period of
time after the removal of the radiation field and without further treatment of the
sample. Irreversible effects are those which cause a permanent alteration in the
structure of a protein, It is the irreversible changes in irradiated proteins which
will concern us here.

In general, the vast majority of radiation effects on macromolecules are due to
the indirect action of the radiations. In these cases, radiation damage to some
molecule results in the production of chemically reactive species which diffuse to
and react with other molecules in the sample. Since radiation interactions occur
randomly throughout the mass of any exposed material, and since most biological
materials are principally (~ 809%) water, these reactive species are most often
radiolytic products of water. Their ultimate reaction with macromolecules oceurs
at a specific chemical group defined by the nature of the particular radiolytic agent.
Thus for every primary ionization, one or more reactants can be produced which
are capable of diffusing to a macromolecule and reacting at a single locus (von
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Sonntag, 1987). The nature of radiation damage in proteins due to these indirect
effects is complex, since it is defined by the nature of the particular protein, the
chemical environment in which it is irradiated, and the physical conditions which
exist. Temperature is a critical physical factor since it directly affects diffusion
rates; similarly, the time between radiation exposure and product analysis will also
be an important factor. Physical barriers between the radiolytic product and the
macromolecule obviously could have considerable influence on the final radiation
damage.

The direct effects of radiation on macromolecules arise from interactions
directly between the ionizing radiation and the macromolecules. By definition, the

other molecules play no role in these effects. In comparison to indirect effects, the
direct effects of ionizing radiation on macromolecules in liquid solution are

quantitatively insignificant. Yet these direct effects are much more easily
understood since they represent a much more limited set of mechanisms and
considerably smaller range of products (Garrison, 1987).

At low temperature, diffusion rates are considerably reduced. In aqueous
systems the major effect is the phase change from liquid to frozen state during
which the diffusion constant changes by up to five orders of magnitude. The
quantity of primary radiation products formed at low temperatures will be the
same as that at room temperature, but their range of movement is grossly
different. The reaction rate of these products is expected to decrease as the
temperature is lowered, but the change in reaction rate is dwarfed by the change
in diffusion rate. The experimental conditions which have been described for
radiation exposure at low temperature (Harmon et al. 1985; Jung, 1984;
Beauregard et al. 1987) effectively curtail the role of the indirect actions of
radiation and the role of direct radiation damage on macromolecules becomes the
predominant mechanism. Other procedures to minimize the indirect effects of
radiation without affecting the direct mechanisms of molecular damage have been
attempted, primarily the use of lyophilized samples. Lyophilized samples have
ben successfully used in determining target sizes (see below) in several protein
systems, but there have been notable failures, principally with membrane-bound
proteins (Angelides et al. 198s).

Mathematical analysis of the probability of radiation damage to proteins has
been developed for cases in which it is assumed that only the direct action of
radiation is involved. Since primary ionizations from gamma rays and high-energy
electrons occur at random in the mass of the sample, the probability of these
interactions is described by the Poisson distribution. Furthermore, the energy
transferred to the target molecule (average 65 eV) is so large that the molecule
suffers irreversible changes, resulting in loss of structure and of function. Only
molecules which have escaped primary ionizations will survive unaltered. ‘ Target
theory’ yields a relationship between the fraction of surviving protein molecules
(N/N,) and the amount of radiation absorbed (dose, D) which leads to an estimate
of the mass (m) of the protein molecules:

N/ND = e—an’

where £2 1s a constant. The theory can be extended to cases where the protein

N0
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possesses some unique and measurable property such as biological activity or
fluorescence. The surviving function can be measured in irradiated samples and
the mass of the active structure can be calculated (Kempner & Fleischer, 198g).
Since these target masses correspond to the known physical mass of a large
number of proteins, the experimental conditions to limit molecular damage to the
direct action of radiation are validated.

Using a variety of procedures, considerable data has accumulated about the
nature of the direct damage in individual protein molecules. Some information
arises from observed changes in protein structure; other analyses involve the loss
of biological activity and the determination of target size. Each method of analysis
yields a different kind of information. In reviewing these various results, emerging
patterns will be sought which lead to general principles.

2. RADIATION DAMAGE AND THE PRIMARY STRUCTURE OF PROTEINS

Evidence concerning the types of covalent bond breakage can be seen in the
radiation products from homopolymers of amino acids. Morishima & Hatano
(1975) studied the EPR signals from homopolymers of glycine, alanine or glutamic
acid which had been irradiated with ®Co gamma rays in vacuo at 77 °K. They
identified an unstable free radical (produced by the N-C_ bond scission) with the
unpaired electron on the alpha carbon: CHR-CO~-NH-. When warmed to room
temperature, the spectra changed to that of a stable species, -NH-CR-CO-,

In carefully controlled studies, Hill et al. (1981), irradiated samples in vacuo,
and analyzed the volatile radioproducts by EPR and by gas chromatography
without exposure to oxygen. Homopolymers of alanine, glycine, valine,
phenylalanine or tyrosine were irradiated in a **Co source at 25 °C or —196 °C.
Low-molecular-weight products can be released from side groups with a single
covalent bond break, while those from the peptide backbone require that two
nearby bonds were broken. It was found that the products depended on the water
content of the sample. Dried homopolymers contained 30 mol water per 100 mol
peptide bonds unless special drying conditions were used (Hill et al. 1980). With
traces of water present, carboxylic acids were released ; thoroughly dried samples
released no carboxylic acids. However, in both cases all homopolymers showed
significant breakage between the a-carbon and the side chain. Acetamide was the
principal volatile product released by radiation from polyglycine, poly-L-alanine
and poly-L-valine. Therefore there were two main chain breaks at proximal C,
bonds (the peptide bond remained intact), and these were the primary products
when no oxygen or water was present to cause subsequent reactions. In
polyalanine, the yield of free radicals was about equal to the yield of acetamide and
of methane, indicating that the bulk of the bond breakage had been accounted for.

Acetamide was not released from aromatic amino acids in polyphenylalanine
and polytyrosine; the aromatic side groups protect against main-chain scission.
However, they did yield the product toluene indicating the C_-R group bond is
still the most labile, just as with the aliphatic amino acids (see Fig. 1). Further
EPR studies of metalloproteins (in aqueous solution) and non-metalloproteins [in
K Fe(CN), solutions] were reported by Symons & Taiwo (1992). Samples were
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Fig. 1. Direct effects of radiation on proteins as revealed by EPR. A, aliphatic residues; ¢,

aromatic residues. Acetamide is a major product from aliphatic but not aromatic side chains.
The dotted lines show chemcal groupings that are frequently released.

Table 1, Per cent changes in amino acids in irradiated proteins

Lysozyme Ribonuclease  Chymotrypsin

crystalline dry lyophilized

in air in vacuo in vacuo
Radiation dose (Mrad) 100 95 ~ 20
Activity remaining 5% 10% 24%
Alanine +5 —4 —4
Arginine -58 +2 —25
Aspartic acid —b 0 +1
Cysteic acid +65 -8
Cysteine —16 -9 —6
Glutamic acid -6 —1 +9
Glycine —2'5 +14 -5
Histidine —10 -8 —18
Isoleucine —8 -3 —12
Leucine -8 +9 -5
Lysine -5 -7 -6
Methionine —16 —4 —20
Phenylalanine —13 —4 -6
Proline -5 -8
Serine -5 +5 +2
Threonine —55 +1 o
Tryptophan —20
Tyrosine —17 -9 -5
Valine -7 +4 —-12

frozen in air and irradiated with **Co gamma rays at 77 °K, then annealed to 135 °K
for EPR measurements. They found electron-loss centres (holes) were confined to
the polypeptide backbone amido groups (being trapped by proton transfer from
nitrogen). However, ejected electrons could migrate to electron-capture centres
‘well removed from the ionization sites’.

