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Asunto . Solicitud de Patente para: “METODO PARA PRODUCIR EL
FACTOR VON WILLEBRAND {(VWF) DE ALTO PESO
MOLECULAR RECOMBINANTE EN CULTIVO CELULAR”

Solicitante . BAXTER HEALTHCARE S.A.; BAXTER INTERNATIONAL INC.
Fecha de solicitud : 7 de Febrero de 2013.
. RECURSO ViA GUBERNATIVA

Yo, Luz Clemencia DE PAEZ, en mi condicién de apoderada de las sociedades
BAXTER HEALTHCARE S.A. y BAXTER INTERNATIONAL INC. solicitantes de la
patente de la referencia, por el presente escrito atentamente manifiesto a usted que
debidamente notificada de la Resolucién No. 605 del 15 de Enero de 2015, interpongo en
su contra el recurso de REPOSICION, para que sea revocada y en consecuencia se
conceda el privilegio de patente de invencion para “METODO PARA PRODUCIR EL
FACTOR VON WILLEBRAND (VWF) DE ALTO PESO MOLECULAR RECOMBINANTE
EN CULTIVO CELULAR” a favor de BAXTER HEALTHCARE S.A. y BAXTER
INTERNATIONAL INC..

Il. OPORTUNIDAD DE LA IMPUGNACION

La Resolucion No. 605 del 15 de Enero de 2015, tiene fecha de publicacién en
listado 20 de Enero de 2015, fecha de vencimiento 20 de Febrero de 2015, y fecha del
término legal 6 de Marzo de 2015.
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{il. LA DECISION RECURRIDA

3.1. Mediante la Resolucion objeto de la presente impugnacion, el Superintendente de

Industria y Comercio decidié:

3.1.1. Denegar la patente de invencién a la creacidn titulada: “METODO PARA
PRODUCIR EL FACTOR VON WILLEBRAND (VWF) DE ALTO PESO
MOLECULAR RECOMBINANTE EN CULTIVO CELULAR”.

3.2. Enla parte motiva de la providencia, se mencionaron los siguientes fundamentos:

3.2.1. Las reivindicaciones 1 a 42 carecen de novedad sobre el documento D1:
WQO2009086309.

3.2.2. Lo anterior debido a que se considera que controlar las concentraciones de

amonio en el sobrenadante ya habia sido divulgado en el documento D1.

IV. OBJETO DEL RECURSO

De acuerdo con los argumentos que expongo a continuacion, solicito atentamente

a su Despacho lo siguiente:
4.1. Revocar la Resolucién No. 605 de! 15 de Enero de 2015.

4.2.  Conceder el privilegio de patente de invencion para “METODO PARA PRODUCIR
EL FACTOR VON WILLEBRAND (VWF} DE ALTO PESO MOLECULAR
RECOMBINANTE EN CULTIVO CELULAR” a favor de BAXTER HEALTHCARE S.A. vy
BAXTER INTERNATIONAL INC..



V. FUNDAMENTOS DEL RECURSO

Respetuosamente me permito disentir de lo expuesto por ese Despacho en la
Resolucion objeto del presente recurso, toda vez que la presente solicitud si cumple con
los requerimientos de novedad y nivel inventivo exigidos en la Decision 486, como se

demastrara a continuacion:

5.1. Presentacién de un nuevo plieqo reivindicatorio

De acuerdo con el articulo 34 de la Decision 486 de la Comisién de la Comunidad
Andina, donde se establece que la modificacién de una solicitud es posible en cualquier
momento del tramite mientras no implique una ampliacion de la solicitud inicial, me

permito presentar un nuevo pliego reivindicatorio conformado por 50 reivindicaciones.

El nuevo pliego reivindicatorio es esencialmente igual al anterior, pero se ha
incluido la materia de la reivindicaciéon 15 en la nueva reivindicacidon 1 y se ha
especificado, en la misma reivindicacion, que la concentracién de NH,” es mantenida

durante al menos 7 dias de cultivacion continua.

Adicicnalmente, se han afiadido las nuevas reivindicaciones dependientes 42 a 50,
las cuales se encuentran soportadas en los parrafos [0169] a [0176], [0187], [0196] vy
[0205]. Las reivindicaciones 42 a 46 restringen alin méas el rango de concentraciones de
amonio durante el proceso, mientras que las reivindicaciones 47 a 50 especifican la
actividad del cofactor de ristocetina especifico del r'VWF después de al menos 7, 14, 21,

28 dias y 5 semanas de cultivacién continua respectivamente.

5.2. Arqumentos a favor de la novedad de la presente solicitud

En la tabla 1 de la resolucién 605, que compara la presente invencién con el
documento D1, el Sefior Examinadoer afirma que D1 ensefia amonio (NH,"), al igual que la
reivindicacion 1. Sin embargo, D1 en realidad ensefia amoniaco (NH,). Como lo sabe
cualquier persona versada en la materia, estos dos compuestos son diferentes entre si.



Estas diferencias son de gran importancia para los aspectos técnicos de las
reivindicaciones ya que, como se ensefia en el articulo “The importance of ammonia in
mammalian cell culture” (anexo), “las caracteristicas fisicas y quimicas del amaniaco y el
amonio son importantes, con el primero siendo capaz de difundirse a través de las
membranas celulares y el segundo compitiendo con otros cationes del transporte activo
por medio de una proteina portadora” (abstract).

El amonio y el amoniaco son dos entidades quimicas diferentes con propiedades
fisicas y quimicas diferentes, por lo que no se puede considerar que la divulgacion de

amoniaco en el documento D1 anticipe el ion de amonio requerido en la reivindicacion 1.

El articulo "Mechanisms of ammonia and ammonium ion toxicity in animal cells:
Transport across cell membranes” presenta evidencia adicional entre los efectos
diferenciales entre el amonio y el amoniaco: “los iones de amoniaco y amonic son téxicos
para las células animales - diferentes concentraciones inhibidoras han sido reportadas
para diferentes lineas celulares” (p. 340). Las diferencias entre el amonio y el amoniaco
no son superficiales, sino que tienen consecuencias diferentes con respecto al

crecimiento celular.

Adicionalmente, el documento D1 no ensefia ni sugiere un método en el que el
contenido de amonio sea mantenido en una concentracién por debajo de 10 mM por un
periodo especifico de tiempo, como si lo requiere la reivindicacion 1, que especifica que
dicha concentracion ¢s mantenida por al menos 7 dias.

Es preciso mencionar que mantener la concentracién de amonio durante al menos
7 dias es parte esencial del paso de “cultivar” del método reivindicado, que contribuye a la
solucion del problema técnico. Anexos se presentan dos referencias ejemplares que
muestran que el paso de remover amonio del sobrenadante de cultivos celulares es un
paso funcional que puede tener un efecto técnico en el resultado final. El articulo “IN SITU
REMOVAL OF AMMONIUM IONS FROM HYBRIDOMA CELL CULTURE MEDIA:
SELECTION OF ADSORBENT" describe el uso de adsorbentes para la remosion in situ
de amonio del medio del cultivo celular {abstract y figuras 3 a 5), mientras que el articulo
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‘Improvement of CHO Cell Culture Medium Formulation: Simultaneous Substitution of
Glucose and Glutamine” describe experimentos para reducir la generacién de amonio
mediante el cambio de las fuentes de nitrogeno en el medio de cultivo celular {Conclusién
y paginas 72 a 74, especialmente figuras 1F y 3). Estas referencias muestran que
mantener las concentraciones de amonio en un nivel especificado es un paso activo en
metodos de cultivo celular. Por lo tanto, la caracteristica de la reivindicacion 1, dirigida al
mantenimiento de la concentracion de amonio del sobrenadante del cultivo celular por
debajo de 10 mM es un paso activo que representa una caracteristica esencial del método
reclamado. D1 no ensefia ni sugiere este paso activo, por 1o que no puede afectar la

novedad de las reivindicaciones de'la presente solicitud.

Adicionalmente, D1 no ensefia ni sugiere alguna concentracidén especifica de
amonio, sino gue unicamente menciona el amoniaco en la pagina 12. De esta forma, D1

no ensena todas las caracteristicas esenciales de la presente invencién.

Consecuentemente, D1 tampoco comprende ensefianza alguna acerca del tiempo
durante el cual debe ser mantenida la concentracion de amonio. La nueva reivindicacion 1
requiere especificamente que el contenido de amonio debe ser mantenido por debajo de
la concentracion especificada durante al menos 7 dias con el fin de obtener e! r'VWF con
la actividad especifica deseada. Asi, el tiempo especificado en la nueva reivindicacién 1
corresponde a una diferencia adicional con el arte previo que le otorga novedad y nivel

inventivo,

Queremos llamar la atencion del Despacho, que el Tribunal de Justicia de la
Comunidad Andina se ha pronunciado en diversas oportunidades en relacién a la forma
de evaluar la novedad. En la interpretacion 36-1P-2010 el Tribunal ha dicho que “Ef
Tribunal ha tomado como referencia criterios de las Camaras de Recursos de fa Oficina
Europea de Patentes (OEP), mediante los cuales “la falta de novedad de una invencién se
configurara si su objeto deriva clara, precisa y directamente del estado de la técnica, y si
en éste son conocidas fodas fas caracteristicas de aguélla®. En el presente caso se
observa que el objeto reivindicado no se deriva clara, precisa y directamente del estado
de la técnica dado que:



- Del estado de la técnica no puede desprenderse el paso de mantener la
concentracion de amonio del sobrenadante de cultivo celular por debajo de 10
mM.

- Del estado de la técnica no puede desprenderse que la concentracion de

amonio sea mantenida durante al menos 7 dias.
Dado que no es posible derivar clara, precisa y directamente de la anterioridad la
presente invencidn con todas sus caracteristicas técnicas, entonces la presente solicitud

goza de novedad.

5.3. Concesiones internacionales

En adicién a los argumentos presentados, es relevante mencionar que el mérito
investigativo de la presente solicitud ha sido reconocide por ofras oficinas de patentes del
mundo, las cuales han otorgado patentes para invenciones equivalentes. Tal es el caso
de Nueva Zelanda (605404) y Estados Unidos de América (8,852,888).

A este respecto, deseamos poner de presente que si bien cada pais es auténomo
de conceder o negar una solicitud luego de la realizacion del estudio de fondo, es claro
que el hecho de que la novedad y el nivel inventivo de una invencion hayan sido
reconocidos por varias oficinas a nivel mundial, es un indicio de la patentabilidad de la
misma toda vez que (i) el estudio de novedad y nivel inventivo en todas las Oficinas de
Patentes del mundo es realizado por personas con conocimientos técnicos en el area de
interés que son consideradas personas idoneas para emitir conceptos sobre la
patentabilidad de una invencién y que {ii) los resultados de los examenes de novedad o
de patentabilidad efectuados respecto a solicitudes extranjeras pueden ser reconocidos
como suficientes para acreditar el cumplimiento de las condiciones de patentabilidad de |a
invencidn, tal como se sefiala en el articulo 46 de la Decision 486:

"Articulo 46.- La oficina nacional competente podra requerir el informe de expertos
0 de organismos cientificos o tecnolbgicos que se consideren idéneos, para que



5.4.

CAVELIER

ABOGEADDS

emitan opinion sobre la patentabilidad de fa invencion. Asimismo, cuando lo estime
conveniente, podra requerir informes de otras oficinas de propiedad industrial,
De ser necesario, a efectos del examen de patentabilidad y a requerimiento de la
oficina nacional competente, el solicitante proporcionara, en un plazo que no
excedera de 3 meses, uno o mas de los siguientes documentos relativos a una o
mas de las solicitudes extranjeras referidas total o parcialmente a la misma
invencién que se examina:

a) copia de la solicitud extranjera;

b) copia de los resuiftados de examenes de novedad o de patentabilidad
efectuados respecto a esa solicitud extranjera;
(...)
La oficina nacional competente podré reconocer los resultados de los
examenes referidos en el literal b} como suficientes para acreditar el
cumplimiento de las condiciones de patentabilidad de Ia invencion® (Negrilla

fuera defl texto).

Conclusién

El documento D1 no resulta anterioridad valida capaz de afectar la novedad y el

nivel inventive del método de |a presente solicitud.

Por todo lo anterior, se considera que la presente solicitud cumple a cabalidad con

los requerimientos de patentabilidad exigidos por la legislacion actual, por lo que

atentamente solicitamos en consideracion lo siguiente:

VL. PETICION

Por todo lo anterior, solicito a ese Despacho lo siguiente;

6.1. Que al considerar las razones precedentes se revoque la decisién contenida en la

Resolucion No. 605 del 15 de Enero de 2015, en cuanto resuelve negar el privilegio de

patente de invencién.
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8.2, Que se otorgue el privilegio de patente de invencién para “METODO PARA
PRODUCIR EL FACTOR VON WILLEBRAND (VWF) DE ALTO PESO MOLECULAR
RECOMBINANTE EN CULTIVO CELULAR” a favor de BAXTER HEALTHCARE S.A. y
BAXTER INTERNATIONAL INC.,

Vil. NOMBRE Y DIRECCION

El nombre y la direccion del solicitante recurrente son los siguientes:

BAXTER HEALTHCARE S.A,
Thurgauerstrasse 130,
Glattpark (Opfikon) CH-8152

Suiza

BAXTER INTERNATIONAL INC.
One Baxter Parkway,

Deerfield 60015

[llinois

Estados Unidos de América

VIIl. ANEXOS

» Formulario de modificaciones en solicitud pendiente

* Recibo por concepto de presentacion de modificaciones a las reivindicaciones por
un valor de $132.000

¢ Nuevo pliego reivindicatorio conformado por 50 reivindicaciones

+ Comprobante de pago por 5 reivindicaciones adicionales después de las 45
previamente pagadas

s Portada y reivindicaciones de la patente concedida en los Estados Unidos de
América

s Reivindicaciones concedidas en Nueva Zelanda

» Articulo "The importance of ammonia in mammalian celi culture”



* Articulo *Mechanisms of ammonia and ammonium ion toxicity in animal cells:
Transport across cell membranes”

* Articulo “IN SITU REMOVAL OF AMMONIUM {ONS FROM HYBRIDOMA CELL
CULTURE MEDI|A: SELECTION OF ADSORBENT”

e Articulo “Improvement of CHO Cell Culture Medium Formulation: Simultaneous
Substitution of Glucose and Glutamine”

IX. NOTIFICACIONES

Atentamente manifiesto a usted que recibiré nofificaciones en la Secretaria de su

Despacho o en mi oficina de abogada situada en la Carrera 42. No. 72-35, piso 4°, de esta
ciudad de Bogota, D.C.

Sefor Superintendente,

LUZ CLEMENCIA DE PAEZ
C.C. 35.456.344 de Usaquén

T.P.A. No. 23.555

COLO-13936-0841-051-6
SMLASMLID-27866 1\WPC 13936
No. M-2015-27866 1\SML
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Espacio reservado para el adhesivo de radicacion

Industria y Comercio
SUPERINTENDENCIA

DIRECCION DE NUEVAS CREACIONES
MODIFICACIONES Y/O CORRECCIONES

1. Identificacion del Tramite B
D Error material E Modificacidn a una Soficitud en tramite
IE Patente de Invencion

D Patente de Modelo de Utiiidad

D Registro de Disefio Industrial

D Esquema de Trazado de Circuitos Integrados

2. Datos del solicitante

Persona Natural D Persona Juridica E
BAXTER HEALTHCARE S.A
Y

BAXTER INTERNATIONAL INC.

Nombre o denominacién / Nombre o razon social completa

. Nombre representante legal

| Tipo de empresa Micro D Pequefia D Mediana D Otra D
Documento de identificacion: DC.C. D C.E. D NIT D Otro Numero
NacicnalidadiPais de constitucién | Direccion y domicilio del titular Ciudad
Estados Unidos de América One Baxter Parkway Deerfield 60015 lilinois Deerfield
Estados Unidos de América
Y Y Y
Suiza Thurgauerstrasse 130, CH-8152 Glatitpark (opfikon) Qpfikon
Suiza
Respectivamente Respectivamente Respectivamente
Direccidn electrénica No. Fax Niamero telefénico
clientes@cavelier.com 2118650 347 36 11

D Autorizo expresamente a la Superintendencia de Industria y Comerclo para que todas las comunicaciones sean enviadas a
través de la direccién de correo electrénico

PIO2-F17 vl (2012-04-19)
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3.

Datos del apoderado:

Apellidos y Nombre

Documento de identificacion

Tarjeta profesional

De Pdez Luz Clemencia C.C. 35.456.344 T.P.A 23555
Direccién y domicilio Ciudad
Carrera 4* No. 72 -35 Bogota
Direccién electronica No. Fax Niimero telefénico
cavelier@cavelier.com 2118650 347 36 11

En caso de haber presentado poder general para asuntos que se adelanten ante la Delegatura de Propiedad Industrial, sirvase
indicar el nimero de su radicacién o protocolo de poder general

4.

Datos del tramite

Correccion:

Expediente No 13.025.488

Aparece

Debe ser

M_odificacién:

El Modificacion al capitulo reivindicatorio.

Presento nuevo capitulo reivindicatorio compuesto por 50 reivindicaciones y pido respeluosamente
que el examen de patentabilidad sea realizado sobre estas nuevas reivindicaciones presentadas.
Respetuosamente manifiesto que a pesar de eliminar materia del pliego reivindicatorio originalmente
presentado, mi representada no renuncia a la proteccién que pueda obtener sobre dicha materia y
ademas se reserva el derecho de presentar una solicitud divisional que la contenga durante el tramite
de la presente solicitud, beneficiandose de 'a fecha de prioridad iniciaimente reivindicada.

D Modificacién al capitulo descriptivo.

5. ] Anékos

E Comprobante de pago de la tasa para la presentacidn de la correccidn y/o medificacién por $132.000.

D Poder, si fuere el caso.

IE Documento que contiene las modificaciones o correcciones.

D Copia de la solicitud y sus anexos en formato magnetico.

E Comprobante de pago por 5 reivindicaciones adicionales después de la décima reivindicacion por

$160.000 teniendo en cuenta que ya fueron pagas 35 reivindicaciones.

Pi02-F17 vrl (2012-04:19}

\
Yo



CAVELIER ABOGADOS

COLO-13936-0841-051-6

6. Firma

Nombre y apellidos

LUZ CLEMENCIA DE PAEZ

Firma

C.C. 35.456.344 DE Usaquén

Tarjeta Profesional 23.555

SMLISMLI\NCAUD-AF278666\WPC13936

PIO2-F17 vrl {2012-04-19})
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REIVINDICACIONES

1. Un método para producir una composicion del Factor Von Wilebrand
recombinante (rVWF), caracterizado porque el método comprende las etapas de:

(@) proporcionar un medio de cultivo de células basales;

(b) suplementar el medio de cultivo de células basales con cobre para proporcionar
una concentracidn de cobre final de al menos 2.4 ug/L,

{¢) proporcionar una © mas células que comprenden un acido nucleico que codifica
una proteina del rvWF,

(d) cultivar continuamente una o mas células en el medio de cultivo de células
suplementadas con cobre de manera que el IVWF se expresa y excreta de las
células en un sobrenadante del cultivo de en donde el contenido de NH," del
sobrenadante de cultivo celular se mantiene a una concentracién por debajo de 10
mM, en donde la concentracion de NH," es mantenida por al menos 7 dias de
cultivacion continua de la una o mas células; y

(e) recuperar al menos una porcidén del sobrenadante del cultivo,
en donde el sobrenadante recuperado tiene una actividad del cofactor de

ristocetina especifico del r'VWF de al menos 30 mU/ug del rvWF,

2. El método de conformidad con la reivindicacion 1, caracterizade porque ademas
comprende la etapa de suplementar el medio de cuitivo de células basales con un

hidrolizado previo a cultivar una o mas células.