The EPR studies showed that the type and amount of radicals depend on water
content of the sample, on gas phase, and on irradiation temperature.

Other evidence of damage in irradiated proteins comes from amino acid
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analyses. Alexander & Hamilton (1960) examined some of the amino acids
surviving in crystalline bovine serum albumin after irradiation in vacuo. Although
there were only limited techniques available at that time, they found no major
differences in radiation sensitivity among the amino acids. They estimated that the
most sensitive amino acids differed from the least sensitive by less than a factor of
three.

Lysozyme (Dose et al. 1966), ribonuclease (Jung & Schussler, 1968) and
chymotrypsin (Kasche, 1971) were each irradiated until only low levels of activity
remained. Their data (from crystalline, dry, or freeze-dried samples) are shown in
Table 1. Each irradiated protein revealed no dramatic change in amino-acid
composition, indicating that each amino-acid residue was as likely to be damaged
as any other. The suggested higher radiation sensitivity of sulphydryl or aromatic
amino acids is, at most, a secondary effect. Whether irradiated in vacuo, in oxygen,
or at low temperature, the abundance of each amino acid was changed less than
20 9% compared to the others (Jung & Schussler, 1968).

In contrast to the EPR results, the amino-acid analyses of irradiated proteins do
not appear to depend on radiation conditions. Another disparity is the prediction
from EPR studies that removal of amino acid side chains due to scission at the C,
bond should result in a major increase in glycine content, but this is not seen in
the amino acid analyses.

3. RADIATION DAMAGE AND THE SECONDARY AND TERTIARY STRUCTURE
OF PROTEINS

The previous studies do not address the question of where in the polypeptide
chain the damage occurs. In an irradiated protein, bond breakages of the
polypeptide backbone lead to scission of the chain. These yield polypeptide
fragments of much smaller molecular weight than the original protein which are
easily separated by denaturing gel electrophoresis. Protein denaturation is
accomplished by treatment with detergent, typically by heating in the presence of
f-mercaptoethanol to break disulphide bonds. Denaturation involves the
unfolding of individual polypeptides and the release of individual polypeptide
subunits. These can be resolved by gel electrophoresis in which the relative
movement of denatured protein subunits in-an electrical field is inversely
proportional to the size of the polypeptide. Polypeptides can be detected by a
protein stain or (if a radiolabelled protein is used) radioactivity; specific proteins
can be selectively detected by reaction with an antibody or even by biochemical
activity if it survives these treatments. Intact polypeptides which survive
irradiation and new radiolytic fragments can be quantitated by densitometric or
radioactivity scanning of the gel. In many cases the amount of intact polypeptides
remaining has been analyzed by target theory, giving a radiation-sensitive mass
associated with subunit structure. This is the size of the unit in which radiation
energy is absorbed, ultimately leading to breakage of covalent bonds in the
polymer backbone. As shown in Table 2, most often these target sizes correspond
to one or two subunits. A primary ionization occurs at a specific locus on one
polypeptide, and the single exponential survival curve shows that a single hit is

A
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Table 2. Target size analysis of irradiated protein monomers

Monomer Target
(M, x 107%) (kDa)

AY

Ref.

I. Membrane-bound proteins

H*-ATPase
Neurospora

H* K*-ATPase
Pig gastric mucosa PM

Calcium pump protein

(Ca**—ATPase)
Rabbit SkM SR
Rabbit SkM SR
Rabbit SkM SR
Rabbit SkM SR reconst,
Rabbit SkM SR
Rabhbit SR

Calcium pump protein (CPP)
Dog cardiac SR

Calcium release channel
Dog heart
Rabbit skeletal

Calcium-binding protein
Rabbit muscle

Na*, K7-ATPase a-subunit
Guinea pig kidney usomes
Guinea pig kidney usomes
Duck salt gland

D-f-Hydroxybutyrate
dehydrogenase
Beef heart mitochondrial
vesicles, purified and
reconstit.

Glucose carrier-Na® symport
Rabbit kidney BBM
Rabbit Intestine BBM

Acetylcholinesterase
Electric eel

Type V
Type VI

Band 3 (human RBC)

Insulin receptor (human
placenta)
a-subunit
f-subunit

HMG-CoA reductase
Rat liver

A1 adenosine receptor
Rat brain

104 220
1o0+38  g92-143
11s 277
115 258
115 2:3}
115 230
= 175
— 150
110 229
340 1063}
360 1069
44 50
- 128
112 115
— 115
31 104
165 298
73 66
59 56}
59 48
95 220
125+95 160}
125495 160
97 100
35 35

Bowman et al. (1985)
Rabon et al. (1988)

MecGrew et al. (1989)
McGrew et al. (1987)

Hymel et al. (1984)

Anderson & Vilsen (1988)
le Maire et al. (1990)

Chamberlain et al. (1983)
McGrew et al. (198g)

Hymel et al. (1984)
Karlish & Kempner (1984)

Jensen & Norby (1988)
Boldyrev et al. (1990)

Meclntyre et al. (1983)

Takahashi et al. (1985)
Stevens et al, (19g0)

le Maire et al. (1990)
Cuppoletti et al. (19853)

Fujita-Yamaguchi et al.

(1989)
Edwards et al. (1985)

Reddington et al. (198g)
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Monomer Target

(M, x107*) (kDa)

Ref.

@ protein
Rat kidney BBMV
Bacterial rhodopsin

I1. Non-membrane proteins
p2r1 ras protein
Sulphite oxidase
Tutin

Rabbit psoas muscle
Nebulin

Rabbit psoas muscle
Myosin

Rabbit psoas muscle

Bovine muscle
a-Actinin

Rabbit psoas muscle
Actin

Rabbit psoas muscle
Vesicular Stomatitis Virus

L protein

G protein

N protein

M protein
CF1 ATPase

(Spinach chloroplasts)

a-subunit

f-subunit

y-subunit

8-subunit

e-subunit
Transferrin

Glutamate dehydrogenase
Beef liver
Glucose 6-phosphate
dehydrogenase
Bovine serum albumin

p-galactosidase

f-lactoglobulin

Trypsin inhibitor
Carbonic anhydrase
Aspartate transcarbamylase
Ovalbumin

345
27

21
55

2800
goo

200

95
42

241
62
47
26

116

20
29
34
43

355
23

69
g2

5700 )
1700

190)
370

120

49 )

372
255

87
104

67
65
102
132
161

75
62

73
50
62
70
62
66

117
142
20
20
37
30
50

Beliveau et al. (1988)
Jensen & Norby (1988)

Santos et al. (1988)
Barber et al. (1987)

Horowits et al. (1986)

le Maire et al. (1990)

Horowits et al. (1986)

Bundo-Morita et al, (1988)

Wang et al. (1988)

Santos et al. (1988)
le Maire et al. (19go)

Kempner & Miller (1983)
Jensen & Norby (1988)

le Maire et al. (19g0)
Jensen & Norby (1988)

le Maire et al. (1990)
Suarez & Ferguson-Miller
(1987)

Jensen & Norby (1988)

le Maire et al. (1ggo)

QRB 26
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Table 2. cont.