3. El método de conformidad con la reivindicaciébn 2, caracterizado porque el

hidrolizado es un hidrolizado de planta.

4, E! método de conformidad con la reivindicacién 3, caracterizado porque el

hidrolizado es un hidrolizado de soya.

5, El método de conformidad con cualquiera de las reivindicaciones 1 a 4,
caracterizado porque el medio de cultivo de células basales es un medio de cultivo libre

de proteina animal.

6. El método de conformidad con cualguiera de las reivindicaciocnes 1 a 4,
caracterizado porque el medio de cultivo de células basales es un medio de cultive libre

de proteina.

[£ Ei método de conformidad con cualquiera de las reivindicaciones 1 a 6,
caracterizado porque el medio de cultivo de células basales es un medio de cultivo libre

75



quimicamente definido.

8. El método de conformidad con cualguiera de !as reivindicaciones 1 a 7,
caracterizado porque la concentracion final de cobre del medic de cultivo de células

basales suplementado con cobre es al menos 4 ug/L de cobre.

9. El método de confermidad con cualquiera de las reivindicaciones 1 a 8,
caracterizado porque la concenfracion final de cobre del medio de cultivo de células

basales suplementado con cobre es entre 2.4 ug/L y 20 pg/L. de cobre.

10. El método de conformidad con cualquiera de las reivindicaciones 1 a 9,
caracterizado porque el medio de cultivo de células basales suplementado con cobre se
proporciona como una sal de cobre, un quelato de cobre, o una combinacion de los

mismos.

11.  El método de conformidad con la reivindicaciéon 10, caracterizado porque la sal de
cobre se selecciona del grupo que consiste de sulfalo de cobre, acetato de cobre,
carbonato de cobre, cloruro de cobre, hidroxido de cobre, nitrato de cobre y éxido de

cobre.

12. Ei método de conformidad con cualquiera de las reivindicaciones 1 a 11,

caracterizado porgue una o mas células son células de mamifero.

13. El método de conformidad con la reivindicacion 12, caracterizado porque las

células de mamifero son células CHO.

14. El método de conformidad con cualquiera de las reivindicaciones 1 a 13,
caracterizado porque cultivar una o mas células comprende cultivacion por lotes de las

células.

15. E! método de conformidad con cualquiera de las reivindicaciones 1 a 13,

caracterizado porque la cultivacidn continua de células se realiza en modo quimiostatico,

16. El método de conformidad con cualquiera de las reivindicaciones 1 a 13,

caracterizado porque la cultivacion continua de células se realiza en modo de perfusién.

17. El método de conformidad con cualquiera de las reivindicaciones 1 a 16,
caracterizado porgue una 0 mas células se cultivan en al menos 100 L del medio de

cultivo suplementado a base de células basales.



18. El método de conformidad con cualquiera de las reivindicaciones 1 a 17,
caracterizado porque la densidad celular se mantiene a menos de 2.5x10° células por mL

durante la etapa de cultivar una o mas células.

19. El método de conformidad con la reivindicacién 18, caracterizado porque la
densidad celular se mantiene a menos de 2.0x10° células por mL durante la etapa de
cultivar una o0 mas células.

20. El método de conformidad con la reivindicacién 18, caracterizado porque la
densidad celular se mantiene a menos de 1.5x10° células por mL durante la etapa de

cuftivar una o mas células.

21. El método de confoermidad con cualquiera de las reivindicaciones 1 a 20,
caracterizado porque fa etapa de recuperar al menos una porcién del sobrenadante del
cultivo comprende filtracién o centrifugacién para remover las células de la porcion del

sobrenadante del cultivo.

22, El meétodo de conformidad con cualquiera de las reivindicaciones 1 a 21,
caracterizado porgue el sobrenadante recuperado tiene una actividad del cofactor de

ristocetina especifico del 'VWF de al menos 40 mU/ug de! r'vWF.

23. El método de conformidad con la reivindicacion 22, caracterizado porque el
sobrenadante recuperado tiene una actividad del cofactor de ristocetina especifico del
r'VWF de al menos 50 mU/ug del rvwF.

24, EI método de conformidad con la reivindicacion 22, caracterizado porque el
sobrenadante recuperado tiene una actividad del cofactor de ristocetina especifico del
rVWF de al menos 60 mU/pg del r'vWF.

25. El método de conformidad c¢on la reivindicacion 22, caracterizado porque el
sobrenadante recuperado tiene una actividad del cofactor de ristocetina especifico del
'VWF de al menos 70 mU/ug del rvWF,

26. El método de conformidad con la reivindicacidon 22, caracterizado porque el
sobrenadante recuperado tiene una actividad del cofactor de ristocetina especifico del

'VWEF de al menos 80 mU/ug del rvwF,

27.  El método de conformidad con cualquiera de las reivindicaciones 1 a 26,



caracterizado porque al menos 10% del r'WVWF en el sobrenadante esta presente en un

multimero det VWF de alto peso molecular de mas de 10 dimeros.

28. El método de conformidad con cualquiera de las reivindicaciones 1 a 26,
caracterizado porque al menos 20% del r'VWF en el sobrenadante esta presente en un

multimero del VWF de alto peso molecular de mas de 10 dimeros.

29. El método de conformidad con cualguiera de las reivindicaciones 1 a 26,
caracterizado porque al menos 30% del r'WVWF en el sobrenadante esta presente en un

muitimero del VWF de alto peso molecular de mas de 10 dimeros.

30. E! método de conformidad con cualquiera de las reivindicaciones 1 a 29,
caracterizado porgue el sobrenadante contiene multimero del VWF de alto peso molecular
de 14 a 22 dimeros.

31. El método de conformidad con la reivindicacion 1, caracterizado porque el
contenido de NH," del schrenadante de cultivo celular se mantiene a una concentracién

por debajo de 4 mM

32. El método de conformidad con cuaiquiera de las reivindicaciones 1 a 31,
caracterizado porque el r'VWF es co-expresado con el Factor VIIl recombinante {rFVI1I}.

33. El método de conformidad con la reivindicacion 32, caracterizado porque ademas
comprende una etapa de purificacién del rVWF lejos de al menos 50% del riFVIIl presente

en el sobrenadante recuperado.

34. El método de conformidad con la reivindicacidon 33, caracterizado porque la

relacion det r'vWF a rFVIII después de la etapa de purificacion es al menos 10:1.

35. El meétodo de conformidad con cualquiera de las reivindicaciones 1 a 34,
caracterizado porque el método ademas comprende una etapa de enriquecimiento del
'VWF,

36. Un sobrenadante de cultivo celular que comprende el Factor Von Willebrand
recombinante ('VWF), caracterizado porque e! sobrenadante se prepara por un método de
conformidad con cualquiera de las reivindicaciones precedentes.

37. Un sobrenadante de cultivo celular que comprende el Factor Von Willebrand
recombinante (r'VWF), caracterizado porgue al menos 20% del 'WVWF en el sobrenadante



esta presente en un multimero del VWF de alte peso molecuiar de mas de 10 dimeros.

38. Un sobrenadante de cultivo celular que comprende el Factor Von Willebrand
recombinante (r'VWF), caracterizado porque el scbrenadante contiene al menos 0.5 IU de

actividad del cofactor de ristocetina por mL.

39. Una composicion del Factor Von Willebrand recombinante (rVWF) caracterizada
porgue se prepara por un metedo de conformidad con cualquiera de las reivindicaciones
a 35.

40, La composicidn de conformidad con la reivindicacion 39, caracterizada porque la

composicion ademas comprende el Factor Vill recombinante (rFVIII).

41. La composicidn de conformidad con la reivindicacién 40, caracterizada porque la

relacion del PVWF a rFVIII es al menos 10;1.

42. El métode de acuerdo con cualquiera de las reivindicaciones 1 a 35, en donde la
concentracion de NH,' es mantenida por al menos 14 dias de cultivacidn continua de la

una o mas células.

43. ElI método de acuerdo con cualquiera de las reivindicaciones 1 a 35, en donde la
concentracion de NH," es mantenida por al menos 21 dias de cultivacién continua de la

una o mas células.

44. El método de acuerdo con cualquiera de las reivindicaciones 1 a 35, en donde la
concentracion de NH," es mantenida por al menos 28 dias de cultivacidn continua de la

una o mas células.

45. El método de acuerdo con cualquiera de las reivindicaciones 1 a 35, en donde la
concentracion de NH," es mantenida por 5 semanas de cultivacién continua de la una o

mas células

46. El método de acuerdo con cualquiera de las reivindicaciones 42 a 45, en donde el
contenido de NH," del sobrenadante del cultivo celular es mantenido a una concentracion

menor a 4 mM.

47. El método de acuerdo con cualquiera de las reivindicaciones 1 a 35 0 46, en donde
el sobrenadante recuperado tiene una actividad de! cofactor de ristocetina especifico del
r'VWF de al menos 30 mU/pg del r'VWF después de al menos 7 dias de cultivacion

continua de la una o mas células.

48. El metodo de acuerdo con cualquiera de las reivindicaciones 1 a 35 o 48, en donde



ei sobrenadante recuperado tiene una actividad del cofactor de ristocetina especifico del
'VWF de al menos 30 mU/ug del rWWF después de al menos 14 dias de cultivacién

continua de la una o mas células.

49,  El metodo de acuerdo con cualquiera de las reivindicaciones 1 a 35 0 46, en donde
el sobrenadante recuperado tiene una actividad del cofactor de ristocetina especifico del
'VWF de al menos 30 mU/ug del rVWF después de al menos 28 dias de cultivacién

continua de la una o mas células.

50. El método de acuerdo con cualquiera de las reivindicaciones 1 a 35 0 46, en donde
el sobrenadante recuperado tiene una actividad del cofactor de ristocetina especifico del
r'VWF de al menos 30 mU/pg del 'VWF después de al menos 5 semanas de cultivacion

continua de la una o mas células.
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TABLE 14-continued
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TABLE 16

Composition of ADAMTS]Y mediurn,
mgfL

miscellansous

D-Gluecoss S000.0000
Linoleic Acid 0.0420
Lipoic Acid 1.0050
Putrescing 2HCL 3.6810
Thymidine 0,3650
Hypoxaniine e 2.3900
Sodium Pynivare 55.0000
DMEM(F]12 BESPE4S: Total 12738.3
ADAMTS-13 Medium Supplements

L-Glutamin 1300.0000
Pluronic F&8 1000.0000
Etanclamin 1.5300
ZnSod*T HIO 1.0000
Ne-Hydrogencarbanat 1 500, 0000
Supplements Total 38025
Tetal amount of Ingridients 16540.8

To determine if increased copper concentrations affected
the integrity of the expressed rAl3, supernatant harvested
from rA13 cell cultures grown in media containing 0.66 pg/L,
1 ug/L, and 4 pg/L copper was examined by SDS-PAGE
analysis. As seen in FIG. 3A (silver stain) and FIG. 3B (anti-
A13 western blot), no obvious change in product quality by
gel electrophoresis was observed. Specifically, no increase in
the level of truncated 170 kD or other low MW rA13 variants
and no other additional or increased HCP bands resulted from
rA 13 expression in the prescnee of increased copper concen-
trations.

To estimate an optimal concentration of copper on the
activity of rA13, an extrapolation of data from Table 15 of P
Frets versus copper concentration (FIG. 4) shows that apii-
mum efleet is likely reached at about 2 pg/l., with a conser-
vative estimation of a negative effect above about 4 pg/T..

TABLE 15

Expression of 1A13 in mammalian cell cutturs perfommed
in chemostatic continuous cultntre mede using media

coptaining vanable sonper goncentptions.
101 Seale ZZ-NC qFrets Spec.
R&D Experiment {10E6 PFrets  [UKI0ES  Activity
Mean of 4 CST weeks cellemL]  [UALd)] cells™d)] Wimg
0.66 pgL Cu?* 1.35 1322 1028 1759
1 pgL C! 1.64 1942 1247 1690
4 ppfl Cu'* 2.26 2060 1338 1768

Based on the results obtained above, an addiiional experi-
ment was performed. which compared the expression ofTA13
in cell culture media containing 0.66 pg/L copper with 2.0
ug/L copper. As shown in Table 16, supplemenation of the
basal cell media with copper, to a final concentration of 2.0
ng/L copper, resulted in a significant increase in volumetric
(P) and specific (q) productivity expressed as the total rA13
activity produced per liter cullure and day and the total rA13
activity produced per cell and day, respectively, over a period
of 8 weeks. The specific data [or each week of rAl3 produc-
tionin the two cultures is shown in F1G. 5. From these data, it
is clear thai copper supplemeniation has a measurable ben-
eficial effect on cell metabolism, specific growth rate and
rAl3 productivity.
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Expregsion of rAL2 in mammalian cell culture perfarmed
it chemaostatic continuous cultirs mode esing media

containing variable copper conceRlrations.

ZZ-NC q Frets Spec.

10 L Scale [10E6 PFrets  [U{I0ED  Activity
Mean of § C5T weeks cellsml]  [UAL*GY]  cells®d]  Thmy
0.66 pgd. Cult 1.29 1049 821 1862
2 pg. Q™ 2.17 2470 1146 1746

It is understoed ihat the examples and embodiments
described herein are for itlustrative purposes only and that
varicus modifications or changes in light thereof will be sug-
gested to persons skilled in (he art and are to be included
within the spirit and purview of this application and scope of
the appended claims. All publications, patents, and patent
applications cited herein are hereby incorporated by refer-
ence in their entirety for all purposes.

What is claimed is:

1. A methed for producing a recombinant Von Willebrand
Factor (rVWF) composition, the method comprising the steps
of:

() providing a basal ccll culture media;

(b) supplementing the basal cell culture media with copper

to provide a final copper concentration of at least 2.4
re/l;

{¢) providing one or more cells comprising a nucleic acid
encoding a rVWF protein;

{d) culturing the one or more cells in the copper supple-
mented cell culture media such that FV'WF is expressed
and excreted from the ceils into a culture supematant and
the NEI,*content of the cell culture supernatant is main-
tained af a concentration below 4 mM or below 10 mM;
and

(€} recovering at least a portion of the culture supernatant,

wherein the recoverad supernatant has a r'WWF specific
nslocetin colactor activity of at least 30 mUipg r'VWIL

2. The method of claim 1, further comprising the step of
supplementing the basal cell culture media with a hydrolysate
prior (o culturing the ane or more cells.

3. The method of claim 2, whercin the hydrolysate is a plant
hydrelysate.

4. The method of claim 3, wherein the hydrolysate is a soy
hydrolysate.

5, The method of claim 1, wherein the basal ecll culture
media is an animal protein free culture media.

6. The methed of claim 1, wherein the basal cell culture
media is a protein free culture media.

7. The method of claim 1, wherein the basal cell culture
media is a chemically defined culture media.

8. The method of claim 1, wherein the fina) copper con-
centration of the copper supplemented basal celi culmre
media is at Jeast 4 pg/l. copper.

9. The method of ¢laim 1, wherein the final copper con-
contration of the copper suppliemented basal cell culmre
media is berween 2.4 pg/L and 20 ug/L copper.

10. The methad of claim 1, wherein the copper supple-
menting the basal cell culture media is provided as a copper
sall, a copper chelaie, or a combination thereof.

11. The method of claim 10, wherein the copper sall is
selected from the group consisting of copper sulfate, copper
acetate, copper carbonale. copper chloride, capper hydrox-
ide, copper nitrate, and copper oxide.

12. The method of ¢laim 1, wherein the one or mere cells
arc mammalian cells.
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13. The methed of claim 12, wherein the mammaljan cells
arc CHO cclls.

14, The method of ¢laim 1, wherein culturing the one or
more cells comnprises batch cultivation of the cells.

15. The method of claim 1, wherein culturing the ene or
mare cells comprises continuous cultivation of the cells.

16, The method of claim 15, wherein the continuous cul-
tivation of cells is performed in chemostatic mode.

17. The method of claim 15, wherein the continuous cul-
tivation of cells is performed in perflusion mode.

18. The method of claim 1. wherein the one or rrore cells 1s
cultured in at least 100 L of the supplemented basal cell
culture media.

19. The methed of claim 1, wherein the cell density is
maintained at less than 2.5x10° cells per mL during the step of
culturing the one or more cells.

20. The method of claim 19, wherein the cell density is
maintained at less than 2.0x10% cells permL during the step of
culturing the ane or morc cells.

21. The method of ¢laim 19, wherein the cell density is 2

maintained at less than 1.5x10° cells permL during the stepof
culturing the one or more cells,

22. The method of ¢laim 1, wherein the step of recovering
at least a portion of the culture supermnatant comprises filtra-

tior or centrifugation to remove cells from the portion of 2

culture supcrnatant.

23. The methed of claim 1, wherein the recovered super-
natant has 2 ’VWT specific ristocelin cofactor activity of at
least 40 mUfpg rVWE.

24. The method of claim 23, wherein the recovered super-
natant has a r'VWF specific ristocetin cofactor activity of at
least 50 mUfug rVWE.
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25. The method of elaim 23, wherein the recovered super-
natant has a rVWT specific nistocetin cofactor activity of at
least 60 mU/ug r'VWF.

26, The method of claim 23, wherein the recovered super-
natant has a r'VWF specilic ristocetin cofactor activity of at
least 70 mU/pg rVWF.

27. The method of claim 23. whercin the recovered super-
natant has a FV'WF specific ristocetin cofactor activity of at
least 80 mU/pg rVWF,

28. The method of claim 1, wherein at least 10% of the
rV'WF in the supematant is presenl in a high molecular weight
VW1 multimer of more than 10 dimers.

29, The method of claim 1, wherein at least 20% of the
rVWF inthe supematant is present in ahigh molecular weight
VWF multimer of more than 10 dimers.

30. The method of claim 1, wherein at least 30% of the
VW inthe supematant is present in a high molecular weight
VWF multimer of more than 10 dimers.

31. The method of ¢laim 1, wherein the supematant con-
tnins high molecular weight VWF multimers of 14 10 22
dimers.

32. The method of claim 1, wherein rVWF is co-expressed
with recombinant Factor VIII {rFVIID),

33, The method of claim 32, further comprising a step of
punfying rVWT away from at least 50% of the rFVIII prescnt
in the recovered supematant.

34. The method of claim 33, wherein the ratic of ’'VWT 10
FVIII after the purification step is at least 1(0:1.

35. The method of claim 1, wherein the methad Turther
compriscs a r'VWF enrichment step.
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‘What we claim is:

1. A method of producing a recombinant Von Willebrand Factor (tVWF) composition, the
method comprising;

(a)  providing a basal cell culture media;

(b)  supplementing the basal cell culture media with copper to provide a final copper
concentration of at least 2.4 ug/L;

(c) providing one or more cells comprising a nucleic acid encoding a rFVWE protein;

(d)  culturing the one or more cells in the cell culture media supplemented with
copper such that rtVWF is expressed and excreted from the cells into a culture supernatant and
the NH," content of the culture supernatant is maintained at a concentration below 4 mM or 10
mM; and

(e)  recovering at least a portion of the culture supernatant,

wherein the supernatant recovered has a rVWF specific ristocetin cofactor activity of at
least 30 mU/ug r'VWE.