Monomer Target
(M, x107% (kDa)  Ref.

Catalase 58 35
Ferritin 20 18 .
Phosphoenolpyruvatecarboxylase le Maisecet at, {re90)
Corn 160 170
Alcohol dehydrogenase
Horse liver 40 48 Suarez & Ferguson-Miller
(1987)
Sendai virus \
P protein
wild type 74 182
mutant - 183
HN protein, wild type 70 170
tein
N];;]);Otypg 6o iia Gibson et al. (1988)
mutant - 122
M protein, mutant 40 85
F protein
wild type 63 68
mutant = 79
Prostaglandin H synthase 72 66 Ruf et al. (1992)

responsible for the observed effect. Thus a target size equal to a dimer indicates
that there must have been transfer of radiation energy from one subunit to
another.

Further studies of energy transfer in a protein were presented in an elegant
experiment (Jhun et al. 1991). The human erythrocyte glucose transporter is a
55000 M, polypeptide which spans the membrane 12 times. Pepsin digestion
cleaves the extra-membrane loops and reduces the mass by 50%, but the 12
transmembrane a-helices remain together in the membrane. After irradiation of
this modified transporter, the ~ 3 kDa transmembrane peptides disappeared at a
rate corresponding to a 34 kDa target size. This result requires that there was
significant transfer of radiation energy across the noncovalent bonds between the
helices. Heating the digested membrane to 100 °C before irradiation changed the
inactivation curve to a much shallower slope, giving a target size < 5 kDa.
Dissociation of the complex apparently prevented the energy transfer. In a parallel
study, phospholamban (a 6 kDa protein with a single transmembrane- spanning a-
helix) formed a pentameric assembly when purified. After irradiation the
individual peptides disappeared with a target size of 5-6 kDa, indicating no energy
transfer between members of this artificial assembly.

In general, breakage of covalent bonds in irradiated proteins will not
appreciably alter their movement on SDS-PAGE (SDS-PAGE, sodium dodecyl
sulphate polyacrylamide gel electrophoresis) unless the scission occurs in the 4
of the covalent bonds which are in the polymer backbone. These breaks will leave
major fragments which will be seen on gels of irradiated samples as new bands

1l
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below the monomer band. They are not seen in unirradiated controls, If these are
indeed radiation fragments, it is expected that at low radiation dosages they will
appear and increase in amount, and then decrease after still higher exposures.
Denaturing gels of irradiated proteins can show the appearance and nature of
radiation fragments as small as 1-10 kDa. The absence of detectable protein stain
at lower molecular weights could indicate that radiation yielded fragments so
small that they migrated off the gel or that radiation damaged the groups reacting
with the stain.

If the fragmentation is random throughout the peptide backbone, many
different species of fragments will be produced and these will appear as a general
smear of reactive material along the gel. However, if only a few specific bonds in
the backbone are preferentuially broken, unique bands will appear on the gel
indicating specific fragments. Reports of both types have appeared.

The data shown in Table 3 summarize 25 independent reports in which random
polypeptide fragments were observed on SDS-PAGE and 13 reports in which
specific fragmentation was found. In several cases, independent studies of the
same protein report opposite findings about production of specific radiation
fragments. Detailed comparison of their radiation conditions or methods of assay
reveal no correlation between detection of specific fragments and the buffer used
or composition of the gas phase in the irradiated samples. Similarly, no
correlations could be found between fragmentation and the conditions of
SDS-PAGE, nor the reducing agent used nor heating conditions, In the table,
proteins are grouped into ‘Membrane-bound’ and ‘Non-membrane' proteins.
Monomers from membrane-bound proteins predominantly do not show large
specific fragments. There seems to be a correlation between specific fragmentation
and non-membrane proteins. Published gel photos which do show specific bands
produced by irradiation all show weakly-staining bands compared to the staining
intensity in the monomer band of the unirradiated sample. Even where the
radiation dose was sufficient to affect 50-80 % of the monomers, the fragments
were no more than 10-20 %, of the decrease in monomer band intensity. Norby &
Jensen (1089) proposed that the 112 kDa a-subunit of Na,K-ATPase was
composed of two independently radiation-sensitive regions of 70 and 42 kDa; a
primary ionization in either domain leads to scission of covalent bonds in the
polypeptide backbone of only that domain, but not the other region. A spectrum
of fragments would be released from each damaged molecule: if the primary
ionization were in the 70 kDa domain, the fragments would be (42 + 0-70) kDa.
Analogously, primary ionizations in the 42 kDa domain would generate fragments
of (70 +0-42) kDa. Norby & Jensen (1991) calculated that a maximum of 18 % of
the original peptides would be observed as a fragment because a second hit would
split them even further.

Of the reports in which non-random (specific) fragments were observed, two
were especially well-documented (Solomonson et al. 1987; le Maire et al. 1990).
[t should be noted that both used special conditions during irradiation.
Solomonson et al. (1987) only observed these specific fragments when the protein
was irradiated in the presence of free radical scavengers; in the absence of the

2-2
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Table 3. SDS-PAGE analysis of irradiated proteins. Observed degradation products®

Irradiation conditions

Fragments

Buffer Gas phase Random Specific  Ref.
I. Membrane-bound proteins
a-protein (kidney
BBMYV Tris HEPES/KCI Air n n Beliveau et al. (1988)
glycerol/sorbitol
Band 3 (human RBC)
Inside-out vesicles Tris/MgSO,/Na, SO, N, y n Cuppoletti et al. (1985)
f-protein (kidney)
BBMV Tris HEPES/KCl/glycerol/ Air n n Beliveau et al. (1988)
sorbitol
Calcium-binding protein
(skeletal muscle)
SR HEPES/KCl/sucrose N, y n Hymel et al. (1984)
Calcium pump protein
(cardiac)
SR Imidazole/sucrose/KCl N, y n Chamberlain et al.
(1983)
Calcium pump protein
(skeletal muscle) (Ca®**-ATPase)
SR HEPES/KCl/sucrose N, y n Hymel et al. (1984)
Reconstituted in HEPES/KCl/sucrose N, y n Hymel et al. (1984)
deoxycholate
Membranes &
solubilized in C,E; TES/NaCl/sucrose/Ca N, y y Andersen & Vilsen
(1988)
Glucose carrier-Na* symport
BBMV HEPES /sorbitol /glycerol Air y n Stevens et al. (1990)
JKCI
HEPES-T'ris/sorbitol N, ? n Takahashi et al. (1985)

Jglycerol/KCl

(413
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H*, K*-ATPase

HMG-CoA reductase
Hepatocytes

Membranes
D-f#-Hydroxybutyrate dehydrogenase
vesicles or phospholipids
Na*, K*-ATPase a-subunit
Membranes