2. The method of claim 1, further comprising a step of supplementing the basal cell culture

media with a hydrolysate prior to culturing the one or more cells.
3. The method of claim 2, wherein the hydrolysate is a plant hydrolysate.
4. The method of claim 3, wherein the hydrolysate is a soy hydrolysate.

5. The method of any one of claims 1 to 4, wherein the basal cell culture media is an

animal protein free culture media.

6. The method of any one of claims 1 to 4, wherein the basal cell culture media is a protein

free culture media.

7. The method of any one of claims 1 to 6, wherein the basal ccll culture media is a

chemically defined culture media.

8. The method of any one of claims 1 to 7, wherein a final copper concentration of the cell

culture media supplemented with copper is at least 4 ug/L copper.

9. The method of any one of claims 1 to 7, wherein a final copper concentration of the cell

culture media supplemented with copper is between 2.4 pg/L and 20 pg/L copper.
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10.  The method of any one of claims 1 to 9, wherein the copper for supplementing the basal

cell culture media is provided as a copper salt, a copper chelate or a combination thereof.

11.  The method of claim 10, wherein the copper salt is selected from the group consisting of
copper sulfate, copper acetate, copper carbonate, copper chloride, copper hydroxide, copper

nitrate and copper oxide.

12.  The method of any one of claims 1 to 11, wherein the one or more ceils are mammalian

cells.
13.  The method of claim 12, wherein the mammalian cells are CHO celis.

14.  The method of any one of claims 1 to 13, wherein culturing the one or more cells

comprises batch cultivation of the cells.

15.  The method of any one of claims 1 to 13, wherein culturing the one or more ¢ells

comprises continuous cultivation of the cells.

16.  The method of claim 15, wherein the continuous cultivation of cells is performed in

chemostatic mode.

17, The method of claim 15, wherein the continuous cultivation of cells is performed in

perfusion mode.

18,  The method of any one of claims 1 to 17, wherein the onc or more cells are cultured in

at least 100 L of cell culture media supplemented with copper.

19.  The method of any one of claims 1 to 18, wherein the cell density is maintained at less

than 2.5x10° cells per mL during the step of culturing the one or more cells.

20.  The method of ciaim 19, wherein the cell density is maintained at less than 2.0x10° cells

per mL during the step of culturing the one or more cells.

21.  The method of claim 19 or claim 20, wherein the cell density is maintained at less than

1.5x10° cells per mL during the step of culturing the one or more cells.

22.  The method of any one of claims 1 to 21, wherein the step of recovering at least a
portion of the culture supernatant comprises filtration or centrifugation to remove cells from a

portion of the culture supematant.
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23.  The method of any one of claims 1 to 22, wherein the supernatant recovered has a

rVWF specific ristocetin cofactor activity of at least 40 mU/pug rVWE.

24.  The method of claim 23, wherein the supernatant recovered has a rVWF specific

ristacetin cofactor activity of at least 50 mU/ug rVWF,

25.  The method of claim 23 or claim 24, wherein the supematant recovered has a 'V WF

specific ristocetin cofactor activity of at least 60 mU/ug rIvWF,

26.  The method of any one of claims 23 to 25, wherein the supernatant recovered has a

rVWF specific ristocetin cofactor activity of at least 70 mU/ug rVWE,

27.  The method of any one of claims 23 to 26, wherein the supernatant recovered has a

rVWF specific ristocetin cofactor activity of at least 80 mU/pg rVWE.

28.  The method of any one of claims 1 to 27, wherein at least 10% of the ’VWF in the

supernatant is present in a high molecular weight VWF muitimer of more than 10 dimers.

29.  The method of any one of claims 1 to 28, wherein at least 20% of the r¥WF in the
supernatant is present in a high molecular weight VWF multimer of more than 10 dimers.

30. The method of any one of claims 1 to 29, wherein at least 30% of the r'VWF in the

supernatant is present in a high molecular weight VWE multimer of more than 10 dimers.

31.  The method of any one of claims 1 to 30, wherein the supernatant contains high
molecular weight VWF multimers of 14 to 22 dimers.

32.  The method of any one of claims 1 to 31, wherein r'VWF is co-expressed with

recombinant Factor VIII (rFVIII).

33.  The method of claim 32, further comprising a step of purifying rYWF away from at
least 50% of the rFVIII present in the supernatant recovered.

34.  The method of claim 33, wherein the ratio of ’VWF to rFVIII after the step of purifying

is at least 10:1.

35.  The method of any one of claims 1 to 34, wherein the method further comprises a rVWF
enrichment step.
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36. A cell culture supernatant comprising recombinant Von Willebrand Factor (tVWF),

wherein the supernatant is prepared by the method of any one of claims 1 to 35.

37.  The cell culture supernatant of claim 36, wherein at least 20% of the r'VWF in the

supernatant is present in a high molecular weight VWF multimer of more than 10 dimers.

38.  The cell culture supernatant of claim 36 or claim 37, wherein the supernatant contains at

least 0.5 IU ristocetin cofactor activity per mL.

39. A recombinant Von Willebrand Factor (rVWF) composition prepared by the method of

any one of claims 1 to 33.

40.  The composition of claim 39, wherein the composition further comprises recombinant
Factor VIII (rFVIII).

41.  The composition of claim 40, wherein the ratio of rVWF to rFVIII is at least 10:1.

42.  The composition of claim 40 or claim 41, wherein the composition is formulated for

pharmaceutical administration.

43.  The composition of any one of claims 40 to 42, wherein the composition is formulated

for intravenous administration.

44. A method as defined in claim 1 and as substantially described herein with reference to

one or more of the accompanying examples.

45. A cell culture supernatant comprising recombinant Von Willebrand Factor (rVWEF),

wherein the supematant is prepared by the method of claim 44.

46. A recombinant Von Willebrand Factor (rVWF) composition prepared by the method of

claim 44.

Baxter International Inc.
Baxter Healthcare S.A.
by the patent attorneys for the applicants
CULLENS
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ABSTRACT

Various ion-exchange resins and zeolite Phillipsite-Gismondine were tested for
their potential application as adsorbents for the in situ removal of ammonium ions from
animal cell culture media in attempting to increase hybridoma cell density and MAD
productivity. A zeolite, Phillipsite-Gismondine demonstrated the best performance in
terms of NH,* adsorption capacity, selectivity and autoclavability among the various
adsorbents tested. The biocompatibility of Phillipsite-Gismondine was also tested and the
result showed improvement in cell density, viability, and antibody productivity.

INTRODUCTION

One of the most challenging problems in animal cell culture is the accumulation of
waste metabolites because these metabolites such as NH,* and lactate have been showr to
inhibit bath cell growth and product formation (Glacken ez al,, 1988; Glacken, 1988;
Miller et al., 1988). The reactor productivity can be dramatically increased by reducing
the concentration of those inhibitory waste metabolites as they are formed during
cultivation of cells,

Mammalian cells produce NH,* and lactate as waste metabolites of glutamine and
glucose catabolism. In a culture with good pH control, ammonium ions are the most
detrimental to cell growth (Jeong and Wang, 1990; Miller ez al., 1988).

The critical inhibitory concentrations of NH,* for strain L mouse cells,
chorioallantoic tissue, mouse ascites tumor cells, canine kidney cells (MDCK), and
hybridoma cells have been reported to be 0.5 mM, 10 mM, 40 mM, 5-8 mM, and 3-5
mM respectively (Glacken, 1987). Furthermore, NH4* also inhibits product formation.
For example, interferon production by human fibroblast cells is inhibited by 50 % at 2
mM of NH,* (Ito and McLimans, 1981). Vaccine production can also be inhibited by
NH,*. The growth of infiuenza (Jensen and Liu, 1961}, Newcastle Disease (Eaton and
Scala, 1961), and Columbia SK (Furusawa and Cutting, 1962) viruses were also
reported to be inhibited by N¥,*.

It is important, therefore, to develop a method for removing NH,* from the media
in order to increase the productivities of bioreactors (Glacken, 1988). The simplest and the
most promising method for the in site removal of NH," from the cell culture media is by
adsorption (lio et al., 1985; Jeong and Wang, 1990). To do so, it is most critical to select
an adsorbent which is autoclavable, non-toxic and which has high adsorption capacity and
high selectivity for NH,*. Several tests were performed to select a good adsorbent based
on the requirements mentioned above. /n situ removal of NH,* from the cell culture media
with the sclected adsorbent was performed, and the system performances are discussed in
this report in terms of cell density, cell viability, and MAb productivity.

34



MATERIALS AND METHODS

CELLLINE ‘

The mouse-mouse hybridoma cell line V11 H-8 used in this study was kindly given
by New Brunswick Sci. Co.. These cells produce mouse immunoglobulin, IgG2, which
is specific for the whole cell of bacterium Rhizobium japonicum NR-7.

A
The cells were maintained in DMEM (Dulbecco’s Modification of Eagle's Medium)
containing 4.5 g/l of glucose, supplemented with 0.94 g/l of NCTC 135 (National Cancer
Tissue Culture), oxaloacetate (150 mg/l), insulin (75.5 pg/l), sodium bicarbonate (40
- mM), streptomyein (100 pg/ml), penicillin (100 U/ml), and 5 % (v/v) calf bovine serum,
The medium was filtered with 0.22 Lm membrane.
Cells were cultivated in 75 cm? T-flask as a stationary culture and in 250 ml
spinner flasks (Coming) of which working volume was 150 ml. T-flasks and spinner
flasks were incubated at 37° C in 7 % CO, atmosphere.

L
Cells were counted under microscopic examination after small ameynts of sample
was injected into a haemacytometer. Cell viability was determined by Trypan Blue
exclusion method.

The mouse immunoglobulin, 1gGa, was analyzed by using RID (Radial Immuno
Diffusion) methods. Anti-IgG was immobilized in the agar on the RID plates. A
centrifuged sample of 5 ul was injected into each sample hole on RID plates and incubated
at 379C for 36 h. After incubation, ring was visualized by first staining with a buffalo-
black stain solution and then rinsed with RTD wash solution (5% v/v glacial acetic acid,
0.5 % v/v glycerol).

Ammonium ion concentration was measured using an Orion 9512 ammonium ion
electrode (Cambridge MA, US.A)).

R
Ammonium ion was adsorbed by 2.5 g each of Ambertite CG-120, Amberlite CG-
50, Phillipsite-Gismondine, and Serdolits CW-18 in 50 m! of NH,* solution (5 mM initial
concentration) with 200 rpm rotary shaking for 12 hours at 379 C. Another sets of
adsorption tests were performed in water or culture media with adsorbents which were
autoclaved at 1219 C for 15 minutes before testing. Equilibrium was assured by measuring
several NH,* concentrations until the adsorption kinetic curve leveled off.

RESULTS AND DISCUSSIONS
AMMONIUM ION TOXTCITY

Ammonium chloride was added into culture medium to vary initial NH.*
concentration. The cell growth and the concentration of monoclonal antibody produced in
the T-flask were analyzed at different intervals. The effect of initial NH," levei on the
specific cell growth rate is shown on Fig.] and that on the monoclonal antibody
production kinetics on Fig.2. Both specific growth rate and the highest accumuiated

monoclonal antibody concentration decrease as initial NH,* concentration increases,
demenstrating NH,* toxicity to the hybtidoma cell line tested, This NH,* toxicity could be

caused by cytoplasmic acidification resulted from the uptake of the weak acid, NHy * into
cytoplasm (McQueen and Bailey, 1990).
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SELECTION OF ADSORBENT

Not only high capacity and selectivity for NH,* adsorption but also autoclavability
and nion-toxicity to hybridoma cells are required for the adsorbents to be used in the iz sitt
removal of NHy* in the hybridoma cell culture system. Four adscrbents were tested.
Amberlite CG-120 is a swongly acidic cation exchanger, a styrene-divinylbenzene
copolymer with a sulfonic group, Amberlite CG-50isa styrene-divinylbenzene copolymer
with a weak acidic carboxyl group, Serdolite CW-18 is a weak acidic cation exchanger
with carboxylic group on the basis of polyacrylic actd. Phillipsite-Gismondine is a
symlhctic zeolite which has an identical structure to natural zeolite 'Merlinolite’ (Passaglia
et al., 1977).

Fig.3 represents the studies of adsorption capacity and autoclavability of various
adsorbents in NH,* solution (initial 5 mM in water), In order to keep the culture system
aseptic, adsorbents need to be autoctaved before applying to the media, It is desirable for
an adsorbent not to lose its adsorptive capacity after autoclaving, However CG-120, CG-
50, and Serdolite exhibit slight decrease in adsorption capacity after autoclaving, implying
that their pore structures or functional groups are probably modified by heat. For example,
therma) stress will cause the decomposition of sulfonic acid group of CG-120. On the
other hand, Phillipsite-Gismondine demonstrates invariant capacity, indicating that the
structure of Phillipsite-Gismondine is thermally stable because of its crystalline structure
(Passaglia et al., 1977). Thercfore, Phillipsite-Gismondine exhibits best performance in
autoclavability. In this figure, Phillipsite-Gismondine also shows the highest NH4*
adsorption capacity among the adsorbents tested. Fig.4 shows the final NH,*
concentration reached after treating 5 mM NH,* solution with various adsorbents: It
demonstrates that Phillipsite-Gismondine can easily maintain very low NH,* concentration

becayse it can remove about 98 % of NH,* initially presented under the experimental
conditions.
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Fig.5 shows the studies of NH* selectivity of various adsorbents in typical animal
cell culture media, DMEM and Joklik's medium. There are many kinds of NHg*

competitive ions such as Ca™, Na*, Mg"™, etc., in most animal cell culturc. Those
competitors bind to the active site of adsorbent, so the available active sites for NH*
adsorption can be easily reduced, consequently low selectivity for NH,* would be
expected. Eventhough CG-120 and Serdolite demonstrated relatively high NR4*
adsorption capacity in water which is comparable with that of Phillipsite-Gismondine as
shown on Fig.3, they show respectively 58 % and 35 % decreases in NH,* adsorption
capacity in media. Whereas, Phillipsite-Gismondine shows only 9 % decrease in
adsorption capacity. It may be because ion exchangers are usually very sensitve to
bivalent ions such as Ca* and Mg™ which are subject to strong electrostatic atraction,
while zeolite can exciude those ions by size differentials in addition to electrostatic
selectivity. Therefore Phillipsite-Gismondine shows the best NH,* selectivity from the
culture media of complex ions as well as the best NH,* adsorbing capacity among the
adsorbents tested.
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Fig.6 shows the result of live cell growth kinetics of hybridoma cells with and
without adding zeolite powder in the media. Hybridoma cells were cultured with 0.75 g of
Phillipsite-Gismondine powder in a spinner flask of 150 ml working volume at 60 rpm.
Fig.7 shows cell viability change and Fig.8 shows NH," concentration change with
respect to time in this run. Applying Phillipsite-Gismondine powder results in 15 %
increase in live cell number and 28 % increase in viability after 154 hours. At the same
time the difference in NH,* concentration between two spinners becomes significant as
shown on Fig.8. So, n situ removal of NH,* by Phillipsite-Gismondine can stimulate cell
growth and this material is not toxic and it is compatible with hybridoma cells tested.
According to Fig.8, the final NH,* concentration of culture with adsorbent is only half of
that without adsorbent, demonstrating that Phillipsite-Gismondine can reduce NH"
concentration to below toxic level in later phase of culture. Fig.9 shows the monoclonal
antibody (IgG2a) production kinetics in the same run. The enhancement in Live cell growth
due to maintenance of low NH,* concentration results in 16 % increase in the
concentration of monoclonal antibody. Therefore in st removal of NH,* by Phllipsite-
Gismondine could stimulate not only cell growth but.also monoclonal antibody
production,
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Although the last few graphs all show positive effects, it is also seen that the
effects are rather moderate. This may be caused by following two reasons. The first

reason is that the cells in the culture does not produce high enough NHy* toraise up to a
seriously toxic level. The final NH,* concentration of culture without adsorbents is only

2.7 mM as shown on Fig.8. According to Fig.1, this level of NH,* is estimated to cause
only 30 % decrease in specific growth rate. Another reason is that the nutrient depletion in
later phase hampers further increase in cell growth eventhough NH,* accumulation
problem has been overcome by adding adsorbents, Nutrient depletion is expected to be
more serious in case of culture with adsorbent due to better cell growth and higher
antibody production, Therfore, it is suggested that further increase in cell growth and
antibody production can be accomplished by combining fed-batch (additicnal feeding of
key nutrients such as glucose and giutamine) and ir sizz removal of NH,", The combined

system which is free of nutrient depletion by fed-batch and free of NH,* accumulation by
adsorption showed 60 % increase of final cell density in another experiment. These results
will be reported elsewhere very soon.

CONCLUSIONS

NH,* is toxic to the growth of VIl H-8 cells and production of 1§G2,. Ammonium
ion can be removed in situ by adding adsorbent directly to cell culture media, Phillipsite-
Gismondine showed the best characteristics in NH,* adsorption capacity, NH,*
selectivity, stability in adsorption capacity after autoclaving, and biocompatibility with
hybridoma cells. Application of Phillipsite-Gismondine to actual culture system shows
better cell growth, higher cell viability, higher antibody productivity and the ability of
maintaining low NH,* concentration throughout the culture period. Therefore, Phillipsite-
Gismondine can be successfully used as an adsorbent for in site removal of NH,* from
animal cell culture media as part of a comprehensive strategy to accomplish high cell
density and high monoclonal antibody productivity.
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Abstract

Ammonia has been reported to be toxic and inhibitory for mammalian cell cultures for many years. Reduction of growth
rates and maximal cell densities in batch cultures, changes in metabolic rates, perturbation of protein processing and virus
replication have beer reported. However, cellular mechanisms of ammonia toxicity are stil! the subject of controversy and
are presented here. The physical and chemical characteristics of ammonia and ammonium are important, with the former
capable of readily diffusing across cellular membranes and the latter competing with other cations for active transport by
means of carrier proteins. The main source of the ammonia which accumulates in cell cultures is glutamine, which plays an
important role in the metabolism of rapidly growing cells. Strategies to overcome toxic ammonia accumulation include
substitution of glutamine by glutamate or other amino acids, nutrient control, i.., controlied addition of glutamine at low
concentrations, or removal of ammonia or ammonium from the culture medium by means of ion-exchange resing,
ion-exchange membranes, gas-permeable membranes or electrodialysis.

Keywords: Mammalian cell culture; Ammonia; Ammonium; Gluizmine; Ammonia removal: Ten-<xchange membrane; lon-exchange resin:

Gas-permeable membrane; Electrodialysis

1. Introduction

Mammalian cell cultures have become increas-
ingly important and economically interesting in the
last decade for the production of high value proteins,
including monoclonal antibodies, blood coagulation
factors, plasminogen activators or viruses for the use
as vaccines (Adamson and Schmidli, 1986, Arathoon
and Birch, 1986; Backer et al., 1988; Leist et al,,
1990). However, in vitro culture of mammalian cells
is still limited in many respects. Thus the cells are
much larger and, due to the absence of a rigid cell
wall, more fragile and susceptible to shear stresses

* Corresponding author,

than microbial cells. Bioreactors used for mam-
malian cell cultures have to avoid these high shear
stresses, while providing optimal mass transfer char-
acteristics. Furthermore the metabolism of mam-
malian cells 15 complex and the understanding of
control and regulation is still rather limited. The
origin of cells from different organs, in different
animal species, considerably complicates this under-
standing. In addition, many routinely cultured cell
lines are derived from cancer cells, with often com-
pletely altered metabolic patterns.