SDS-extracted
membranes

Na*-dependent amino-acid

transporter in plasma membrane

II. Non-membrane proteins

Alchol dehydrogenase

(horse liver)
Aspartate

transcarbamylase
Bovine serum albumin

Carbonic anhydrase

Catalse

Collagen a-chain
(rat skin)

f-Galactosidase

Glutamate
dehydrogenase

PIPES/Tris
Tris

Eagles medium/BSA
/Tricine

Sucrose+ DTT

HEPES/sucrose/EDTA
JDTT

Histidine/sucrose/EDTA
Imidazole/sucrose/ EDTA

Tris/KCl/CaCl,/MgCl,
/glycerol/sorbitol

H,0 +SA
HEPES/imidazole/acetate
H,O+ Alc. DH

HEPES/PO,/DTT/EDTA

/mannitol/benzoic
HEPES/imidazole/acetate
HEPES/imidazole/acetate
Lyophilized

Tris (lyophilized)
T'ris (frozen)
PO,

Air

Vacuum

Argon
Argon
Air
NZ
Alr
Air

Rabon et al. (1988)
Saccomani et al. (1981)

Edwards et al. (1985)

Ness et al. (1985)
MclIntyre et al. (1983)

Karlish & Kempner

(1984)
Jensen & Norby (1988)

McCormick et al. (1991)

Suarez & Ferguson-
Miller (1987)
le Maire et al. (1990)

Suarez & Ferguson-
Miller (1987)

Solomonson et al.
(1987)

le Maire et al. (1990)

le Maire et al. (1990)

Cheung et al. (1990)

Potier et al. (1991)
Potier et al. (1991)
Kempner
& Miller

(1983)

su12704d w1 23DWDP UOIDIPDL 19243(T

LE

" GET



726

L*¥ ]
oo
try
Table 3—cont. 4
A
m
Irradiation conditions Fragments -§.
Buffer Gas phase Random Specific Ref. 3
IgE Borate/NaCl Air y y Fewtrell et al. (1981)
. +cytochrome ¢
Muscle proteins K propionate/PO,/Mg Air y n Horowits et al. (1986)
Acetate/EGTA/ATP /sucrose
Nitrate reductase HEPES/PO,/DTT/EDTA Vacuum n n Solomonson &
MecCreery (1986)
HEPES/PO,/DTT/EDTA Vacuum  n n Solomonson et al.
/mannitol/benzoate (1987)
Ovalbumin HEPES/imidazole/acetate Argon n y le Maire et al. (1990)
Prostaglandin H synthase Tris (frozen) Air y n Ruf et al. (1992)
p21 ras protein Tris/MgCl,/ +DTT Air y n Santos et al. (1988)
Sulphite oxidase HEPES/PO,/DTT/EDTA Vacuum n? n Barber et al. (1987)
Transferrin Tris/MgCl,/ + DTT Air y n Santos et al. (1988)
Tyrosinase H,O Air n n Kempner & Miller

(1989)

* From either explicit statements or examination of published gel photographs or scan traces. SR, sarcoplasmic reticulum; BBMV,
brush-border membrane vesicles; RBC, red blood cells; DOC, deoxycholate.
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scavengers, no specific fragments were seen (Solomonson & McCreery, 1986).
Specific polypeptide fragments were seen on denaturing gels of proteins (carbonic
anhydrase and aspartate transcarbamylase) irradiated in an argon atmosphere (le
Maire et al. 1990); no specific fragments were seen if irradiation was performed
in air (Potier, pers. comm.). A possible interpretation is that free radicals are
responsible for random fragmentation: in the absence of scavengers the random
breaks overwhelm the specific breaks and swamp out the feeble staining intensity
of the specific breaks. Alternatively, free radical scavengers could cause healing of
random covalent bond breaks in the polymer backbone, but not specific breaks;
this hypothesis would require chemical differences between random and specific
covalent bond breaks.

In aspartate transcarbamylase, the specific fragments were quite large (60-80 %
of the original polypeptide size), implying that only relatively small segments were
released. Microsequencing of five electrophoretic bands of aspartate
transcarbamylase fragments revealed that all were from the amino terminus of the
protein. The chain scissions were towards the carboxy terminus in loops and turns
between a and f regions. Presumably there was a chain break at a specific
backbone bond, or at least a cluster of sensitive bonds.

The concept of a single radiation-sensitive bond or cluster implies that for every
amino-terminal fragment, there will be a corresponding carboxy-terminal
fragment and the sum of the two fragments would be close to the original
monomeric size. In the aspartate transcarbamylase data, the alleged sensitive
region is near the carboxy terminus, thus any putative carboxy-terminal fragment
would have a small molecular weight (4—12 kDa) and might not be seen on the gel.
The model of two independently radiation-sensitive regions of the Na, K-ATPase
a-subunit (Norby & Jensen, 1989, 1991) suggests that radiation energy may
spread in a linear fashion along the backbone of the polypeptide. Other evidence
for this mechanism of energy movement has been given (Kempner & Verkman,
1988).

4. RADIATION DAMAGE AND THE QUATERNARY STRUCTURE OF PROTEINS
4.1 Creation of crosslinks by trradiation

Denaturing gel electrophoresis can reveal the several polypeptide subunits of
oligomeric proteins. If cross-links between subunits were created by irradiation,
new bands would appear on SDS-PAGE above the position of individual
subunits. In only a few cases (Fewtrell et al. 1981; Solomonson & McCreery,
1986) have these been noted, but the stain intensity of the crosslinked material
indicated only a very small fraction of molecules were crosslinked. There are no
new covalent associations between intact subunits and other radiation fragments
(Potier et al. 19g1). Since a radiation crosslinked protein would greatly increase
the mass of the covalent structure, it would increase the probability of a second
radiation interaction which would lead to destruction of the new structure.
Therefore the amount of crosslinked protein which is present may not be very
great.
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4.2 Retention of oligomeric structure

Gel filtration HPLC analysis of J-galactosidase, a tetrameric homo-oligomer,
revealed that the native form of the enzyme remained intact after irradiation.
Denaturation of the enzyme showed that the individual polymers had been
scissioned, but the fragments apparently stayed together and retained the
characteristic movement of the native enzyme on HPLC (Potier et al. 1991). If this
observation is true in general, it would explain the lack of subunit interchange in
irradiated oligomers. Attempts to identify subunit interchange in irradiated
samples were unsuccessful (Boyer & Kempner, 1992). It had been predicted by
Simon et al. (1982) and especially by Verkman et al. (1984) that the nature of the
radiation inactivation curve would be modified by the exchange process to give a
target size of a monomer.

4.3 Supermolecular structures

Irradiation of frozen muscle fibres resulted in destruction of large protein
molecules which are involved in organizing myosin filaments. However, irradiated
myofibrils appeared normal in the electron microscope unless they were stressed
by contraction or by passive stretch. Irradiated fibres which were stressed showed
misalignment of the thick filaments (Horowits et al. 1986). These results are
consistent with those from oligomeric proteins, suggesting that elements of
complex structures can maintain their conformational relationships after
irradiation until chemical or physical stress is presented to the system.

5. LOSS OF ACTIVITY AND IMPLICATIONS ABOUT THE SITE OF PRIMARY
IONIZATION FERSUS SITE(S) AND NATURE OF DAMAGE

Target size analysis of thrombin activity in irradiated samples of prothrombin
yielded important findings. Prothrombin is composed of a single polypeptide
chain which has no thrombin activity unless the molecule is first treated to cleave
the polypeptide. Two major products are produced, only one of which (thrombin)
has activity, Irradiated prothrombin samples were cleaved and assayed for
surviving thrombin activity. Analysis of these data gave a target size equal to the
entire 582-residue prothrombin molecule, even though thrombin activity was
restricted to the carboxy-terminal 3o07-residue region of the molecule. Thus even
if the primary radiation interaction occurred in the non-thrombin portion of the
molecule, damage appeared in the active region (Aronson & Preiss, 1962).