Several waste products of cell metabolism have
been reported to be inhibitory or toxic to cells. The
most important substances mentioned in this context
are ammoma and lactate. Lactate excretion is due to
incomplete oxidation of glucose by the glycolytic

D168- 1656 796 /31500 © 1996 Elsevier Science B.V. All rights reserved
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Table |
Cell line Reponed effects Ref.

3T3 and SV-40 transf. 3T2 fibrob-
last

BSC-1 monkey epitheliat cells

MDCK kidney cells

BHK 21 /CI13 kidney
Murine myeloma. human hybridomu

MDCK kidney

CRL-1606 murine hybridoma
VII1 H-§ hybridom.

HBE178 hybridoma

HL-60 human leuk. RPM] 8226 ho-
man hematopoizt.

AB2-143.2 murine hybridoma

TIB i3] murine bybridoma

TIB 131 murine hybridoma

PQX BI1 /2 murine hybridomu

CHO
CI1E3 murine hybridema

Different

163.4.G5.3 murine hybridoma

60% growth reduction for 3T3 and 5% reduction for
$V-40 transformed 3T3 cells upon inital addition of 0.6
mM ammonium (pH 7.6-7.7). 4-fold higher ammonia
production by non-transtormed cells.

30% growth reduction vpen addition ol 2 mM ammonium
in medium with (L1% serum. less in mediem with 10%
XETUTTH

Suspection of 2.3 mM ammonium ta be responsible for
limiting further cell growth in a microcarrier perfusion
culture.

75% growth reduction at 3 mM ammonium initially added.
Growih inhibition for the myeloma ccll line by ammo-
nium. Ammenia removal increased cell density for
myeloma and hybridoma (serumn freel.

50% prowth reduction at 7— 10 mM smmonium.

50% growth reduction ut initial ammonium conc. of 6.7
mM. no influence on the specific antibody productivity.
Toxic effects on cefl growth above 2 mM ammonium,
strongly reduced sperific antibody productivity above $
mM ammon.

60% reduction of the initial growth rule with 3 mM
ammonium. 90% reduction with & mM.

50% growth reduction at 10 and 12 mM ammonium for
HL-60 and RPMI 8226, respeciively. no influence on
respiration rates up to 20 mM ammonium.,

Growth inhibjtion ut § mM ammonium. adaptation to &
mM in continuous culture, lower ammonia release, plu-
tamine and oxygen uplake. and higher alanine production
at elevated ammonium cong.

Growth inhibition a1 10} mM ammeonium and low extracel-
lular pH. cvtoplasma acidification dee 10 ammonia, spe-
¢ific antibody productivity unchanged.

Cytoplasma acidification upon ammonium addition. growth
inhibition at 10 mM ammonigm. corelation between
effeets and intracellular pH.

50% growth reduction @1 4-7.6 mM ammanium for pH
7.8—6.8. correlation between 0xicily and concentration of
ammonia (NH ),

50% prowth reduction gl 8 mM ammonium

Growth inhibition at ammonium gonc. > 3-5 mM, opti-
mal mAb productivity at 2-2.5 mM ammonium, different
glutamine metabolism for immobilized and suspended
cells,

Different amount of growth reduction upon initial addition
of 2 mM ammoniam in T- flasks.

50% rowth reduction al initial ammonivm cone. of 4 mM,
accelerated glutamine und glucose consumptian, increased
afanine production and reduced ammenia production at
elevated ammonia conc.. constant specific antibody pro-
ductivity.

Visek et al. (1972)

Holley et al. {1978)

Butler ¢t al. {1983)

Butler and Spier (1984)
Tio el al. (1984}

Glacken et ul. {1986}
Glacken el al. (1986) Glacken (1987}

Reuveny et al, (1986}

Dodge e1 al. {1987)

Kimura ct al. {1987)

Miller et al, (1988)

McQueen and Baziley (1990a,b)

McQueen and Bailey (1991}

Doyle and Butler (1990}

Kurano et al. {1990}
Racher et al. (1990, 1993)

Hassell e1 al. (1991)

Ozwurk et al. {1992)
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WIIT H-8 muine hybtidoma

HIL.-60 human leukemia

BHK

PQXB1 /2 murine hybridoma

CHO

Murine hybridoma

SPQ! murine hybridoma

Hybridoma, CHO, BHK, L 929

NS/0 myeloma ($P2/0) D5 hy-
bridoma

Hybridoma, plamacyt., CHO, 5F9

CRL 1606 murine hybridoma

Zae3 murine hybridoma

HeLa 53

Mouse plasma cells

CHO

CHO

40% reduction of the specific growth rate upon addition of
3.5 mM ammonium before inoculation, 80% reduction
with 5 mM.

Significant reduction of final cell density in medium with
& mM lactate and 4 mM ammonium, sclection of
double-resitant £lones.

80% reduction of specific growth rate and 4-fold increase
of glucose consumption rate upon addition of 1 mM
smmonium chloride.

Hypothesis that a high rate of ammonia production might
coincide with transient increase in intracellular ammonia
conc., cffecting growth inhibition despite a subtoxical
extracellular ammenia ¢one,

No inhibition of growth in continuous cultures by ammo-
nium conc. of up to § mM, but reduction of recomb. t-PA
productivity, reduced spec. ammenia production and in-
creased alanine production at elevated ammonium conc.
Correlation between specific growth rate and death rate
with concentration of NH,, not total ammonia, no adapta-
tion to high ammonia concentration.

Significant growth inhibition at initial ammonium conc.
> 2 mM, zdaptation 10 10 mM in batch and continuous ¢.,
but with lower cell yicld on glucose and glutamine, no
influence on specific antibody produoct.

Increase of intracellular UDP-GNAc concentration vpon
ammonium addition {15 mM).

Strong induction of apoptosis by nutrient deprivation, but
incubation with ammonium (3 and 5 mM} lead 1o necrotic,
not apoptotic, cell death,

Moderate induction of apoptesis by ammonium (14 and 18
mM) for hybridoma and plamacytoma, very high canc, (50
inM) Jead to necrosis, no apoptosis observed for CHO and
SF9 {insect cells).

25% higher specific glutamine and glucose consomption
rates due to ammonium removal in glutamine fed-batch
{final ammonium concentration 7.3 mM reduced 10 below
2 mM).

2% growth reduction at initial ammonium cone. of 2.5
mM, complete inhibitton at 7.5 mM. 50% reduction of
ammonia conc. with ammonia remevzl, ne influence on
growth and spec. antibody productivity, reduced lactate
production and increased glutamine consumption dug 0
ammotlia removal.

20% growth reduction at initial ammonium concentration
of 6 mM.

10 mM ammonium prevented terminal sialic acid transfer
to glycosyl side chains of IgM, raise of the pH of Golgi
gisternae,

Inhibition of the N-linked glycosylation of recombinant
mouse placental lactogen-1 by increasing levels of ammo-
niom (3 to 9 mM), dependance on the extracellular pH.
Significant reduction of terminal sialylation of O-linked
glyosylation of recombinant granulocyte colony-stimutat-
ing factor by 2- 10 mM ammonium.

Jeong and Wang (1992}

Schumpp and Schlaeger (1992}

Woentz and Schiigerl {1992)

Bushell et al. (1993)

Hansen and Emborg (1594)

Ludemann et al, {1994)

Newland et al. (1994)

Ryll et al. (1994)

Mercille and Massie (1994)

Singh et al, {1994)

Chang et al. (1995a)

Schneider et al. (199%) Schneider
(1995}

Schneider (1995}

Thorens and Vassalli (1986}

Rorys et al. {1994)

Andersen and Goochee (1995)
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BG-27 human fibroklas

BV.2 immoraliz. microglia

BTC3 insulinona AtT20 pitaitary

Tumor ascites cells

Difterent

Mounse ascit, wmor cells
Mouse L-cells

CHSE

Vero

Inhibition of the ability 1o establish an antiviral state and
reducrion of IFN-8 production by ammonivmn.

Impair of phagocylosts al ammoniem cone. > 2mM.
increase in pinocytosis, changes in secretion of interferon-y
und interlenkins. changes n aclivity of lysosomal en-
Zymes.

Inhibition of uptake of insulin related peptides to intracel-
lular store vesicles at 6 mM ammonium.

Significant suppression nf growth of Influenza and New-
castle virus under the influence of ammonium, relation
between ammoenia formation and glutamine.

Study of the effect of ammonivm on §0 viruses in 10 cell
lines. infvbition of propagation of influenza virus, indepen-
dent of the host cell line.

inhibition of Colombia SK virus propagatiop by ammo-
ninm sulfate,

Strong reduction of Reavirus yield und cytopathic effects
on cells upon addition of {0 mM ammonium chloride.
0% decrease in virus {pancreatic necrosis) yield upon
uddiion of 30 mM ammonium, inhibition of cellular
RNA-synthesis,

Inhibitton of Herpes simplex virus multiplication by

Ito and McLimans (1981)

Atanassov el al. (1994)

Dyken and Sambanis (1994)

Eaton and Scala (1961)

Jensen and Lia €1961)

Fucusawa and Cutting (1962)
Canning and Fields {1983}

Farias ot ul. {1988)

Koyama and Uchida (1989)

ammonium (50 mM).

pathway. Pyruvate, the end product of this pathway.
is transformed to lactate in order to maintain the
oxidation state of the ceil, i.e.. to recover the oxi-
dized form of the redox cofactor nicotinamide ade-
nine dinucleotide (NAD). Lactate can also be formed
from sugars other than glucose, and from glutamine.
The toxic action of lactate is probably due to the
effect on the pH and osmolarity of the culwre
medium, only occurring at relatively high concentra-
tions (> 20-30 mM) (Miller et al., [988: Hassell et
al.. 1991: Omasa et al., 1992; Qzturk et al.. 1992;
Wentz and Schiigerl, 1992).

Inhibition by ammonia seems to play a much
more important role. Thus, total concentrations of
ammonia and ammonium as low as 2-3 mM have
been reported to reduce cell growth considerably.
depending on the cell line and culwre conditions.
Armmonia release by cells is due to amino acid
metabolism, mainly that of glutamine. The latter is
routinely added to many culture media since it has
been shown to stimulate growth and antibody pro-
ductivity (Dalili et al., 1990; Ramirez and Mutha-
rasan. 1990; Flickinger et al.. 1992; Omasa et al..

£992). Glutamine is not only a protein constituent,
and an amino proup donor in some biosynthetic
pathways such as purine and pyrimidine synthesis.
but also a major energy source. A considerable
amount of metabolic encrgy is derived from glu-
tamine, rather than glucose, oxidation in cultured
cells (Donnelly and Scheffler, 1976; Reitzer, 1978;
Reitzer et al., 1979, 1980; Morcadith and Lehninger,
1984a; Lanks and Li, 1988; Butler and Jenkins,
1989 Newland et al., 1990; Jenkins et al.. 1992;
Ljunggren and Haggstrdm, 1992; Fitzpatrick et al..
[993; Sharfstein et al., 1994). Glutamine is chemi-
cally labile in a cell culture medium, and decomposi-
tion to pyrrolidonecarboxylic acid and ammeonia has
to be taken into account. Consequently, a part of the
ammonia which accumulates in the medium is not
due to cellular metabolism but to chemical decompo-
sition of glutamine (Tritsch and Moore, 1962; Qzturk
and Palsson, 1990),

Furthermore, another low- to medium-size molec-
ular weight substance, which is neither lactate nor
ammonia, has been suspected to be inhibitory or
toxic to the cells. This still unknown substance seems
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to accumulate in culture media doring growth of
cells (Holley et al., 1978; Dodge et al., 1987; Rgnning
et al., 1991; Lee et al., 1995).

In summary, it is a widely held view that the most
important inhibitery substance accumulating in cell
cultures is ammonia, and that a reduction in ammeoe-
nia levels has 1o be overcome in order to achieve the
successful economic scale-up of such processes for
the production of high valoe proteins.

This review focusses on the significance of am-
monia in mammalian cell culture technology and
draws from the considerable volume of literature
which has appeared during the last years on this
topic, as well as the different strategies used tfo
overcome this problem.

2. Reported effects of ammonia or ammonium in
cell cuftures

A large number of articles dealing with numerouns
different effects caused by elevated arnmonia and /or
ammoniom concentrations on cell cultures have been
published and are summarized in Table 1.

It can be seen from Table 1 that most authors
report a reduction of growth rate and final cell
density upon addition of 1 to 5§ mM ammonium salts.
There are interesting differences in the degree of
growth reduction from one cell line to another and
for the same cel! line from different studies. As an
example, Hassell et al. (1991) found a 75% decrease
in cell yield, in comparison to control experiments,
when 2 mM ammonium chloride was added prior to
inoculation of batch culwres of HeLa cells. On the
other hand, Schneider (1995) found omly a 25%
reduction in final cell density, when 6 mM ammo-
nium chloride was added to HeLa batch cultures.
Such differences are difficult to explain. Clearly
culture conditions, and particularly the previcus
growth history of the cells, play an important role.
This is confirmed by the fact that many authors
found an adaptation to higher ammonia concentra-
tions, especially using continuous culture techniques.

Further reported effects of elevated ammonia or
ammonium concentrations relate to cellular energy
metabolism. Ammonia may reduce metabolic effi-
ciency by forcing excretion of petentially valvable
intermediate metabolites, such as alanine, in order to

achieve ammonia detoxification. An increase in ala-
nine production and glutamine consumption rates at
elevated ammonia concentrations has been reported
by several authors.

The latter group of effects is related to the intra-
cellular compartements involved in the processing of
molecules to be secreted. Thus, high ammonia con-
centrations have been shown to perturb processing
and secretion of proteins as well as glycosylation.
Virus replication also appears to be inhibited by
increased ammonia concentrations. However, in
many of these studies, the applied concentrations are
much higher than those routinely found in mam-
malian cell cultures. These effects are most probably
due to an increase of pH in the intracellular com-
partements due to ammonia influx.

3. Energy metabolism as source of ammonia

3.1. Rapid glycolysis and glutaminolysis in cells in
culture

The main source of accumulating ammonia in
mammalian cell cultures is amino acid metabolism,
particularly that of glutamine. Glutamine is present
in most cell culture media at concentrations of 2 1o 5
mM, a concentration which is much higher than for
other amino acids. Glutamine has been shown to be
the major nuirient, in addition to glucose, for most
fast growing animal cells in culiure. Glutamine
therefore not only serves as a protein constituent, but
as the main energy source (Donneily and Scheffler,
1976; Reitzer, 1978; Reitzer et al, 1979, 1980;
Moreadith and Lehninger, 1984a; Lanks and Li,
1988; Butler and Jenkins, 1989; Newland et al,
1990; Jenkins et al., 1992; Ljunggren and Higgstrom,
1992; Fitzpatrick et al., 1993; Sharfstein et al., 1994).
Glutamine is further required in the first step of de
novo purineg synthesis. The pivotal role in purine
synthesis in leukemic lymphoblasts (Raivio and An-
ersson, 1982), in lymphoblastic transformation and
in plasma cell differentiation (Crawford and Cohen,
1985) has been shown by in vitro studies.

Mammalian cell lines derive from different organs
with very distinct functions and therefore have very
different enzymatic and metabolic patterns. Thus
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they cannot be easily compared to one another.
Furthermore, many mammatian cell lines cultivated
in vitro derive from malignantly transformed cancer
cells. These cells have metabolic patterns which may
be very different from those of normal cells. exhibit-
ing high rates of aercbic glycolysis and glutaminoly-
sis (reviewed by Baggetto, 1992). However, these
metabolic characteristics are not limited to malig-
nantly transformed cells. Many normal, fast growing
cells in the body such as enteracytes in the small
intestine (Watford. 1994) or lymphocytes {Brand et
al.. 1989), have a similar metabolism. High rates of
plutamine catabolism are coupled to an apparently
inefficient glucose metabolism, where glucose is pre-
dominantly and rapidly metabolized by the gly-
colytic pathway and subsequently excreted as lactate.
Only a very small amount is completely oxidized to
carbon dioxide, even in the presence of saturaling
levels of oxygen (Reitzer et al., 1979, 1980: Morgan
and Faik, 1986: Butler and lenkins, 1989; Newland
et al., 1990; Sharfstein ct al.. 1994). The main
requirement for glucose appears to be for the supply
of carbohydrate building blocks for anabolic
metabolism, such as nucleic acid or polysaccharide
synthesis. Thus, a considerable amount is metabo-
lized via the pentose phosphate pathway to provide
ribose-5-phosphate. This anabolic role of glucose is
supported by the findings of Burton et al. {1981).
who reported the continuous growth of Hela. and
other cell nes. in the complete absence of carbohy-
drates, if the medium contained uridine. The close
link between glucose and glutamine metabolism has
been shown by the fact that, lo a cenain exlent, they
may even replace one another. Thus, for many cell
fines a glucose limitation increases glutamine utiiiza-
tion and a giutamine limitation increascs glucose
uptake (Reitzer, 1978; Zielke et al., 1978; Kuchka et
al., 1981; Sumbilla et al,, 1981; Miller et al., 1989:
Ljunggren and Higgstriim. [994: Jeong and Wang,
1995: Zeng and Deckwer, 1995).

The reasons for rapid aerobic glycolysis and glu-
taminolysis in cancer cells and other fast growing
cells is still unclear. Different hypotheses to explain
this phenomenon have been raised. The major func-
tion of an enhanced aerobic glycolysis in such cells
could be to maintain elevated steady state concentra-
tions of glycolytic metabolites for use as precursors
in macromolecule synthesis (Hume et al.. 1978).

These authors propoese, that enhanced aerobic glycol-
ysis might not be unique to malignantly transformed
cells. but a requirement for normal rapid cell prolif-
eration. Thus they showed that glycolytic activity
rapidly increased in cultured thymocytes, when stim-
ulated with concanavalin A. However, the ability of
thymocytes to transform at very low glucose concen-
trations suggests that enhanced glucose metabolism
as such was not essential for the initiation of DNA
synthesis. Nevertheless, the continued presence of
saturating glucose concentrations was found to be
necessary to sustain high vates of DNA synthesis,
Concanavalin A stimulated the flow of glucose car-
bon to the nucleic acid pool, and the increase was
proportional to the increase of glucose uptake. High
rates of glycolysis could further be necessary, in
rapidly dividing cells. to allow for high rates of
proliferation when required (Newsholme et al., 1985).
Based on regulatory analysis, these authors suggest
that the observed high rates of glycolysis and glu-
taminolysis might be considered as a simple system
to ensure sufficient sensitivity in biosynthetic path-
ways to provide adequately for macromalecular syn-
thesis. It scems to be clear, that mammalian celis are
nat limited by rates of energy production, but rather
by rates of biosynthesis (Newland et al., 1990). This
is also supported by the different approach of Savinell
and Palsson (1992). These authors tried to interprete
hybridoma cell metabolism by means of metabolic
network stoichiometric analysis using linear opti-
mization. This analysis showed, that the maintenance
demand for ATP did not limit the growth rate under
normal growth conditions. The cells used nutrients
with a low efficiency. mainly due to a high leve!l of
alanine secretion. However, a quantitative descrip-
tion of phenomena such as energy dissipation in
futile cycles is very difficult using this approach.
since only stoichiometric relationships are taken into
account.

In summary, rapid aerobic glycolysis and glu-
taminolysis with subsequent lactate and ammonia
excretion appeats to be a characteristic of fast grow-
ing mammalian cells. The reason for this is not clear.
Growth is definitely not limited by energy availabil-
ity and neither by biosynthetic capacity. Efficient
regulation and control of fast growth and adaptation
1o rapidly changing conditions might play an impor-
tant role,
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Fig. 1. Schematic representation of the metabolic pathways for
glutamine degradation.

3.2, Pathways of glutamine degradation

The ceflular degradation of glutamine has been
intensively studied by several authors (Ardawi and
Newsholme, 1983; Kovacevic and McGivan, 1983;
Moreadith and Lehninger, 1984a; Glacken et al.,
1986; McKeehan, 1986; Glacken, 1988; Kvamme,
1988; Bappetto, 1992; Watford, 1994).

The metabolic pathways for glutamine degrada-
tion are schematically shown in Fig. 1. Glutamine
catabolism takes place mainly in the mitochondrial
matrix involving the initial removal of the amido
group of glutamine to yield glutamate. This reaction
is mainly catalyzed by a phosphate-dependent glu-
taminase (Kvamme, 1988; Swierczynski et al., 1993)
and liberates an ammonium molecule. To a much
lower extent, the amido group is utilized as an amino
group donor by some biosynthetic enzymes, mainly
of the purine and pyrimidine biosynthetic pathways,
but also for the formation of activated sugars. The
second step is the removal of the a-amine group,
leading to a-ketoglutarate. This reaction can either
be catalyzed by glutamate dehydrogenase, resulting
in the liberation of a second ammonia molecule, or
an aminotransferase. The latter transfers the amino
group to an a-keto acid, mainly pyruvate or oxaloac-

etate, leading to the formation of alanine or aspar-
tate. A further pathway is the transamination of
glutamine to form a-ketoglutaramate and subsequent
deamidation with w-amidase to yield o-ketoglutarate
(glutarninase 11 in the older literature). However,
Nissim et al. (1991) showed that this pathway plays
only a minor role for ammonia production in human
kidney cells. The a-ketoglutarate subsequently en-
ters the citric acid cycle, and can be completely
oxidized to carbon dioxide, or partly oxidized to
aspartate via transamination of oxaloacetate. Lactate
and alanine formation from glutamine is also possi-
ble, through transformation of malate to pyruvate by
mitochondrial malic enzyme, a decarboxylating
malate dehydrogenase {Sauer et al., 1980; Moreadith
and Lehninger, 1984b). This metabolism represents a
truncated citric acid cycle, with important contribu-
tions from phosphate-dependent glutaminase and mi-
tochondrial malic enzyme, as discussed in detail by
Baggetto (1992).

3.3, The energy gain of the different glutamine
catabolism pathways

The different metabolic pathways for glutamine
degradation yield different amounts of ATP. If 1 mol
of NADH is assumed to yield 3 mol ATP in the
respiratory chain, 1 mol of FADH, to yield 2 mol
ATP and 1 mol GTP is considered as equivalent to 1
mol ATP, the energetic gain is as follows (see also
Fig. 1): Complete oxidation of glutamine to CO,
yields 27 mol ATP per mol glutamine; incomplete
oxidation to aspartate yields 9 mol ATP; reduction of
pyruvate to lactate yields 9 mol ATP; and transami-
nation of pyruvate to alanine yields 9 mol ATP.
These values are in contradiction to those given by
Glacken et al. (1986). These authors did not take into
account the NADH produced in the malic enzyme
and pyruvate dehydrogenase catalyzed reactions In
the case of aspartate, however, these authors in-
cluded the NADH resulting from the glutamate de-
hydrogenase catalyzed reaction, even though gluta-
mate is not oxidatively deaminated in this case.
Instead the amino group is transaminated to oxaloac-
etate, yielding aspanate and a-ketoglutarate. How-
ever, in a later publication (Glacken, 1988) similar
values to those given here were repornied.

o
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3.4. Details of glutamine catabolism

The utilization of the different catabolic pathways
depends upon the cell linc and on the metabolic
state, that is, the concentrations of glucose, glu-
tamine, ammonia, etc. The fate of glutamine nitrogen
has been studied by several groups, and includes
results of early experiments with labelled metabolites
{Eagle, 1959).

Using 'H- and “N-nuclear magnetic resonance.
Street et al. {1993) could show that most of the
ammonia accumulating in cultures of HelLa and CHO
cells was derived from the amido group of giu-
tamine. Most of the glutamate was subsequently
transaminated. rather than oxidatively deaminated by
glutamate dehydrogenase. Between 35 and 50% of
alanine in the medium was labelled due to transami-
nation of glutamate, when [2-"Njglutamine was
used. This percentage was considerably lower in a
medium containing s fow glutamine concentration.
Incubating the culture with BNH,C! led to some
labelled glutamate and alanine, indicating that the
glutamate dehydrogenase catalyzed reaction was
close to equilibrivm. and was also active in the
direction from a-ke[o$IUMralc to gluamate. With
CHO cultures, some N was also found in the
amido group of glutamine, due to glutamine syn-
thetase activity. Direct incorporation of ammonium
and bicarbonate into carbamyl phosphate, catalyzed
by carbamy) phosphate synthetase, would have led to
labelied arginine, which was not determined in this
study. However, carbamy] phosphate synthetase, in-
volved in urea synthesis, is active in kidney or liver
cells, but can not be expected in all tissues.

The short-term metabolic fate of glutamate-nitro-
gen was investigated by File-DeRicco et al. (1990) in
a mouse kidney carcinoma and in normal kidney
cells in vivo, using the short-life nitrogen isotope
N. Aspartate aminotransferase activity was shown
to be high in normal kidney and in tumor cells.
Aspartate was rapidly labelled in only a few minutes,
once glutamate entered the cells, indicating that as-
partate aminotransferase was in thermodynamic equi-
librium. In contrast, alanine aminotransferase was
not i equilibrium, and the activity of this enzyme
was much lower. The activity of glutamate dehydro-
genase in the tumor was only about 6% of that in
normal kidney cells. In the tumor, most glutamate

was converted to a-ketoglutarate via aspartate
aminotransferasec.

Similar results were found by Moreadith and
Lehninger (1984a) and Moreadith and Lechninger
(1984b) in studies of mitochondria from five differ-
ent murine tumor ascites cells. Glutamine was
deamidated by phosphate-dependent mitochondrial
gluiaminase, and glutamate was subsequently
transaminated to a-ketoglutarate. No detectable flux
through giutamate dehydrogenase could be mea-
sured. in spite of the high activity of this enzyme.
However, the complex allosteric regulation of gluta-
mate dehydrogenase may have strongly reduced the
activity (Tipton and Couée. 1988). An unexpected
finding was the inhibition of aspartate production
feom plutamate by the addition of malate to tumor
mitochondria, since in normal mitochondria addition
of malate stimulated aspartate formation. The authors
explain this as resulting from differences in enzyme
patterns in normal and tumor cell mitochondria, Tu-
mor cell mitocheondria exhibit malic enzyme activity.
catalyzing the oxidative decarboxylation of malate to
pyruvate, whilst normal kidney or liver mitochondria
lack this enzyme. Externally added malate was trans-
formed to pyruvate, whilst intemally formed malate
was oxidized to oxaloacetate, catalyzed by malate
dehydrogenase. The end products of simultancous
glutamate and malate oxidation in tumor cell mito-
chondria were therefore citrate and alanine, Why
malic enzyme has this preference for externally added
malate could not be explained. Furthermore malate
dehydrogenase activity in tumor ¢ell mitochondna
seems fo be regulated in a different way o that in
normal mitochiondnia, since the maximum activity of
this enzyme is considerable greater than that of malic
enzyme, However. it was later shown that mitochon-
drial enzymes undergo specific interactions with one
another and with the inner mitochondrial membrane
{Fahien et al., 1988, 1993; Teller et al., 1990). These
authors studied the specific interactions between
pyruvate carboxylase, aspartate aminotransferase,
malate dehydrogenase and glutammate dehydrogenase
in mitochondria, Ternary and quatemnary complexes
of these, and other, enzymes were formed under
certain conditions. Preference of an enzyme for a
substrate generated by another enzyme is therefore
the consequence of steric proximity and direct inter-
action of the two enzymes. High protein concentra-
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tions render the mitochondrial matrix very viscous,
thus free diffusion of metabolites from one enzyme
to another is unlikely to occur.

Kovacevic et al. (1988) raised the hypothesis, that
the high level of aspartate production from partial
glutamine oxidation in tumor cells might be essential
for re-synthesis of AMP in the purine nucleotide
cycle. Aspartate formed by mitochondrial aspartate
aminotransferase is not in equilibrium with aspartate
in the matrix but is directly transported to the cytosol
(Teller et al., 1990). Aspartate is utilized together
with inosine monophosphate {IMP}, in the purine
nucleotide cycle, to form adenylo-succinate and sub-
sequently AMP. IMP is provided by means of the
purine salvage pathway. The reason for the need to
replenish the adenine nucleotide pool is the frequent
episodes of anoxia that may occur in rapidly growing
malignant cells. Since under anaerobic conditions
there is a depletion of a part of the pool, re-oxygena-
tion should ensure not only rapid synthesis of ATP,
but also regeneration of the pool of adenine nu-
cleotides. Similar results were published by
Gonzéilez-Mateos et al. (1993), These authors found
that glutamine and asparagine inhibited glycolytic

activity in wmor ascites cells, while contributing to
the maintenance of high levels of adenylates by
stimulating de novo synthesis of purines. The signifi-
cance of the purine nucleotide cycle for ammonia
production has been discussed by Lowenstein (1972).

A further aspect is the compartimentalization of
amino acid metabolism in the cell, with a consider-
able part taking place in the mitochondria. Transport
characteristics of the different carrier systems in the
mnner mitochondrial membrane may therefore play a
role in regulation. However, in a recent review Mec-
Givan (1992) concluded that mitochondrial amino
acid metabolism is not limited by transport capacity,
and that in general there is no evidence to suggest
that mitochondrial amine acid transport systems play
any more than a permissive role,

In summary, ammonia accumulation in mam-
malian cell cultures is mainly due to glutamine
catabolism. Tracer experiments showed that ammo-
nia in the medium is derived from the glutamine
amido group, the a-amino group is used in transami-
nation reactions to form aspartate or alanine, rather
than being oxidatively deaminated. Glutamine is
rapidly catabolized in rapidly growing cells and

Table 2

Data for glulamine decomposition kinetics at 37°C

Medium Serutn pH Hailf-life (d) Ref.

Eagle containing (10% 7} 1.2 6.5 Tritsch and Moore (1962)
Eagle serum free 7.2 16,9 Wein and Goetz (1973)
Eagle 10% 1.2 33

DMEM 8% 71 67 Seaver et al. (1984)
DMEM seruny free k8| 8.0

DMEM 10 1.3 6.0 Glacken (1988)
MEM-&x 10% 7.6 14.4 Kutano et al. (1990)
DMEM 10% 7.25 21.9 Lin and Agrawal ((988)
DMEM serumm free 1.25 50.7

DMEM 10% 72 25.1

DMEM 10% 76 8.6

MDM 0-10% 7.4 99 Oztuck and Palsson (1990}
RPMI1640 0-10% 7.4 6.8

DMEM 0-10% 1.4 13.3

CPTI-MEM 0-10% 74 11.3

Gibeo serurn free 73 6.2 Heeneman et al. (1993)
RPM11640 10% 7.2 10.7 Schneider (1995)
FMX-Turbodoma serem free 7.3 96

FMX-Chomaster serum free 7.3 17.0

Yo
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serves not only as a protein constituent but as a main
energy source.

4, Chemical decomposition of glutamine

The second important source of ammenia accu-
mulating in mammalian cell cultures is through
chemical decomposition of glutarmine {Bray et al..
1949; Gilbert et al., 1949; Tritsch and Moore, 1962:
Lin and Agrawal, 1988; Ozturk and Palsson. 1990).
Glutamine is chemically labile in agueous solutions
and cyclizes to form pyrrolidonecarboxylic acid and
ammonia. The reaction is an intramolecular Sy,-re-
action, where the free electron pair of the a-amino
nitrogen attacks the carbony! carbon of the final
amido group. Afler formation of a tetraedric transi-
tion state, the amido nitrogen is released as ammonia
with the formation of pyrrolidonecarboxylic acid.
This reaction can be considered as irreversible under
celi culture conditions. Pysrolidonecarboxylic acid
can probably not be metabolized, and is not toxic at
concentrations which routinely accumulate in cell
cuitures. Concentrations of up to 20 mM were re-
ported not to affect growth of a murine hybridoma
cell line (Stoll et al., 1995}). A HPLC method for the
guantitative determination of pyrrolidonecarboxylic
acid in cell culture media has been reported by Stoll
et al. (1994).

Glutamine decompostion follows first-order kinet-
tcs, leading to an exponential decrease of the glu-
tamine concentration:

[ i

¥la’

[gin], = [gIn];o - €™

With [gin], being the concentration of glutamine at
time ¢ and [gln],., the initial concentration; &, is
the first-order reaction rate constant. The reported
half-life varies between 6 1o 20 days in different
media (see Tablc 2).

The reaction kinetics strongly depend on the tem-
perature and the chemical environment. The depen-
dance on lemperature can be described by an Arrhe-
ntus type equation (Tritsch and Moore, 1962). The
reaction rate strongly increases with increasing pH
{Bray et al., 1949; Seaver ¢t al., 1984; Lin and
Agrawal. 1988; Ozturk and Palsson, 1990). as the
amino nitrogen is rendered less nucleophile due to
protonation at lower pH. Lin and Agrawal (1988), us

well as Ozturk and Palsson (1990), found a 3-fold
increase in reaction rate in certain media, when the
pH was raised from 7.2 to 7.6. Both authors propose
the following empiric correlation to calculate the
reaction rate constant at different pH vatues:

In kg, =a+b-pH

Numerical values for the constants @ and & for
different media have been reported by the authors.
Elevated concentrations of phosphate have further
been shown to increase the reaction rate (Bray et al,,
1949; Gilbert et al., 1949), while arsenate had a
smaller effect, and chloride, sulfate, nitrate, acetate
and pyruvate, in concentrations of up to 20 mM. did
not show any measurable effect (Gilbert et at., 1949).
Wein and Goetz (1973} and Lin and Agrawal (1983)
reported a strong increase of the reaction rate with
increasing serum content, while other authors found
that the serum concentration had little or no influ-
ence {Seaver et al., 1984; Ozturk and Palsson, 1990).

The data given by the different authors is summa-
rized in Table 2. The values are all of the same order
of magnitude, except for those of Lin and Agrawal
(1988). Why the latter values for the half-life are
considerably higher is not clear. The contradictions
concerning the influence of serum could depend on
how it is pretreated, since serum may possess signifi-
cant glutaminase and asparaginase activity (Wein
and Goetz, 1973).

In conclusion, the chemicat decomposition of glu-
tamine strongly depends on the chemical environ-
ment in the medium. The reaction kinetics have
therefore to be determmined in every type of medium
under the corresponding operating conditions.

The influence of glutamine decomposition on spe-
cifi¢ glutamine uptake rates and ammonia production
rates has often been underestimated and therefore
negiected. A detailed study by Ozturk and Palsson
{1990} showed that the difference between apparemt
and real glutamine uptake rates and ammonia pro-
duction rate may exceed 200%. This is confirmed by
the results of Schneider et al. (1995} and those of
Griffiths and Pirt (1967). However, until now, many
authors do not take this into account for the calcula-
tion of specific rates. This omission easily leads to
false conclusions, since the relative contnbution of
chemical glutamine decomposition becomes more
important with higher glutamine concentrations. As
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an example, the total amount of glutamine utilized in
a batch culture of a hybridoma cell line increased by
25% when the initial glutamine concentration was
raised from 4 mM to 10 mM, however, the actual
glutamine uptake by the cells decreased by 15%
(Schneider et al., 1995). The cortection can be made
by integration of the glutamine concentration during
the culture, assuming that the reaction rate is con-
stant during the whole period. However, considering
the strong dependance on pH, it wounld be advanta-
geous to measure directly the pyrrolidonecarboxylic
acid produced (Stoll et al., 1994),

5. Mechanisms of ammonia toxicity

Relatively few articles have been published about
the actual mechanisms of the toxic or inhibitory
action of ammonia in the cell, and the exact mecha-
nistns remain unclear. Ammonia or ammenium can
either perturb the intracellular or inwaorganelle pH
and electrochemical gradients, or directly interact
with enzymes.

5.1 Permurbation of intracellular pH and electro-
chemical gradients

In aqueous solution ammonia and ammonium are
linked in a pH-dependent equilibrium according to
the following equation:

[NH;]
pH=pK +log [NH?]
with the pK having a value of 9.3 at 37°C. The
protonation and deprotonation reactions are ex-
tremely fast thus ammonia, ammonium and the pro-
tons can be considered in equiibrium at any time and
at any place. At the physiological pH of 7.1-7.5,
which is also the pH at which the majority of
mammalian cell cultures are carried out, only about
1% of the total concentration of ammonia and am-
monium is present as NH,, the rest being NH;.

NH, (unprotonated ammonia} is a small, un-
charged, lipophilic molecule, which readily diffuses
across cellular membranes (Boron and De Weer,
1976; Knepper et al., 1989). The diffusion will fol-
low the gradient of the chemical potential of NH,,

which can be approximated by the gradient of the
partial pressure of NH,. The small percentage of
NH, present in the extra- and intracellular aqueous
phases will diffuse across the membranes, thus
rapidly equilibrating any transmembrane gradient of
NH,. As protonation is exiremely fast, the pH equi-
librium will be reconstituted immediately. In a com-
partment with low pH, the partial pressure of NH; is
lower, leading to a constant flow of NH, across the
membrane into this compartment, until equilibrium is
attained, i.e., the pH rises. In this way, ammeonia can
seriously disturb the functioning of orpanelies with
low internal pH, such as lysosomes.

On the other hand diffusion of the protonated
form, NH7, across cellular membranes is extremely
slow. Values for the diffusion rate range from four to
five orders of magnitude below those for unproto-
nated ammonia (Knepper et al., 1989). However,
NH; can be transported actively across the cell
membrane by specific transport proteins such as the
Na*K*-ATPase (Post and Jolly, 1957; Kikeri et al.,
1989; Knepper et al., 1989), by facilitated diffusion
by means of the Na*K*2Ci™ -cotransporter, and
possibly by the Na*/H¥-exchanger (Kikeri et al.,
1989; Knepper et al., 1989). In the first two proteins,
NH; is interacting with the binding site for K™, as
hydrated NH; has practically the same ionic radius
as K™ (Knepper et al., 1989). In this way NH is in
competition with K* and perturbs the transmem-
brane transport of the latter (Walt and Koger, 1994).
This may have important constraints for ion gradi-
ents over the ¢ell membrane. Moreover, 2 coupling
between aerobic glycolysis and the activity of
Na*K*-ATPase has been found by Lynch and Bala-
ban {1987a,b) in two renal cell lines. These authors
found that the maximum capacity for inward K*
transport was substantially higher when the cells
were grown in the presence of 10 mM glucose and 2
mM glutamine, than when the cells were grown on
glutamine alone with all metabolic energy being
derived from glutamine oxidation. The higher glu-
tamine turnover in the latter case would increase the
preduction of ammonia, and ammonium would com-
pete with K* for the binding sites on the Na*K*-
ATPase. Furthermore, the Na*K*-ATPase has a
very high energy demand. For rabbit renal cells, it
was estimated to be 50% of the total cellular energy
production (Hartis et al., 1981). Thus the mainte-
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Fig. 2. Perturbation of intracellular pH and electrochemical gradi-
enls.

nance energy would be substantially increased and
the efficiency of the carrier lowered, due to the
competition between K* and NHj.