Another study involved the arom complex from Neurospora. This is a single
protein which catalyzes five sequential reactions in the shikimic acid pathway (Fig.
2). Each reaction can be assayed independently. Radiation target analysis of each
reaction gave a target size equal to the entire structure (Kempner et al. 1982), even
though proteolysis experiments had shown that the individual reactions occurred
at different regions of the polypeptide chain (Coggins et al. 1985). Therefore, no
matter where in the polypeptide chain the primary ionization had occurred,
damage appeared throughout the entire molecule.
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Angiotensin-converting enzyme (ACE) is found in lung and in testicular tissues,
but in different forms. Both enzymes are products of a single gene, utilizing two
different transcription initiation sites. The larger enzyme from lung was believed
to be composed of ‘two independent, relatively stable domains loosely connected
by a continuous polypeptide chain’. Target analysis of this activity in each tissue
yielded target sizes of 140 and 74 kDa respectively, corresponding to the mass of
entire polypeptide in each case (Sakaguchi et al. 1992).

Radiation fragments which retained enzymatic activity have been sought but
were not detected {Solomonson & McCreery, 1986; Kempner & Miller, 1989).
Contrasting results come from other studies which indicated radiation damage in

a limited region of a polypeptide. This conclusion was deduced from target sizes
for biological activity which were smaller than the mass of a polypeptide, These

include both enzymatic activity and binding assays. The target sizes for sucrase
and aminopeptidase N activities were less than the accepted molecular weight
(Stevens et al. 1986). Solomonson et al. (1987) reported target sizes for ‘partial
reactions’ of nitrate reductase were smaller than the mass of the polypeptide,
although the target size for the complete reaction was equal to the full peptide
mass. Binding assays are the most frequent source of these aberrantly-small target
sizes. These include the binding of irradiated IgE to its receptor (Fewtrell et al.
1981), antibody binding to irradiated lipoprotein lipase (Olivecrona et al. 1985),
stilbene and mercurial binding to irradiated band 3 protein (Verkman et al. 1986)
and nucleotide and thallium binding to irradiated Na, K-ATPase (Norby &
Jensen, 1989). All of these studies, save one, also reported that other functions of
the protein (determined in the same samples) yielded target sizes equal to the
entire polypeptide. Target sizes very much smaller than the original polypeptide
may indicate that radiation fragments still retain function, especially with
antibody-binding assays. Further, irradiation may have altered either the
enzymatic rate constants or ligand dissociation constants - as shown convincingly
by Norby & Jensen (1989). In such cases, target analysis must be extended to
account for these additional effects (Bolger et al. 1989). Thus these scattered
reports of unusually small target sizes need to be reinvestigated.

Several target analysis studies concerned the transfer of radiation energy
through known polypeptide structures,

(@) In one study, an oligomeric protein (the nicotinic acetylcholine receptor) was
crosslinked prior to radiation exposure (Lummis et al. 1988). Crosslinking
doubled the target size for activity implying that radiation energy spread through
the new covalent linkages,

(b) If two polypeptides are linked by a single disulphide bridge (as in ricin), then
a primary ionization in one chain leads to damage in the other chain. If the
disulphide bond is broken before radiation exposure, then there is no radiation
energy transfer from one chain to another (Haigler et al. 1985). Presumably,
intrachain disulphide bridges also could permit transfer of radiation energy.

(¢) The only restriction of energy transfer within a covalent protein polymer has
been observed in glycoproteins. Primary ionizations in the carbohydrate portions
of glycoproteins (containing either o-linked or n-linked oligosaccharides) do not
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lead to damage in the protein portion of the molecule (Kempner et al. 1986). The
lack of energy transfer from carbohydrates into protein is due to limited radical
migration from the site of glycosidic scission only to adjacent residues and not
beyond (Nakamura et al, 1985).

(d) Non-covalent interactions between a protein and other molecules do not
support the transfer of radiation energy. The presence of a lipid environment in
a membrane does not contribute to direct radiation damage to membrane-bound
proteins (Beauregard et al. 1987). A more direct test of radiation energy transfer
by noncovalent interactions was reported by Kempner & Miller (1990). The
association of avidin (a tetrameric protein of 4 X 16000 Da) with biotin (244 Da)
oceurs via multiple hydrogen bonds and hydrophobic interactions, resulting in a
dissociation constant of ~ 107** M. Radiation inactivation of biotinylated enzymes
and of avidin- or streptavidin-linked ligands was the same whether these
compounds were irradiated separately or together in the avidin-biotin complex.
Thus even these apparently strong noncovalent interactions could not permit the
transfer of radiation energy from one protein to another.

6. SUMMARY OF GENERALIZATIONS

Since all sweeping generalizations are false, the following observations are each
subject to exceptions,

Very low temperatures and vacuum eliminate the indirect actions of ionizing
radiation on proteins. Under these experimental conditions, high energy electrons
or gamma rays result in covalent bond ruptures, principally at the C, bond. The
presence of water molecules or higher temperatures can modify the stable
products which are observed. However, the amino-acid composition does not
change appreciably in proteins irradiated under a variety of conditions. Thus, each
amino acid is as likely to be damaged as any other. The bonds of a polypeptide
backbone are broken at random, leading to a wide spectrum of fragment sizes.
Under special irradiation conditions, random scissions are suppressed and specific
fragments are seen. Primary ionizations in the oligosaccharide portion of
glycoproteins do not lead to radiation damage in the polypeptide portion of the
molecule. Oligomeric proteins remain intact after irradiation ; therefore, radiation
fragmentation of polypeptide subunits does not result in dissociation of the
complex and exchange of subunits does not occur. Even supermolecular
structures can maintain their organization after irradiation until they are stressed.
Loss of activity occurs throughout the molecule no matter where in the
polypeptide the primary ionization occurred. This loss of function could result
from a conformational change due directly to the primary ionization, or it could
require the transfer of radiation-deposited energy from the primary ionization site
to other portions of the molecule where there may be rupture of covalent bonds
and/or conformational changes.

Quo vadis? There are several areas of direct radiation effects on proteins where
more information is needed. In all of the studies reviewed here, the effects
observed result from an average energy deposition of 60 eV, although in fact there
is a wide range of primary ionization energies. Thus at the most basic level, the
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nature of molecular damage as a function of the energy deposited in the primary
ionization deserves further investigation. Irradiation with low energy electrons
(< 1 keV) would permit analysis of damage when the average primary ionization
1s < 6o eV; these new data also could be compared with those obtained by mass
spectroscopy where ionizations normally are due to 70 eV electrons. There is a
paradox between the EPR studies which suggest that there should be a net
increase in glycine content after irradiation and the amino-acid analyses where this
was not observed. Knowledge of the mechanism(s) of radiation-deposited energy
transfer through and between polypeptides is needed. Some physical and chemical
alterations in the microenvironment, of proteins effect their radiation response;
perhaps these effects are reflections of the energy transfer question.