Martinelle and Héggstrom (1993} have discussed
the idea that a combination of NH,-diffusion and
NH]-transport across membranes leads 1o futile cy-
cles and an increase in maintenance energy. Ammo-
nia is produced, in the form of NHj. inside mito-
chondria (Fig. 2a) by the action of glutaminase and
glutamate dehydrogenase, with the equilibnum be-
tween NH, and NH being immediately established
according to the pH of the matrix. The inner mito-
chondrial membrane is extremely impermeable for
ions, however, NH, readily passes from the mito-
chondrial matrix into the cytoplasm. This NH; out-
flow from the mitochondria leads to a decrease of
the pH in the matrix, since a proton is left behind.
NH, can diffuse out of the cytoplasm into the envi-
ronment, however it can be transported back as NH}
by the carrier proteins. The consequence of such a

futite cycle, of NH, diffusing out of the cytoplasm
and NH} transported back. results in an acidification
of the cytoplasm, and an alkalinisation of the envi-
ronment. Active transport by means of the Na*K™*-
ATPase can occur against the concentration gradient.
As already mentioned, competition with K* will
increase the energy demand, since the K* gradients
have to be maintained. The net result of ammonium
production by the aforementioned enzymes is an
acidification of the mitochondrial matrix and of the
cytoplasm, and an alkalinisation of other organelles
and the cellular environment.

Exiemnally added ammomnia {Fig. 2b) will tran-
siently increase the pH of the cytoplasm due 1o rapid
diffusion of NH; into the cell. This alkalinisation is
followed by an acidification due to transport of NH
by carrier proteins. Diffusion of NH, into the mito-
chondria. and other organelles. leads to an increasc
of the pH inside these compartments. The result is an
alkalinisation of the cellular environment and of the
intetior of the organelles, mitochondriz included, and
an acidification of the cytoplasm. Ammonia resulting
from the the decomposition of glutamine in the
medium would have the same effect.

Thus, it s very important to realize that the
physiological consequences of adding ammonia ex-
tracellularly to the medium are very different to
those resulting from ammonia produced intracellu-
larly. The first provekes an increase of the pH of the
mitochondrial matrix, while the second will decrease
this pH. As the main reactions of energy metabolism
are located in the mitochondnia, externally supplied
ammonia could have very different effects on this
metabolism compared with ammonia produced within
the cells. This has to be taken into account when the
ammonia sensilivity of a cell line is determined by
the common practice of adding different amounts of
ammonia to the medium.

5.2, Ammonia and enzymatic reaclions

Ammonia or ammonium can participate in en-
zyme reactions and displace equilibria or interact
with regulatory sites of enzymes.

It has been suggested that ammonia might drive a
futile cycle of glutaminase and glutamine synthetase
{Glacken, 1988). Glutaminase catalyzes the deamida-
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tion of glutamine, to yield ammonium and glutamate,
while glutamine synthetase catalyzes the ATP-de-
pendent reverse reaction. An intercellular cycle of
this kind is found in the intact liver between peripor-
tal hepatocytes and perivenous hepatocytes. Energy
consuming cycling of glutamine serves as an effi-
cient means for adjusting ammonia flux into urea or
glutamine according the needs of the acid base situ-
tation (Hiussinger et al., 1992). Elevated ammonium
concenirations have been reported to activate glutam-
inase of the liver type (Kovacevic and McGivan,
1983; McGivan and Bradford, 1983; Verhoeven et
al., 1983). Glutamine synthetase activity was shown
to be controlled by the glutamine level in the medium
in cultures of neuroblastoma cells (Lacoste et al.,
1982) and skeletal muscle cells (Feng et al., 1990).
The latter showed, that neither glutamine depletion
nor glutamine addition caused any change in the
level of glutamine synthetase mRNA, and thus con-
cluded that regulation must be post-transcriptional.
Street et al. (1993) found elevated glutamine syn-
thetase activity in CHO cells in the absence of
glutamine, and increased glutamine synthetase activ-
ity in HeLa cells at low glutamine concentrations. In
contrast, Miller et al. (1978) found no influence of
glutamine concentration on glutaminase activity in
cultures of 3T3-L1 cells, a transformed fibroblast
cell line. Activation of glutaminase by ammonia,
combined with deficient regulation of glutaminase
activity, would lead to an ammonia driven futile
cycle of these two enzymes,

Glutamate dehydrogenase might participate in a
further futile cycle, which was discussed in a study
upon ammonia and energy metabolism in isolated
mitochondria and liver cells by Tagler et al. {1975).
This mitochondrial enzyme catalyzes, on the one
hand the oxidative deamination of glutamate and on
the other hand the reverse reaction, the reductive
amination of o-Ketoglutarate. Vertebrate glutamate
dehydrogenase can use both NAD and NADP as
substrate, in contrast to plants and microorganisms
which contain two different isoenzymes (Tipton and
Couée, 1988). However, in the latter examples the
catalytic properties depend on the coenzyme used.
Excess of one component influences the equilibrium
of the reaction, with accumulation of ammonia lead-
ing to a more oxidized state of the mitochondrial
nicotinamide dinucleotides. The authors showed,

from kinetic considerations, that glutamate required
NAD*, while a-ketoglutarate and ammonia required
NADPH. Together with the energy-dependent trans-
hydrogenase reaction, a futile cycle can thus be
formed:

glutamate + NAD*

— o — ketoglutarate + NH, + NADH + H*
NADH + NADP* + ATP + H,0

— NADPH + NAD" + ADP + P,
o = ketoglutarate + NH, + NADPH + H*

— glutamatc + NADP™

The sum of these reactions is an energy dissipa-
tion in the form of oxidation of NADPH by NAD™,
driven by ammonia. The NMR study of Street et al.
(1993} showed that if Hela and CHO cells were
incubated with "*N-ammonium, some labeiled gluta-
mate and alanine were found, indicating the forma-
tion of glutamate from ammonium and eo-keto-
glutarate catalyzed by glutamate dehydrogenase. In-
terestingly, the percentage of labelled glutamate and
alanine was considerably higher, when a medium
containing a low glutamine concentration was used.
This would not support the hypothesis of an ammo-
nium driven futile cycle, since ammonium incorpora-
tion into glutamate would be expected to increase at
higher ammonium concentrations, such as those re-
sulting from deamination of high concentrations of
glutamine.

The transamination reactions, transferring the o-
amino group from glutamate to pyruvate and a-keto-
glutarate to yield alanine and glutamate, respectively,
may play the role of ammonia detoxification reac-
tions. Ammonia release by celis has been reported to
be reduced in the presence of high ammonia concen-
trations in the surrounding medium, with a resulting
increase in alanine production (Miller et al,, 1988;
Ozturk ex al., 1992; Street ¢t al., 1993; Hansen and
Emborg, 1994). Excessive use of transamination for
ammonia detoxification was suspected to lead to
depletion of citric acid cycle intermediates. How-
ever, since numerous different anaplerotic pathways,
such as the pyruvate carboxylase reaction, allow
replenishment of this pool, this hypothesis appears to
be unfounded.

The key enzyme of the glycolytic pathway, phos-

Y&
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phofruciokinase (PFK). has been reported (o be acti-
vated by ammenia (Uyeda and Racker. 1965
Parmeggiani et al.. 1966). Ammonium ions have also
been shown to competitively counteract the inhibi-
tion of PFK by ATP in yeast (Sols and Sulas. 1966).
Thus elevated ammonium concentrations could dis-
turh the feedback regulation of carbohydrate
metabolism. lcading to a high sute of glycolysis und
lactate production. However. many different phos-
phofructokinase isoenzymes with different regulatory
characteristics are known. and these of” hybridomas.
ar other routinely cultivated cell lines. have not been
investigated 10 our knowledge. consequently defini-
tive conclusions are not possible.

A completely different mechanism of ammonia
toxicity was praposed by Ryll and Wagner (1992)
and Ryl et al. (1994). These authors investigated the
intracellular pools of varicus ribonucleotides and
showed that these nucieotides reflected the exact
physiological state of a culture. UDP-N-acetylglu-
cosamine and UDP-N-ucetylgalactosamine (UDP-
GNAc) were shawn to be the main targets during the
inhibitory action of ammoniurmn. These sugar nu-
cleotides. which represent the activated Torms of the
comresponding sugars for glycosylation reactions, are
synthesized in the cytoplasm of the cefl. Synthesis
starts with the amination of fructose-6-phosphate.
from the giycolytic pathway. with glutaminc or am-
monium to form glucoseamine-6-phosphate cat-
alyzed by glutamine-fructose-6-phosphate transumi-
nase or glucosamine-6-phosphate deaminase. respec-
tively. UDP-N-acetylglucosamine is formed by
acetylation of glucosamine-6 followed by activation
with UTP. The total amount of UDP-GNAc has been
shown to increase just before the phase of reduced
growth (Ryll et al., 1994). Moreover, effective gly-
colysis seems to be a pre-requisite for the formatian
ol these activated sugars since the authors could not
find a rapid increase of the UDP-GNAc pool in cells
grown in piucose deficient media. This finding is
related to the observation that the glycolytic activity
of a HeL.a cell line dropped by a factor of 90C when
grown in the presence of 2 mM fructose instead of
10 mM glucose (Reitzer. 1978: Reitzer et al.. [980).
In this case the metabolic energy was completely
derived from glutamine. with fructose metabolized
by the pentose phosphate puthway o provide ribose
for nucleic acid synthesis. The level of intracellular

UDP-GNAc formation is cell line dependent and
might be correlated to the ammonia sensitivity. The
final rcason why an increased UDP-GNAc pool is
toxi¢ for the cells is not clear, A high UDP-GNAc
formation rate might result in a depletion of UTP.
and the altered UDP-GNAc pool could have un
influence on protein glycosylation.

[nefficient use of energy sources, due to futile
cycles or disturbance of ion pumps. will result in a
reduction of thermedynamic efficiency. Metabolic
energy, which is not utilized tor cell growth or cell
function. will be dissipated as heat, leading to an
increase of the specific heat production. The influ-
ence of ammonia on the specific heat production of
mammalian cell cultures could therefore shed light
on the metabolic affects of ammonia. An atternpt to
measure the heat production by animal cells was
reported by Randolph et al. (1989).

6. Strategies to reducc ammonia formation

Strategies to reduce ammonia formation in mam-
maiian celt celures have to focus on the chemical
decomposition of glutamine in the medium and.
maore importantly, on the cellular ammonia produc-
tion due to aming acid. mainly glulamine.
metabolism.

6.1, Strategies to veercome glutamine decomposilion
i the wedium

The chemical decomposition of glutamine in the
medium can be prevented by replacing giutamine by
stuble derivatives, If the a-amino group of glutamine
is chemically bound and thus rendered less reactive,
the decomposition reaction can be prevented. How-
ever. cells must be able o take up the glutamine
derivatives rapidly and metabolize them. To this end
dipeptides such as glycyl-glutamine have been used
to substitute for glutamine (Brand et al.. 1987; Roth
et al.. 1988; Holmlund et al., 1992).

6.2. Substitution of glutamine by glutamate, other
amine acids or a-ketoglutarate

Most of the smmonia accumulating in mammalian
cell cultures is derived from deamidation of glu-
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tamine to glutamate catalyzed by glutaminase (Street
et al,, 1993). Substitution of glutamine by glutamate,
or other amino acids, would overcome this problem
and dramatically reduce ammonia formation by cel-
lular metabolism and by glutamine decomposition in
the medium.

In 1958, Darell and Eagle first reported the
addition of high concentrations of glutamate (20
mM) as a substitnte for glutamine in HeLa cell
cultures for Poliovirus production (Darnell Jr. and
Eagle, 1958). Griffiths and Pint (1967) investigated
the influence of amino acids on the growth of mouse
LS cells in batch and continuous culture. In this
work glutamate could replace glutamine, however
the requirement for valine was increased. These au-
thors further showed that replacement of glutamine
by glutamate significantly increased the efficiency of
amino acid nitrogen incorporation into cell mass.
Unfortonately, the authors did not give any values
for ammonia concentrations, however, ammonia pro-
duction was certainly reduced by the substitution of
glutamine by glutamate.

Nagle and Brown (1971) successfully adapted cat
kidney cells, HeLa cells and a substrain of mouse
L-929 cells to growth in a chemicaily defined, heat-
stable glutamine-free medium. These authors further
found that, for mounse L-cells, supplementation with
alanine was essential, in the absence of glutamine,
and that glutamate could not replace glutamine. For
HeLa cells, however, glutamate could be used as a
substitute for glutamine. Keay (1977) reported growth
of a stbstrain of mouse L-celis, and Vero cells, on
an autoclavable, serum- and glutamine-free medium
when supplemented with 0.5% bactopeptone.

Kurano et al. (1990} substituted asparagine for
glutamine in T-flask cultures of a CHO cell line.
However the medium was serum supplemented, re-
sulting in an initial glutamine concentration, due to
the serum, of 0.05 mM. Cells were able to grow,
after 4 days of cultivation, to the same cell density,
however a 40% lower ammonia concentration was
observed in the glutamine-free medium in compari-
son to control cultures.

The ability of various human leukemia cell lines
0 grow in the absence of glutamine was compared
by Kitch et al. (1990). These authors found that
growth of B-lymphoblastoid cell lines, including the
promyelocytic cell ling HL-60, is highly dependent

on gluiamine, whereas T-cell lines are able to prolif-
erate in glutamine-deficient media. The pivotal role
of glutamine synthetase was proposed as a biochemi-
cal basis for these differences, since glutamine-inde-
pendent T-cell lines have a significantly higher activ-
ity of this enzyme compared with glutamine-depen-
dent B-cell lines. The cell line HL-60 was adapted to
growth in glutamine-deficient media by stepwise glu-
tamine deprivation. This was accompanied by a re-
ciprocal increase of glutamine synthetase activity,
although the level was not considered significant.

The successful adaptation of three different cell
lines to non-ammoniagenic media has been described
by HasscH and Butler {1990). In this work glutamine
was replaced by either glutamate or a-ketoglutarate.
A mole to mole substitution of glutamine by gluta-
mate was successful for a McCoy cell line and led to
normal growth rates after approximately 10 days.
Cell yield was increased by 17%, ammonia accumu-
lation was reduced by 70%, and glucose consump-
tion and lactate production both decreased by more
than 70%. A BHK and a Vero cell line had to be
siowly adapted from an initially high concentration
of the glutamine analogue. The metabolic changes
associated with this adaptation to glutamine-free
growth were investigated by McDermott and Butler
(1993). These authors compared the McCoy cell line
mentioned above, that acquired normal growth rate
rapidly, with a MDCK cell line, which could not be
adapted to growth on giutamate. Depletion of giu-
tamine led to increased glutamine synthetase activity
in both cell lines, however there were significant
differences in the ability to adapt for efficient gluta-
mate uptake. The authors proposed, that glutamate
uptake, and not glutamine synthetase, is responsible
for the ability of a given cell ling to grow glutamine
free. This is confirmed by the observation that in-
creased glutamine synthetase activity could be de-
tected once glutamine was exhausted from the
medium {Bushell et al., 1993).

In contrast, Bell et al. (1992, Bell ¢t al, 1995)
investigated a murine hybridoma cel! line which
could not be adapted to glutamine-free growth even
in presence of elevated levels of glutarmate. How-
ever, successful transformation with a cloned glu-
tamine synthetase gene resulted in a cell line which
could grow in the complete absence of glutamine.
Ammonia concentrations in the medium of batch
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cultures of these cells werc below detection levels.
The authors concluded that further strategies for
manipulating cells to grow in glutamine-free medium
should involve both glutamine synthetase and gluta-
mate transport Sysiems.

Bols et al. (1995) reported the successful growth
of several fish cell lines in glutamine-free media.
Fish cells, in contrast to mammalian cells, de not
require glutamine. Thos they could be grown in
media deficient of glutamine. ghriamate and a-keto-
glutarate without any adaptation. The observed dif-
ferences with mammatian cells must be due to differ-
ences in the biochemistry of fish cells,

6.3. Nuirient control — conirolled addition of glu-
tamine and glucaose

The excessive formation of ammonia due to glu-
tamine catabolism can be reduced by limiting glu-
tamine and possibly giucose availability, as sug-
gested in a short overview by Glacken (1988).

Glacken et al. (1986) reporied a substantial reduc-
tion of waste product excretion by feeding glucose
and glutamine in a controtled manner to microcarrier
cultures of human fibroblast and MDCK cells. Con-
centrations of glucose and glutamine were controlled
at concentrations below | mM.

Ljunggren and Haggstrom (1994) swdied glucose-
and glutamine-limited fed-batch cultures of a hy-
bridoma cell line and found that glucose and glu-
tamine concentrations below [ mM did not limit
growth, although seme unknown substrale was
growth rate limiting in all cultures. These authors
suspect that most of the published values for the
saturation constants (K ) for glucose and glutamine
are too high. Glucose limitaticn alone did not reduce
ammonia formation in comparison to a normal batch.
however, glutaming limitation reduced ammonia re-
lease by about 50%. while dual glucose and glu-
tamine limitation reduced ammonia release by al-
most 80%. Alanine and lactate production were also
reduced. In the dual-limited culture, very litle nitro-
gen was excreted in form of alanine, Thus most of
the glutamine was metabolized by the glutamate
dehydrogenase pathway which releases more energy
per mol glutamine than the transamination pathway.
Regulation of glutamate dchydrogenase is probably
strongly dependent on the ammonia concentration,

and the reaction might be reversed by elevated am-
monia concentrations, In conclusion, the dual sub-
strate-limited fed-batch culture reduced overflow
metabolism 10 laciate, alanine and ammonium forma-
tion, and increased energetic efficiency of the
melabolism. An analogous study was performed with
u murine myeloma cell line by the same authors
yielding similar results {Ljunggren and Haggstrém.
1992).

A further strategy to reduce cellular ammonia
production depends on amino acid nuirition, which
has been shown to influence the relative contribution
of ammonia and alanine for aming acid nitrogen
excretion (Hiller et al., 1994), A substantial decrease
of the fraction of nitrogen excreted as ammonia
ovcured upon supplementation of a cortinuous hy-
bridoma culture with elevated concentrations of
branched chain amino acids {leucine, isoleucine. va-
line} and lysine. This decrease was compensated by
an increase of the fraction excreted as alanine. Ala-
nine seems to be less harmfui to cell culures than
ammonia. since the exogenous addition of up to 10
mM alanine had no effect on the growth of (wo
hybridoma cell lines (Duval et al,, 1991).

6.4. Substitution of glucose by other sugars

In the hypothesis discussed by Ryl et al. (1994),
that the intracellutar pool of UDP-N-acetylglucosa-
mine and UDP-N-acetylgalactosamine (UDP-GNAc)
might be the central target in the inhibitory action of
ammeonium, an effective glycolysis for the formation
of thesc activated sugars is required. The first step in
the formation of UDP-GNAc is the transamination of
fructose-6-phosphate, as already described in the sec-
tion ‘Mechanisms of ammonia toxicity'. The forma-
tion of UDP-GNAc at elevated ammonium concen-
trations is therefore dependent on the availability of
fructose-6-phosphate. The authors found that practi-
cally no accumulation of UDP-GNAc could be ob-
served when the cells were grown on fructose, man-
nose or galactose in place of glucose. Drasticaily
reduced glycolytic activity due to substitution of 10
mM glucose for 2 mM fructose was also reported by
Reitzer et al. ([980) for a HeLa celi line, and by
Glacken et al. {1986) for cultures of human fibrob-
lasts, in which glucose was replaced by galactose.
The catabolism of fructose or other sugars, mainly
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by the pentose phosphate pathway, seems not to
provide sufficient amounts of fructose-6-phasphate
for UDP-GNA¢ formation. Further studies will be
needed to show whether ammonia susceptibility of a
cell line can be overcome by reducing rapid glycaly-
sis which also reduces UDP-GNAc accumulation.

Gonzélez-Mateos et a!, (1993) further reported an
inhibitory effect of glutamine and asparagine on
rapid glycolysis. Either of these amino acids de-
creased the glycolytic flux by about 80%.

7. Strategies for ammonia removal

Strategies using different principles for ammonia
or ammonium removal have been reported in the
literature: (1) the use of gas-permeable, hydrophobic
porous membranes; (2) application of nonporous
ion-exchange membranes; (3) use of ion-exchange
resins; (4) electrodialysis. Care has to be taken to
avoid the non-selective remova! of other substances,
especially essential cations in the case of ion-ex-
change resins and membranes. Moreover, the bio-
compatibility of the different materials used for am-
monia removal has to be assured. For applications in
production processes the system has to be simpie in
handling and very reliable.

7.1. Ion-exchange resins

Ton-exchange resins allow removal of ammonium
ions by adsorption. The non-selective removal of
other cations, mainly potassium and sodium, can
cause problems. Moreover, the resins have to be
reconstituted after being saturated, making the appli-
cation to continuous processes difficult.

lio et al. (1984) utilized the ion-exchange powder
silica-aluminium ZCP-50 in 2 dialysis tubing for
ammonia adsotption in culture dishes. The cell densi-
tiy in cultures of a murine myeloma cell line could
be increased by reducing the ammonia concentration.
However, while growth of a human hybridoma in
serumn supplemented medium did not improve, in
serum-free medium the cell density increased.

Clinoptilite, a volcanic rock with natural cation
exchange properties, has been used to selectively
adsorb ammoniom in mammalian cell cultures
(Carbonell et al., 1992; Capiaumont et al., 1995), A

cuiture of immobilized hybridoma cells was con-
nected to a column containing the adsorbent and a
detoxification cycle performed every 2 days for 2 h.
By this method the ammonia concentration couid be
reduced by more than 60% by comparison to a
control experiment without ammonium removal.
However, the antibody concentration in both experi-
ments were similar, and the cell concentration could
not be increased substantially.

Jeong and Wang (1992) added powder of Phillip-
site-Gismondine, a zeolithe, to a spinner flask hy-
bridoma culture. Ammonium ions were selectively
adsorbed, however, cell density and antibody produc-
tion were not significantly improved.

Nayve Ir. et al. (1991, 1994} used a colamn
packed with Zeolithe A-3 to adsorb ammonium. A
perfusion culture, with cell retention, of a hybridoma
cell line was connected to a cross-flow ceramic filter
module to obtain cell free culture broth. The cell-free
filtrate was subsequently dialyzed and passed through
the Zeolithe column to remove ammonium. The
ammonium removal system was shown to be effec-
tive and the viable cell densily and antibody produc-
tion could be substantially increased in comparison
to control experiments. Unfortunately this system is
very complicated from an experimental point of view.
However, the results of this work clearly show the
inhibitory effect of ammonia on mammalian cells,
particularly for high cell density cultures. The major-
ity of publications concerning mammalian cell cul-
tores in combination with ammonia removal found
little effect on cell density due the reduced ammonia
concentration. However, the viable cell density, in
the case of Nayve Ir. et al. (1994), did increase to
2.5- 107 cells mi~". These results suggest that, in
contrast to a widely held view, ammonia is probably
not responsible for the rapid decline in viable cell
densities towards the end of batch cultres.

7.2. Non-porous ion-exchange membranes

Non-porous ion-exchange membranes allow the
transport of ammonium across the membrane from
the culture to the permeate side, from where it can
subsequently be removed. Problems can arise from
non-selective removal of ather cations.

Sikdar and Sawant (1994) investigated the appli--
cation of a non-porous ion-exchange membrane of
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the perflucrinaied sulfonic acid type (PFSA). The
removal of ammonia on the permeate side was per-
formed using agueous phosphate buffer. pH 7.2 or
aqueous sulfuric acid 0.025 M. Alternatively. perva-
poration using a vacuum or pervaporation using an
inert gas sweep could be used. Pervaporation. using
an inert gas sweep, was found to be superior to the
other methods examined. Since the ammonia flux
across the membrane was higher when the pH of the
source solution was increased, the authors concluded
that NH, and not NH} was the diffusing species.
Unfortunately the pH of the sink solution was in-
creased in parallel for these experiments. However.
since the use of acid as chemical sink did not
increase the transfer rate, as would have been ex-
pected. this suggests that NHY. and not NH ;. mighi
have been the diffusing species. No results of mam-
malian cell cultures performed in combination with
this process were presented.

A cation-exchange membrane has been applied to
cultures of a suspended growing hybridoma cell line
(Thémmes, 1992; Thismmes et al.. 1992). The cul-
ture was pumped through an external module
equipped with a Nafion-membrane, and the trans-
ferred NH; was trapped in an alkalinc acceptor
stream on the permeate side. The process was very
efficient, due to the much larger driving force in
comparison to processes using hydrophobic gas-per-
meable membranes, where NH, is ransported. Both
cell density and antibody production could be in-
creased at the beginning of the culture by means of
the membrane process. However, precipitation of
carbonates, probably of magnesium and calcium. in
the alkaline acceptor stream possibly led to depletion
of these essential cations, resulting in a rapid decline
of viable cell density after a certain time, This
problem might be overcome by removing ammonia
by means of pervaporation, as described by Sikdar
and Sawant (1994),

7.3. Gas-permeable hvdruphobic membranes

Gas-permeable hydrophobic membranes allow the
selective (ransport of volatile ammonia across the
membranc and subsequent removal on the permeale
side. The driving force for this transpont is a differ-
ence in partial pressure of ammonia across the mem-
brane. Hydrophobic perous membranes made of

polytetrafuorogthylene (PTFE) or polypropylene {(PP)
have been used for this purpose. The membrane is in
contact with the culture medium and an acid placed
on the permeate side. Due to the hydrophobic nature
of the membranc. the aqueous liquids on both sides
of the membrane do not penetraic into the pores, and
arc thercfore perfectly separated from each other.
However. gases can easily pass the membrane
through the pores, following the respective partial
pressure gradients. Volatile NH, diffuses across the
membrang and is trapped in the acid on the permeate
side as a result of an instantaneous and irreversible.
lonic NH} is unable to cross the membrane. Since
the pH of the culiure medium is generally about twe
units below the pK. only 1% of the total concentra-
tion of ammonia and ammonium is present as NH ;.
the rest being NH ;. The NH concentration gradient
is therefore relatively small, thus this method re-
quires a large membrane area. The mass transfer
characteristics of the process itself have been investi-
gated in detail (Brose and Van Eikeren, 1990:
Schneider et al., 1994), and the process has been
patented by Bend Reseacrh Inc. (Bend Research Inc.
(1990}, Eur. Patent Application; Bend Research Inc.
{1991), US Patent).

Mammalian cell cultures have been performed in
vombination with the hydrophobic membrane pro-
cess, with efficient NH , removal (Capiaumont et al.,
1995; Schneider et al.. 1995; Schncider, 1995). Capi-
aumont et al. (1995) connected & hollow fibre mod-
ule contaiming PP-membranes to a bioreactor with
immobilized hybridoma cells. These authors found a
60% increase of the final cell density dee 10 the
reduced ammonia concentration compared with con-
trol experiments. However, the antibody concentra-
tion in the mediuom did not significantly increase.
The apparent increase in cell density may be unreli-
able due 1o the method used for counting since the
cells were detached after terminating the experiment,
moreover each experiment was carried out only once.
Schneider et al. (1995) performed batch suspension
cultures of a hybridoma cell line in a purpose-built
membrane reactor with an integrated flat PTFE-
membrane. No increase in cell density or specific
antibody preductivity, due to the reduced ammonia
concentration, could be found compared with control
experiments. This was shown to be due to the low
final cell densities attained, since growth was limited

$7
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by nutrient availability. However, energy metabolism
was affected by ammonia removal, resulting in a
reduced lactate production and increased glutamine
consumption.

Ammonia removal from aqueouns liquids using
hydrophobic membranes has also been successfully
applied to an antibiotic fermemation (Hecht et al.,
1989) and has been described in detail for applica-
tions in chemical and environmental engineering
{Imai et al., 1982; Blet et al., 1989; Semmens et al.,
1990). Thus, it would appear that the use of hy-
drophobic porous membranes for ammonia remaoval
has considerable potential, particularly for high cell
density systems such as those involving immobilized
cells.

7-4. Electrodialysis

Ammonium ions can be removed from cell cul-
ture media by the application of an electrokinetic
technique with an electrophoretic mechanism (Chang
et al., 1995a,b). This technique involves the continu-
ous application of a direct current electric field to
selectively remove ammonium, while simultaneously
removing lactate. Externally added ammonium (10
mM) and lactate (45 mM) could be successfully
removed under an electric current density of 50 A
m~? without changing the chemostatic conditions of
the cell-free culiure medium. Batch and glutamine
fed-batch cultures of a murine hybridoma cell line
have been performed in combination with a waste
product removal process. Ammoniuvm was almost
completely removed and the maximal cell density
and antibody concentration were increased by 30%
and 50%, respectively, while the specific glutamine
consumption rate increased by 20 to 30% compared
with control experiments performed in the absence
of the electrodialysis process. These findings confirm
those obtained by Schneider (1995) and Schneider et
al. (1995) in which removal of ammonia or ammo-
nium increased the specific glutamine uptake rate
which resulted in an increased ammonia production
rate. Thus glutamine catabolism was accelerated by
ammonia removal. This situation could be a disad-
vantage to the application of this approach since
Martinelle and Higgstrom (1993) raised the hypothe-
sis that ammonia produced within mitochondria by
catabolic reactions might be more harmful to the

cells than externally added ammonia (see ‘Mecha-
nsims of ammonia toxicity').

8. Conclusions

Ammonia accumuiation in mammalian cell cul-
tures is due to amino acid catabolism, mainly that of
glutamine, and chemical decomposition of glutamine
in the medium.

Many different effects of elevated concentrations
of ammonium and ammonia (total concentrations
from 2 to 10 mM) on mammalian cell cultures have
been reported. These include reduction of the spe-
cific growth rate and the final cell density in batch
cultures, induction of apoptotic and necrotic cell
death, perturbation of protein glycosylation and se-
cretion as well as inhibition of virus proliferation in
cells. The specific antibody productivity has gener-
ally found to be unaffected by ammonia. The critical
ammonia concentration appears to be strongly de-
pendent on the cell line and cultivation conditions.
However, in contrast to a widely held view, ammo-
nia is probably not responsible for the rapid decline
in cell viability towards the end of low density
(< 1% 10° cells ml~ '} batch cultures.

Many cell lines cultivated in vitro are derived
from malignantly transformed cancer cells. These
cells, but also other normal, fast growing cells such
as lymphocytes or enterocytes, have special metabolic
characteristics, principally rapid aerobic glycolysis
and glutaminolysis. The reason for this apparently
very inefficient metabolism with a high level of
lactate and ammonia excretion is unknown, since
growth seems not to be limited either by energy
expenditure nor biosynthetic requirements.

Glutamine is metabolized to glutamate and a-ke-
toglutarate, which enters the celiular energy
metabolism. The carbon of glutamine is mainly re-
covered as CO,, alanine, aspartate and lactate. The
amido-nitrogen of glutamine is mainly liberated by
glutaminase activity and excreied into the medium in
the form of ammonium, whereas the amino-nitrogen
is mainly transaminated to a-ketoacids such as pyru-
vate or oxaloacetate, to yield alanine and aspartate,
respectively. The activity of glutamate dehydroge-
nase, which is possibly reduced in the presence of
elevated ammonium concentrations, liberates a sec-
ond ammonium molecule per glutamine molecule.



180 M. Schueider vt ol / Journal of Rivtechnology 46 11996} 161185

Ammonia influences cellar energy metabolism
by influencing the relative amount of carbohydrate
and glutamine taken up. and by altering the utliza-
tion of the different metabolic pathways. including
glycolysis, the citric acid cycle. pentose-phosphate
pathway and the different mechanisms of glutamine
degradation. This influence could be due to interac-
tions with regulatory key enzymes of the different
pathways, [ncrcased ammonia concentrations gener-
ally reduce the specific ammonia production rate of
the cells, with more nitrogen being excreted in the
form of amino acids such as alanine. ghrtamate and
aspartate.

The cellular mechanisms of ammonia or ammo-
nium toxicity are still controversial subjects. Ammo-
nia toxicity has been shown to be more pronounced
at higher pH. indicating that unprotonated ammonia
(NH ,) and not ammonium ions (NHZ) is responsible
for the toxic action. Several hypotheses to explaim
ammonia toxicity have been proposed. Some are
based on the physico-chemical characteristics of am-
monia and ammonium, others suspect ammonia or
ammonium to interact directly in enzymatic reactions
or regulatory sites of enzymes. It is an important fact
that NH, readily diffuses across cellular membranes.
while diffusion of NH} is extremely slow, although
NH can be transported across most membranes by
means of carrier proteins. Competition of NHJ with
potassium for inward transport with the Na®/K"-
ATPase could considerably increase the maintenance
energy. Ammonia has furthcr been suspected to trig-
ger different futile cycles in the cell while, recently.
activated sugar molecules were suspected io be the
main target of ammonium toxicity.

The chemical decomposition of glutamine is con-
siderable and has to be taken into account for the
calculation of the specific glutamine uptake rate and
specific ammonia production rate. The reaction rate
constant has to be determined for each medium
under the operating conditions, taking particular ac-
count of the rapid increase of the decomposition rate
with increasing pH. The amoum of ghramine de-
compasition can be calculated (integrated) from reac-
tion kinetics or. better still, by measurement of
pyrrolidonecarboxylic acid produced by means of
HPLC techniques.

Ammenia produection may be reduced by opti-
mization of the glucose and gluwamine feeding strat-

egy. For many cell lincs glutamine may be subst-
tuted by glutamate, resulting in a strong reduction of
the specific ammonia production rate. Substitution of
glucose by other sugars, such as fructose, can pre-
vent the high rate of aerobic glycolysis with subse-
quent lactate formation,

Ammonia removal systems allow a reduction in
ammonia inhibition of mammalian cell cultures. Such
systems include gas-permeable, hydrophobic porous
membranes, ion-exchange membranes or ion-€x-
change resins and electrodialysis. However. a sub-
stantial improvement to viable cell density and anti-
body concentration are possible only in high density
culture systems where very large amounts of ammo-
nia are produced.

While a considerable amount of literature has
appeared during the last 30 years, progress in mam-
malian cell technology appears (o be limited. This
possibly reflects the fact that, despite all the efforts
made, the underlying principles of regulation and
utilization of different metabolites by mammalian
cetls remain poorly understood.

In summary, ammonia and lactate formation are
duc to an inefficient overflow metabolism. In the
presence of high concentrations of glucose and glu-
tamine, glucose is rapidly metabolized by aerobic
glycolysis and most metabolic energy is derived
from ghitamine oxidation. The accumulation of these
metabolites to potentially inhibitory levels can be
overcome by nutrient control, controlled feeding of
glucose and glutaming, or substitution of these sub-
strates by other sugars and amino acids, which are
metabolized more efficiently. If these approaches are
not successful a number of ammonia removal sys-
tems may be applied.
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Improvement of CHO Cell Culture Medium Formulation:
Simultaneous Substitution of Glucose and Glutamine
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The formulation of the culture medium for a Chinese hamster ovary (CHO) cell line
has been investigated in terms of the simultaneous replacement of glucose and
glutamine, the most commonly employed carbon and nitrogen sources, pursuing the
objective of achieving a more efficient use of these compounds, simultaneously avoiding
the accumulation of lactate and ammonium in the medium. The key factor in this
process is the selection of compounds that are slowly metabolized. Among the different
compounds studied, galactose and glutamate provide the best results, allowing support
of cell growth with an optimal balance between nutrient uptake and cell requirements
and the gencration of minimal quantities of lactate and ammonium. The attained
results also highlight the capacity of the cells to redistribute their metabolism as a
response to the changes in medium camposition.

Introduction

The formulation of eptimal culture media for animal
cell growth has recelved a lot of interest [or many years
as a result of its critical impact on the development of
bioprocessess based on animal cell technology (Sato, 1975
Kovar and Franck, 1986: Castro ct al., 1992: Keen and
Rapson, 1995; Lao and Shalla, 1996). Undoubtedly, the
replacement of fetal calf serum is the most noteworthy
advancement, particularly if It can be achleved by medla
containing low protein concentration or media that are
completely protein-free. When this is achieved, the
process can be operated with a medium that is well
defined, that is, with constant quality and composition,
and this has a major impact in terms of process repro-
ducibility, dewnstream processing, and sometimes in the
medium cost. Also, from the point of view of regulation
and acceptability of the final product, especiaily if it has
a therapeutical use, it will be an increasingly important
requisite to grow the celis in media without any compo-
nents oripinated from an animal source, such as [etal calf
scrum. All of these reasons have generated a lot of
interest, and various successful formulations have been
developed, leading to a number of protein-frec and serum-
free media that are commerclally available today. In
addition to these efforts, the reformulatton of medla with
different types of compounds, such as vitamins, growth
factors, hormones, lipids, trace elements, or amino acids.
has been addressed, An important criterion in the
development of new media is, in addition to the supple-
mentation of alt the necessary nutrients, to do it in a
balanced way, aveiding an unnecessary increase in the
osmolarity of the medium and also in the generation of
metabolic waste products {Castro et al,, 1992; Xie and
Wang, 1894; Lao and Shalla, 1998).