These new data, together with the knowledge summarized here, should permit
a reasonable outline of the mechanisms and effects of ionizing radiation directly on
proteins to be derived.
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Radiation Effects on the Native Structure of Proteins:

Fragmentation without Dissociation
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Several proteins (avidin, carboxypeptidase B, glu-
cose-6-phosphate dehydrogenase, glutamate dehydro-
genase, maltase, and peroxidase) composed of one to
six subunits were irradiated in the frozen state. Each
irradiated protein was examined by size-exclusion
chromatography (SEC) and by denaturing gel electro-
phoresis (SDS-PAGE). All these proteins eluted from
SEC as a single peak even though SDS-PAGE showed
cleavage of the polypeptide backbone of the mono-
mers. Thus, fragmentation of the subunits did not re-
sult in dissociation of the oligomeric structure.

Key Words: radiation fragmentation; proteins; dis-
sociation.

The absorption of ionizing radiation results in break-
age of chemical bonds. In proteins, this structural dam-
age abolishes biological activity. The loss of activity in
irradiated samples can be used to calculate the size of
the structure which is associated with that activity. In
this way, the direct action of y rays or high-energy
electrons has been utilized to determine the molecular
mass (target size) of many proteins (1).

Saccomani et al. (2) showed that radiation target
analysis also could be applied equally well to surviving
protein subunit polypeptides detected on denaturing
gel electrophoresis (SDS-PAGE). Target analyses of
these data yielded a new dimension to the radiation
studies—the ability to determine directly the mass of
those structures which were severely damaged by a
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single radiation primary ionization, a size which is
independent of any biological activity. This approach
has been used successfully in many radiation studies.
These target size measurements of both activity and
structure depend only on the undamaged molecules
which escaped radiation interactions.

Structural damage in irradiated proteins is exten-
sive. Even when the biologically active region is local-
ized to only a portion of the molecule, the loss of bio-
chemical function yielded target sizes corresponding to
the entire polypeptide (3, 4). From these studies, it was
concluded that structural damage must have occurred
throughout each molecule “hit” by radiation, no matter
where this primary ionization had occurred. Radiation
damage to protein structure has been reviewed (5).
Many of these studies involved SDS-PAGE analysis of
irradiated proteins which showed that the amount of
monomers decreased exponentially with radiation
dose. There must have been breakage of covalent bonds
in the polypeptide backbone, generating fragments
with different electrophoretic mobilities. These studies
reported only faint Coomassie or silver staining as a
smear at lower molecular weights, indicating “polypep-
tide fragmentation with production of a distribution of
lower molecular weight peptides” (6). This conclusion
appears to be general for a wide variety of proteins (5).

These studies revealed chain scissions in individual
polypeptide subunits. However, nothing was known
about the overall structure of irradiated proteins until
a report of size-exclusion chromatography (SEC)® anal-
ysis of an irradiated oligomeric protein, B-galactosi-
dase (7). The oligomeric structure survived even
though individual polypeptides had been severely dam-
aged. If the behavior of irradiated p-galactosidase were

® Abbreviations used: SEC, size-exclusion chromatography; LC,
liquid chromatography; BCA, bicinchoninate; G6PDH, glucose-6-
phosphate dehydrogenase.
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true in general, such an important observation could
.vield new insight into macromolecular radiation dam-
“age. A radiation study was undertaken to test the
generality of the observations of B-galactosidase. Sev-
eral different proteins containing one or more subunits
were examined by SEC and by denaturing gel electro-
phoresis. The behavior of each oligomeric protein was
similar to that reported for B-galactosidase. More im-
portantly, irradiated monomeric proteins also retained
their original hydrodynamic character, indicating no
dissociation of radiolytic fragments.

MATERIALS AND METHODS

The enzymes studied were bovine glutamate dehydrogenase (Sig-
ma Chemical Co., G-7882; U.S, Biochemical, 16250), yeast glucose-
6-phosphate dehydrogenase (Sigma Chemical Co., G-4134), car-
boxypeptidase B from porcine pancreas (Worthington), yeast maltase
(a-glucosidase; Worthington), and two glycoproteins: horseradish
peroxidase (Bochringer Mannheim, 814-407) and avidin (Sigma
Chemical Co., A-9275) from egg white.

Samples of each protein were prepared at 2 mg protein/ml in buffer
containing 20 mM cysteamine as follows: glutamate dehydrogenase was
dissolved in 20 mM Tris buffer, pH 7.8; glucose-6-phosphate dehydro-
genase was dissolved in 55 mM Tris buffer, pH 7.8, with 4.3 mM MgCl,;
peroxidase and avidin were dissolved in 50 mM Tris buffer, pH 7.0;
carboxypeptidase B was dissolved in 25 mM Tris buffer, pH 7.8; and
maltase was dissolved in 50 mM Hepes buffer, pH 7.2.

Aliquots of 250 ul of each enzyme solution were frozen in 2-ml
glass ampoules and sealed with an oxygen/gas flame. Irradiations
were conducted at —135°C with 10-MeV electrons from a linear
accelerator at the Armed Forces Radiobiology Research Institute,
Bethesda, Maryland, as previously described (8).

Irradiated samples were kept at —80°C until assay. Frozen sam-
ples were opened and allowed to equilibrate with air before thawing.
The protein solutions were then thawed and the aliquots removed for
assay. Solutions were filtered through 0.45-pm pore filters and ap-
plied to a LC size-exclusion column (Pharmacia Superdex 200) that
had a lower molecular weight cutoff at about 10,000 M,, Proteins
were eluted with 0.05 M potassium phosphate containing 0,35 M KCl
(pH 6.5). The eluate was monitored for UV absorption (280 nm).
Column fractions (0.25 ml) were assayed for protein concentration by
the BCA (bicinchoninate) reaction and for enzymatic activity. The
cysteamine in each protein sample eluted at the lower molecular
weight limit and gave a strong reaction with BCA.

Enzymatic assays were as follows: glutamate dehydrogenase was
assayed as described (9), except that the o-ketoglutarate was re-
duced to 2 mM and neutralized with NaOH; glucose-6-phosphate
dehydrogenase was assayed as described (10); peroxidase was as-
sayed as described (11); carboxypeptidase B was assayed by hydro-
lysis of hippuryl-i-arginine as described in the Worthington manual,
except that the absorbance was measured at 260 nm; and maltase
activity was determined by hydrolysis of p-nitrophenyl-n-glucopyr-
anoside as described in the Worthington manual.

Fractions from the main SEC peak containing enzymatic activity
were pooled and aliquots taken for SDS-PAGE. SDS-PAGE was
performed using the procedure of Schagger and von Jagow (12).
Coomassie-stained gels were scanned with a Shimadzu CS-9000U
scanning spectrophotometer,

Radiation target analysis of measured properties was performed
as described previously (8) by fitting the surviving property as a
simple exponential function of radiation dose. At least three inde-
pendent radiation experiments were performed for each enzyme.
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FIG. 1. Effect of radiation on carboxypeptidase B, Size-exclusion
chromatography of a typical series of irradiated carboxypeptidase B.
The BCA-protein reaction in eluted fractions (normalized to peak
fraction in the control) is shown for unirradiated samples (C]) and for
samples that had received 26 (A) or 86 (®) Mrads,

RESULTS

Monomeric Proteins: Carboxypeptidase B, Peroxidase,
and Maltase

Carboxypeptidase B is a monomeric protein of 34.5
kDa. SEC of carboxypeptidase B revealed a single
protein peak as detected by the BCA protein reaction
(Fig. 1). All enzymatic activity and ultraviolet light
absorption coeluted with the protein peak (data not
shown). In irradiated samples, no new protein peaks
(Fig. 1) and no new enzymatic activity peaks were
detected in lower molecular weight fractions. Thus,
neither active nor inactive fragments of carboxypep-
tidase B were released by radiation exposure. In
each fraction from the peak, the concentration of
protein—detected both by UV absorption and by the
BCA reaction—was progressively reduced by irradi-
ation. Enzymatic activity in the peak also decreased.
Although the areas of the peaks for protein and for
enzymatic activity were reduced, the shapes of the
peaks did not change with radiation dose. In each
irradiated sample, the peak SEC fractions were
pooled and subjected to SDS-PAGE. Denaturing gel
electrophoresis of carboxypeptidase B always re-
vealed a doublet of approximately 34,000 and 32,000
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FIG. 2, Radiation inactivation of carboxypeptidase B. Surviving
BCA-protein detected in the SEC peak (@) and surviving monomers
detected by Coomassie stain on SDS-PAGE (L) decrease as simple
exponential functions of radiation dose. Data from three independent
experiments,

M., which might be isomeric forms of the enzyme.
The number of surviving monomers on the gel was
quantitated by spectrophotometric scan of the Coo-
massie stain. Radiation target analysis was per-
formed for the protein detected in the SEC peak
fractions and for the surviving monomers on SDS-
PAGE (Fig. 2). Both properties decreased similarly
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with radiation dose, leading to target sizes compara-
ble to that of the known 34.5-kDa size of carboxypep-
tidase B (Table I). Measurements of stain intensity
on SDS-PAGE and integrated area of BCA-reactive
protein peaks from SEC fractions are subject to
greater experimental variability than most enzyme
activity assays. This is reflected in greater scatter
among these data, leading to much larger standard
deviations in target size values.

Peroxidase, a monomeric glycoprotein, was studied in
the same fashion. The SEC elution pattern yielded a
single peak containing all the protein and all the activity.
Irradiation resulted in decreased peak size of protein and
even further reduction of enzymatic activity, but no shift
of peak position or shape. No new peaks were observed.
The quantitative survival as a function of radiation dose
was used to calculate the target sizes shown in Table I. As
expected (10), the monomer is destroyed by a single ra-
diation hit anywhere in the protein portion of the mole-
cule. The target size determined from the BCA-reactive
protein in the SEC peak was unexpectedly smaller than
the monomer size.

Maltase is a monomeric protein of 68.5 kDa. Size-
exclusion chromatography of maltase (data not shown)
revealed a single major protein peak as detected by
ultraviolet light absorption and by the BCA-protein
reaction. All enzymatic activity coeluted with the pro-
tein peak. In irradiated samples, no new protein peaks
and no new enzymatic activity peaks were detected in
lower molecular weight fractions. Irradiation reduced
the size of the peaks, but did not alter the shape. The
surviving protein detected on SEC peak fractions in
the irradiated samples and the surviving monomers on
SDS-PAGE were fit with simple, but different, expo-
nential functions of radiation dose (Fig. 3). The target
sizes for the two parameters of maltase are given in
Table I; a single maltase monomer is destroyed by one
primary ionization.

TABLE 1
Target Analyses of Irradiated Proteins

Target Target size of
size from monomer peak
Native form Subunit SEC peak on SDS-PAGE
Glutamate dehydrogenase Hexamer 56 75 *28 141 =41
B-Galactosidase” Tetramer 116 ND 120
Avidin Tetramer 15.6" 57+ 24 176 = 4.6
Glucose-6-phosphate dehydrogenase Dimer 55 40 =23 81 =189
Peroxidase Monomer 34° 65+ 75 24 *+ 8
Carboxypeptidase B Monomer 34.5 29 + 3 36 = 6
Maltase Monomer 68.5 83 * 5 74 *12
“ From (5).

" Protein portion,
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A Dimeric Protein: Glucose-6-phosphate

b

Dehydrogenase

The dimeric GBPDH molecules eluted on SEC as a
single peak which contained all the enzymatic activity,
UV absorption, and BCA-reactive protein. In irradi-
ated samples elution occurred in the same fractions
(Fig. 4); the peak sizes were smaller but not skewed. No
new peaks of protein (or enzymatic activity) were ob-
served in lower molecular weight fractions. The pooled
peak material was examined by SDS-PAGE, revealing
a monomer band of M, ~50,000 as expected for this
yeast enzyme. The surviving protein in the SEC peak
and the amount of surviving monomers were fit as an
exponential function of radiation dose, leading to the
target sizes given in Table I. The present results indi-
cate that a single radiation interaction leads to the
destruction (polymer scission) of two G6PDH subunits,
confirming the results of an independent study of the
same yeast enzyme (13). A previous study of the bac-
terial form of G6PDH reported that subunits were de-
stroyed individually by radiation (14).

A Tetrameric Protein: Avidin

Avidin, a nonenzymatic glycoprotein, was irradiated
and analyzed by column chromatography. The tet-
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FIG. 3. Radiation inactivation of maltase. Surviving BCA-protein
detected in the SEC peak (W) and surviving monomers detected by
Coomassie stain on SDS-PAGE (<) decrease as simple (but different)
exponential functions of radiation dose. Data from three independent
experiments.
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FIG. 4. Effect of radiation on glucose-6-phosphate dehydrogenase.
Size-exclusion chromatography of a typical series of irradiated glu-
cose-B-phosphate dehydrogenase. The BCA-protein reaction in
eluted fractions (normalized to the peak fraction in the control) is
shown for unirradiated (O) samples and for samples that had re-
ceived 24 (@) or 49 (M) Mrads.

ramer eluted in one major peak in both normal and
irradiated samples. The elution pattern was unaltered
in irradiated samples; no distortion of the shape of the
peak was seen (data not shown). Little or no tailing to
lower molecular weights was observed and no protein
peaks were observed at smaller molecular weights.
Monomers revealed by denaturing electrophoresis of
the pooled SEC peak were quantitatively assayed. The
surviving tetramers (on SEC) and surviving 16-kDa
subunits (on SDS-PAGE) each were fit with simple
(but different) exponential functions of radiation dose.
The target size for the loss of the monomer (from SDS—
PAGE) agrees with the known size of the subunit (Ta-
ble I) as reported previously (11). The target size ob-
tained from the SEC protein peak is unexpectedly
small.

A Hexameric Protein: Glutamate Dehydrogenase

SEC of glutamate dehydrogenase revealed a single
major protein peak as detected by the BCA-protein
reaction and enzymatic activity (Fig. 5). Ultraviolet
light absorption (data not shown) coeluted with the
protein peak. In irradiated samples, no new protein
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FIG. 5. Effect of irradiation on glutamate dehvdrogenase. Size-exclusion chromatography of a typical series of irradiated enzyme. The
panels show the BCA protein reaction (left) and the enzymatic activity (right) in eluted fractions (normalized to the peak fraction in the
control) from unirradiated (C) samples and from samples which had received 12 (@), 18 (#), or 30 (M) Mrads,

peaks and no new enzymatic activity peaks were de-
tected in lower molecular weight fractions. Thus, nei-
ther active nor inactive fragments of glutamate dehy-
drogenase were released by radiation exposure. The
concentration of protein in each fraction was progres-
sively reduced by irradiation; enzymatic activity in the
peak was reduced by radiation even further than the
protein. Although the shape of the eluted peak was
unchanged, the peak position shifted toward lower mo-
lecular weights but was still within the envelope of the
unirradiated enzyme. (The apparent shift of protein in
the 12-Mrad sample beyond the envelope seen in the
figure was not observed in three other independent
experiments.) The shift in peak position would corre-
spond to a change of 200,000 in relative molecular
weight., This apparent decrease in molecular size on
SEC after irradiation is unique to glutamate dehydro-
genase.

The shift in peak position of irradiated samples on
SEC could be due to the production of lower molecular
weight species which are still active. An alternative
explanation is the presence of a spectrum of oligomeric
sizes in the original preparation wherein the larger
oligomers were selectively lost due to their greater
radiation sensitivity. To distinguish between these
possibilities, unirradiated samples of glutamate dehy-
drogenase were eluted from the size-exclusion column
and the single peak was collected in four sequential
fractions. Each fraction was then independently re-

chromatographed on the same column (data not
shown). These elution patterns did not duplicate the
peak envelope of the original preparation. Rather, each
fraction ran true, showing the same relative retention
time as that fraction did originally. Thus, the original
sample must have contained a mixture of different-
sized oligomers of glutamate dehydrogenase. The pro-
gressive shift of peak position in irradiated samples
therefore was due to the selective loss of the larger
oligomers.

SEC fractions containing the eluted enzyme were
pooled. The hexameric glutamate dehydrogenase mol-
ecules were denatured. The monomers were resolved
on SDS-PAGE and quantitatively detected by Coomas-
sie stain. The number of surviving monomers de-
creased with radiation dose more rapidly than the total
protein in the SEC peak (Fig. 6). Target analyses of
these data (Table I) revealed a target size for the hex-
amer protein peak of 75 kDa, while the monomer band
vielded a target size of 141 kDa. This value is consid-
erably larger than that observed previously with sam-
ples in phosphate buffer (9), a buffer which can yield
unusual target sizes (15).

DISCUSSION

Several different proteins from monomers to hexam-
ers have been irradiated in the frozen state. Thawed
samples were subjected to column chromatography;
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FIG. 6. Radiation inactivation of glutamate dehydrogenase. The
surviving protein eluting in the hexameric peak on SEC (O) and the
amount of remaining M, 56,000 monomers (@) obtained from this
peak both decrease exponentially with radiation dose. Data from
three independent experiments,

each of these proteins eluted as a single major peak
containing all enzymatic activity. The elution times
corresponded to those expected for these proteins. Af-
ter radiation exposure, relatively small changes are
seen. The protein peak area slowly decreases; there is
no appreciable tailing nor is there production of new
peaks at lower molecular weight. This indicates that no
appreciable dissociation occurs; if any fragments are
released in these experiments, their size must be
smaller than 10,000 M,. Potier et al. (7) found frag-
ments of irradiated B-galactosidase on gel filtration
only if the sample was first denatured with guanidine.
Maintenance of oligomeric structure in irradiated pro-
teins indicates that subunit monomers are not re-
leased. This explains why no subunit exchanges could
be observed in irradiated oligomers (16), even though
they were predicted theoretically (17).

Only in the case of glutamate dehydrogenase did the
position of the SEC peak shift in irradiated samples.
Control experiments revealed that the enzyme prepa-
ration contained a spectrum of molecular sizes, all of
which were enzymatically active. Since the larger spe-
cies would be more sensitive to radiation, they are
more readily destroyed than the smaller molecules.
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This is reflected by a shift in SEC peak position to
lower molecular weights.

SEC analysis of each enzyme showed a slow decrease
in protein peak area of irradiated samples while the
enzymatic activity decreased much more rapidly, Ei-
ther every irradiated enzyme molecule has reduced
activity or there is a mixed population of active and
inactive protein molecules. The first explanation re-
quires a change in K, while the second precludes any
change. However, since irradiated enzymes have un-
changed K,, (1), it is concluded that the SEC peak of
irradiated enzymes contains a mixture of fully active
surviving molecules and radiation-damaged molecules
with no activity, consistent with the principles of radi-
ation target theory.

For each protein, the peak fractions were pooled and
examined by SDS-PAGE. The mobility of the denatured
monomer was appropriate for the known subunit size.
When exposed to large doses of ionizing radiation, each
subunit was damaged so that it no longer moved with the
monomer band on electrophoresis. The surviving mono-
mer data were fit as simple exponential functions of ra-
diation dose. Previous studies (reviewed in 5) established
that radiation-damaged monomers suffered cleavages of
the polypeptide backbone, yielding fragments with in-
creased electrophoretic mobilities.

Technical problems (such as measurement of inte-
grated stain intensity on SDS-PAGE) make the
present determinations more variable than enzymatic
assays in the same samples. Furthermore, small target
sizes are a reflection of the very limited decrease of the
measured property; thus, even after massive radiation
exposure there is only a small decrease and determi-
nation of rate of loss (the slope of the inactivation
curve) is problematic. These difficulties ultimately are
reflected in the much larger errors associated with
target size determinations of these properties.

After radiation exposures in which SDS-PAGE re-
veals damage to a considerable number of polypeptide
subunits, the protein peak on SEC is relatively unaf-
fected. Thus, even though individual subunits have
suffered covalent bond breaks in the backbone of the
polypeptide chain, the fragments do not separate nor
does the oligomeric structure decompose. These conclu-
sions are in agreement with the observations of B-ga-
lactosidase (7).

Analyses of the area of the SEC peak and of the SDS-
PAGE band reveal independence of the two target sizes.
The SDS-PAGE monomer band target sizes correspond
to one or multiple monomers. However, interpretation of
the radiation target sizes associated with the native oli-
gomeric structure on SEC is more complex. In several of
the cases reported here, the SEC target size was smaller
than the known subunit mass. Target size based on the
disappearance of protein in the SEC peak does not have
a simple physical interpretation; it is dependent not only
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on the mass of the protein, but also on the interactions
»among the fragments which retain the overall hydrody-
' namic properties of the protein. The oligomeric structure
might depend on small regions of the polypeptide which
survive primary ionizations occurring elsewhere in the
polymer.

A surprising result obtained in this study comes
from observations of three different monomeric pro-
teins. Here there is no oligomeric structure. SEC
shows that in solution these proteins elute as mono-
mers. The target size based on the SEC protein peak
is smaller than the known subunit. Despite the mas-
sive energy deposited in each primary ionization, the
native form of the enzyme is not destroyed. Since the
SDS-PAGE results show that there was polymer
chain scission by each hit, there must be fragmenta-
tion without dissociation. Whereas the subunits of
an oligomeric protein can be imagined as cooperative
in maintaining the overall size of the complex, the
monomeric proteins must differ. The present results
for peroxidase, for carboxypeptidase B, and for
maltase indicate that even severely damaged single
polypeptides can preserve an overall structure simi-
lar to the native form. There must be some surviving
affinity between the radiation fragments to account
for this phenomenon.

Collectively, the various proteins examined here
show that irradiated protein molecules, regardless of
their number of subunits, maintain an oligomeric
size close to that of the native protein. Even after
radiation exposures which have fragmented a large
proportion of the subunits, there is little dissociation
of the structure of protein. Radiation target analysis
has already revealed much about the role of the
oligomeric state in the function of proteins (18). It
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also may divulge other aspects of the structural state
of complex proteins.
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