In Lhis effort for medium reformulation, it has been
generally accepted that the compounds to use In the
medium as main carbon and energy sources are glucose
and glutamine. However, the rapld glucose and glutamine
metabolism that animal cells exhiblt when they are
cultured in vitro leads to a very inefficient use, causing

10.1021/p280124] CCC; $19.00

thelr rapid depletion from the culture medium and
sventually the accumulation of lactate and ammonium
fons in the medium. These products often have inhlbiting
effects for the cells, speclally In the case of ammonium
(Hansen and Emborg, 19934, Qzturk et al., 1892, Ryll et
al., 1894). It has previously been demonstrated in chemo-
stat cultures (Sanfeliu et al.. 1997) that ceils cultured in
media with high glucose and glutamine coneentrations
exhiblt much higher uptake rates than those strictly
necessary for their metabolism. The solution to this
problem has been addressed in many dilferent ways.
From the macroscopic point of view, that is, the definition
of the extracellular conditions in the bloreactor where cell
growth takes place, the fed-batch additlon of giucose and
glutamine to the medium (Ljunggren and Haggstrdm,
1994: Xie and Wang, 1994; Bibila and Robinson, 1985:
Zhou et al., 1995; Zhou et al., 1897) or the in situ removal
of the inhibitory compounds (Matsumara and Nayve,
1995} are two possible strategles that generally require
a high degree of instrumentation to be performed in an
optimal way. From the microscopic peint of view, which
{s at the ccliular level, one of the findings to highlight is
the modiftcation of hybridoma and myeloma cells with
the glutamine synthetase gene (Bibila and Robinson,
1995: Zhou et al., 1997; Paredes et al., 1989). In this way,
cells can grow In medium with glutamine being replaced
by glutamate, which is consumed In a more efficient way,
producing a lower ammonium accumulation and allowing
the extension of fed-batch cultures for a longer time. 1n
this case it is intercsting to peoint out that the giucose
consumption and lactate accumulation is also reduced,
showing how glutaminolysis and plycelysis pathways are
interconnected in the metabolism of these cells. An
intermediate passibility to improve cell growth patterns
is ta find alternative compounds for the cells to use as
carbon and energy source, in theory without the need to
undertake any genetic modification. The basic require-
ments for this substitution would be, first, that cells could
grow In the new conditions, and second, that the meta-
bolic uptake of the new compounds would be markedly
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lower than glucose and glutamine uptake. In this way,
it could be envisaged that the cells would use the maln
compounds of the medium more cfficiently. generating a
smaller amount of metabollc waste products, particularly
lactate and ammonium, and therefore allowing the
establishment of fed-batch or high-density perfusion
cultures without inhibition limits.

The simultanccus substitution of both glucose and
glutamine in the medium formulations has not been
addresscd previously, and only partial substitutions have
been discussed, although in most cases not as a result of
an analysls at the process level, linked to the metabolic
patterns of the cells. Indeed, for some celis, particularly
for hybridomas, it has been shown that this substitution
is not possible (Wagner, 1997), at least not without
genetic modificatlon of the cells, for example, with the
glutamine synthetase approach already discussed. For
other cell lines, more studles have been reperted. Wagner
at al, (Wagner at al., 1891) showed that human tumor
kidney cells could be grown on micracarriers, with slower
cell death, uslng a mixture of glucose and galactose.
Kurano et al. (Kurano et al., 1990), alter discussing the
inhibitory levels of ammonium and lactate, replaced
glutamine by asparagine for the culture of CHO cells,
obtaining & clear reduction in ammoenium accumulation
and the Improvement of cell growth, These results were
also confirmed by the work of Hansen and Emborg
{(Hansen and Emborg, 1994}, Reitzer et al, {1979) in their
very interesting discussion on the identification of
glutamine as the major energy source for Hela cells
showed that cells can grow in a similar way on galactose
or fructose as the main sugar in the medium Instead of
glucose, providing remarkably lower amounts of lactate.
Marquis et al. (1996) provided data on the growth of a
lymphoblastoid cell line on a medlum with glucose
replacement by galactose, with lower lactate production,

In addition to the changes in the primary metabolism
that the substitution of glucose and glutamine would
generate in the cells, it is also very interesting to study
other metabolic modifications, for example, at the level
of amino aclds consumption or excretlon, to generaie
hypotheses about the overall changes introduced in the
cell behavior. In the present work, the substitution of
glucose and glutamine in a low-proteln medium for the
culture of a Chinese hamster ovary (CHQ) cell line
producing t-PA in batch systems is analyzed from the
point of view of the physiological changes observed in the
cells and their internal metabolic redistribution. This
substitution has been addressed by selecting a slowly
metabolized sugar compound to replace glucose as carbon
source. This compound should be a hexose sugar, as the
cells used (a CHO cell line) do not perform gluceonco-
genesis actlvity. The entry of the sugar melecule into the
glycolytic pathway should therefore be upstream of the
metabolic step generating phosphogluconate, which in
turn is essential to generate pentose molccules for the
nuelele aclds synthesis. With regards to glutamine, the
objective of this work is to investigate its replacerment
by glutamate, as CHQ cells do have the glutamine
synthctase activity expressed constitutively. In addition
to the fact that glutamate has only one amino group in
its structure, the fact that glutamate is transperted into
the cell at a lower velacity should provide a more efficient
use of this compound with lower generation of am-
monium, because spontaneous decompositlen would also
then be minimized, with respect to the situatlon where
glutamine Is used.
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Material and Methods

Cell Culture, The cell line CHO TF 70R, kindly
pravided by Pharmacia & Upjohn (Stockhiolm, Sweden),
has been manipulated genetically to produce t-FA. The
cell eultures were carried out In splnner flasks (Techne)
with a working volume of 125 mL {or 250 mL) and stirred
at 50 rpm in a CO; incubator (Forma Scientific CO;
incubater), at 37.0 °C, with 96% relative humidity in an
atmosphere of 5% CO; in air.

Culture Medium. The basal medium used in all of
the cultures was a proprietary serum-free and low-
proteln medium denominated BIGPRO1, kindly provided
by Blo Whitaker Europe (Verviers, Belglum). BIBPROL
was supplemented with vitamins {Sigma}, lpids and
chelesteral (GibeoBRL), proline, scrine, and agpartlc acid
(Sigma). This medium was also supplemented with 20
mM glucose, fructose, mannoese, or galacrose and 7 mM
giutamine or glutamic acid in the different expetiments,
as indicated In Figures 1 and 3. The culture of the cells
in the different media was carried out without previous
adaptation. Cells used for innoculum (0.18-0.20 x 100
celis/mL) were centrifuged to remove the culture medium,
partlcutarly to ensure thal nejther remaining glucose nor
glutamine from innoculum preparation medium was
present. This step was repeated 3~5 times, keeping the
¢ells subcultured In the corresponding carbon and nitro-
gen source combination under study, belore the realiza-
tion of the experiment. In those passages the growth of
the cells was very reproducible.

Analytical Methods. Cel! Number. Cells were
counted using a hemacytometer (Neubauer improved,
Brand). Cell viabillty was determined by the trypan blue
exclusion method {1:1 mixture of 0.2% trypan blue In
narmal saline and cell sample). Alter cell counting, the
remainder of each sample was centrifuged {5000g, 1 min)
to remove the cells, and the supernatant was [rozen for
further analys!s.

Metabolite Deferminations. Clucese and lactate
concentratlons were determined with a Y8I 2700 auto-
mated gliucose and L-lactate analyzer. Ammonium con-
centration was determined by a flow injection analysis
system as previously described (Campmald, 1994}. Amino
acids concentrations were measurcd by HPLC (Hewlett-
Packard 1090) using a reversed-phase column {amino-
quant 200 mm x 2.1 mm} after derivatization of the
samples with O-phthalaldehyde (OPA) and 9-fluoreny)-
methy! chloroformate (FMOC) for the analysls of both
primary and secondary amine acids. The concentratlon
of t-PA was quantified by enzyme immunoassay (Blopaol
fmulyse -PA kit, Diagnostic international, Hannover,
Germany).

Specific Rate Calculations. The specific growth rate
(1) in the exponential grawth phase was calculated by
linear regression of the logarithm of the concentration
of viable cells, X.. as a function of time, ¢, {eq 1)

X, = Xgexplpn (1)

In the above expression, Xip is the initial cells number
(10% ccll mL-1). The specific consumptlon/production
rates, ¢, In nrmol h~! 1078 cells, were calculated using
the following expressions

g,107°

S=5+ -TX~@[exp(;cr) - 1] {2

where § s the concentration of the different compeunds
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investigated (carben and nitrogen sources, and products)
and 5, refers to its inltial concentratlon {mM),

In the case of glutamine, this spontaneously decom-
poses, releasing ammonia following [irst-order kinetics.
[ts rate constant, k4, has been evaluated in the experl-
mental conditions used in this work, cbtalning a value
of 2.01 »x 1073 h™", Thus equations for glutamlne and
ammonium were maodified conveniently to take into
account this fact:

_ _ Geml 07 X0 ~
Gln = Glny exp(— k8 + ot lexp(ud

exp(~ k)l ()

i -3
NH,* = NH,*, + X""T‘[QNH# +

1073
%@][1 —~ exp(—&,8] ()

kytcia
#t Ry

][exp(ut} -
11+ [Gln[J -

Results and Discussion

Substitution of Glucose by a Hexose. In a first
series of batch experiments, the glucose suhstitution In
the formulation of the culture medium was investigated,
with glutamine maintained in all cases as nitrogen
source. Three diffcrent compounds were tested: [ructose,
galactose, and mannose. Glucose was used as the contral
system. The results ace presented in Figure 1, It can be
observed (Figure la) that the maximal cell concentration
achieved for glucose and mannose Is similar, reaching a
level of 1.2 x 10° celts/mL, whereas for galactose and
fructose it Is lower, 0.8 x 10% and 0.5 x 10° cells/ml.,
respectively. The specific growth rate cn plucose and
mannose was almost the same, as veflected in Table I,
and higher than for galactose and fructose, With respect
to the consumption of the carbon source (Figure lc}, two
groups of compounds can be distinguished, with marked
differences: glucose and mannose are consumed at a high
rate, whereas fructose and galactose are consumed much
more slowly. The speelfic consumptlon rates are provided
in Tahle 1, and It should be highlighted that the vaiues
observed for the consumption of fructose and galactose
are around 25% of that for pluccse. As a consequence of
these different consumption rates, the generation of
lactate also differs greatly. For glucose and mannose, the
high consumption rate leads ta high lactate generation,
and lactate concentration reaches levels of about 16 mM
(Figure 1d), with high vaiues for the specific production
rate (see Tabie 1). On the other hand, when cells are
grown on fructose and galactose, the lactate production
decreases drastically, and final lactate concentrations are
below 1 mM, the speclflc lactate produciion rates being
about 22% of the values corresponding to glucose. When
the giutamine consumptlon Is analyzed (Figure le) a
similar profiic is observed for all of the cultures; howcever,
taking Into account the different level of cells generated,
it can be calculated that the specific consumption of
glutamine Is notably higher when galactose and fructose
are used, os reflected in Table 1. It can be cbserved that
in the case of the medium formulation with galactose,
an abrupt cell concentration decline occurs at the point
when glutamine is exhausted. These profiles are linked
to those corresponding to the ammonium ion generation
in the medium (Figure [f), which are higher for the
compounds providing a higher specific conisumption of
glutamine {fructose and galactose}, reaching levels of 13
mM far ammonium, and lower when ghucose or mannose

Ei!

are used, reaching 9 mM for ammonium. Finally jt should
be mentioned that the profile of the t-PA concentration
foliows that of the cell growth (Figure 1b), and therefore
a higher t-PA level is obtained when a higher cell
concentration is generated.

The analysls of the previous results from the metabolic
approach can be done at different levels. The schemne of
the most relevant metabolic pathways for the melabolism
of sugar compounds and glutamine In animal cells is
presented in Figure 2. It can be observed that mannose
enters Into the glycolytic pathway at the level of fructose-
6-P, whereas galactose does so at the level of ghucose-8-
P. Nevertheless, mannose Is consumed at a much faster
speed than fructese, with a rate stmilar to that for
glucnse.

The chservation of the experimental data suggesis
some hypotheses with respect to the transport of these
compounds into the cells. Mannose and glucose seem Lo
be transported at the same velocity into the cell, either
through the same transporter or a different one. On the
other hand, fructose is prebably transparted more slowly
into the ceils, as a result of a lower affinity of the fructose
transporter. With respect to galactose, In theory one
might expect to find a consumption rate similar to
glucose, as both sugar molecules are incorporated into
the glycolysis at the level of glucose-6-P. However, the
observed rate is considerably slower, and again this fact
could be explained by a low transpart rate of galactose
Into the cells. Indeed, it has been previously reported
that, for several mammalian cell lines (Plagemann et al.,
1981) galactose is taken up into the cells through the
same transporter as glucose but with an affinity which
{s cight times lower. A second possibiitty that could
explain the different consumption rate of the compounds
studied 1s a lower affinity of the enzyme hexokinase {or
galactose and fruclose (Wagner, 1997).

For the quickly metabolized sugars, glucose and marn-
nose, the cell converts most of them into pyruvate
thraugh the glycolytic pathway, and probably a small
percentage Is cycled through the pentese phosphate cycle
to cbtain the necessary melecules te build compounds
essential for the cell viability. It can alse be observed fram
the ecxperimental results that a high percentage of
pyruvate Is metabolized to lactate, The explanatlon for
this fact may be found in the need for the cell to balance
its redox potentlal (Paredes et al., 1988). It should also
be mentioned that it has been previously demonstrated
that this pattern has been observed In other cell Hnes,
{independently of the oxygen level in the culture system
(Sanfeliy ct al., 1896}, and in consequence it cannot he
attributed to a lack of oxygen.

It can be observed that for the sugars presenting a
lower glycolytic rate, fructose and galactose, glutamine
Is consumed at a higher specific rate {see Table 1) and
that for similar total consumption values (see Figure lc),
a higher ammonium yield is obtained. (see Flgure 10).
The main metabelie intermediate through which glyce-
tysis and glutaminolysis pathways are connected is
pyruvate, which also is the key Intermediate compou nd
between glycolysis and the tricarboxyllc acids cycle.
Because of the low specific consumption rate for fructose
and galactose, it should be assumed that, in this situa-
tion, most of the carbon is diverted te the pentoses
synthesis and therefore only a small amount of pyruvate
is generated (Reitzer ct al,, 1979). This fact leads to two
cansequences: first, the amount of lactate generated in
the culture medium is minimal; second, the depletton of
pyruvate would stop the TCA cycle, unless the cell could
provide more pyruvate from glutaminelysis, One possible
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Figure 1. Results of the batch cultures of the CHO cells, using glutamine {7 mM) and four different sugar compounds in the medium
farmulatien: 20 mM fructose (a), 20 mM galactose {¥), 20 mM mannose (m). and 20 mM glucose (@) (control). {a) viable cells; (b)

t-PA concentration; {c} sugar concentration: (d} lactate concentrat!

Table 1. Values of the Specific Cell Growth Rate and
Specific Consumption Rates for the CHO Cell Line
Grawing on Different Carbon Sources

glucose fructose mannose galactose
pinh (.0227 0.0109 0.0220 0.0153
qc —176.1 —48.7 —203.7 -48.0
QLoe 326.2 788 364.7 61.9
cin —B65.9 ~103.3 —794 -115.0
gNH, 48.7 85.2 52.8 78.5

reaction that the cell can activate to compensate the low
generation of pyruvate is that catalyzed by the malic
enzyme {Sauer et al., 1980; Zielke et 21., 1380), enabling
the transformation of malate (that is then exported from
TCA) into pyruvate (see Figure 2).

1t is also of Interest to discuss the differences encoun-
tered with respect o alanine production. Indeed. as
already mentioned, although glutamine is consumed In
almgst the same total quantity for the four sugars
studied, ammonium is preduced In higher amounts when
the sugar is consumed slowly {Le., frictose and galactose),
and at the same 1ime alanine is produced In a much lower
quantity than for the culture on glucoese or mannose (level
of alanine at 180 h of culture, 0.7 mM for galactose and
fructose and 3.0 mM for glucese and mannose}. Alanine
is normally obtained in cell culture as a product of the
transamination reaction between pyruvate and glutamate,
The reaction also produces a-ketoglutarale, and generally
this s the most common way to cbtaln this compound in
cells that are proliferating rapidly, simultaneously reduc-
ing the ammonium generation (Matsune et al., 1994). The
low alanine production that is observed for the slowly
metabelizable sugars should probably be linked to the
low availability of pyruvate In the cell due to the slow
glycolysis. In that situation, mest of the pyruvale pre-
vided by the low glycolytic flux must be incorporated by
Lhe cells into the TCA cycle, and the transamination to
alanine is then less favored. Alternatively, the generation

on; {e) glutamine concentration; and {f} ammonium cancentration,

of a-ketoglutarate is provided by the action of the enzyme
glutamate dehydrogenasc.

Finally, it should be pointed out that glycine excretion
is also changing with the carbon source used. For sugars
rapidly metabolized, a lower glycine production is ab-
served when compared to slowly metabolized sugars
{level of glycine at 180 h of culture, 1.2 mM and 2.5 mM,
respectively). Glycine is related to pyruvate metabolism.

Replacement of Glutamine by Glutamate. In the
second series of experlments of this work, the same
approach was followed to substitute glutamine in the
culture medium, with the main objective of obtaining a
more efficient use of the nitrogen source, with a lower
release of ammonium ions. In this case, taking into
account the previous results published in this respect
{Hansen and Emborg, 1994, Ozturk ct at., 1992; Ryll et
al., 1984) and censidering the glulamine metabolism (sce
Figurce 2), glutamale was sclected directly as the com-
pound to be used, for three main advantages: first,
glutamate does not suffer spontancous decomposition as
does glutamine (ammonium ions will not be generated
as a result): secand, glutamine can be abtained directly
from glutamate by the CHO eclls, as they exhibit
glutamine synthetase actlvity; and third. glutamate has
only cne amine group. With respect to the carbon source
used in this sccond series of experiments, in view of the
results presented in the previous section, 1t was decided
to select galactose, as a slowly metabollzable sugar, and
glucose as the control system. The results of the four
experiments carrled cut. using glutamine and glutamate
as nitrogen sources and glucose and galactose as carben
sources, are presented in Figure 3.

In Figure 3a it can be observed that the final cell
density attained growlng on glucose—glutamate is the
highest, being more than two times the toncentration
attalned with the comblnation galactose—glutamate {1.8
% 105 and 0.8 x 10% cells/ml. respectively), and also
natably higher that the final cell concentration for the
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control culture, glucose—glutamnine. The cell profiles for
the growth on galactose—glutamate and galactosc—
glutamine are gulte similar, with the main difference
being that the abrupt drop in the cell concentration
observed for galactose—glutamine s not observed for
galactose—glutamate, probably because of the very much
lewer ammonium level generated, as will be discussed
below. and also because glutamine s exhausted mare
rapldly In the first case, that of galactose—glutamate
farmulation. Regarding t-PA concentration proftles, as In
the previous section, there is & clear proportionality
between cell growth and product farmation,

Figure 3c reflects the profiles for the consumption of
the carbon source. It can be observed that galactose is
consumed more slowly than glucese, as discussed In the

13

previous section, and also that in the presence of
giulamate, the consumption of the carbon source is
always lower that in the presence of glutamine, both for
glucose and galactose, as reflected in Table 2. As previ-
cusly mentioned this fact highlight the relationship
existing between glycolysis and glutaminolysis. When the
glutamlnolysis rate is decreased by the replacement of
glutamine by glutamate, the cells possibly have a lower
need for pyruvate to be incarporated into the TCA cycle,
and therefore the glycolysis rate Is also reduced. This
behavlor s also found In other cell 1ines; the most evident
example is for hybridoma cells modified genetically with
the introduction of the glutamine synthetase gene. These
transformed cells can then be grown on medium with
glutarnine being replaced by glutamate, and the pattern
observed is a Jower glutamate consurmptlon rate, together
with a decrease of about 50% in the consumption of
glucose (Bibtla and Robinson, 1995; Paredes et al., 1999),

With respect to the generation of lactate, Figure 3d
shows that it is minimal for the media formutated with
galactose, whereas for the media containing glucose, a
clear difference can be observed between the control
culture, glucose—glutamine {16 mM of lactate) and the
experiment with glucose—glutamate (7 mM), clearly as
a consequence of the lower consumption rate for glucose
when glutamine 1s replaced by glutamate.

The data for the consumption of the nitrogen source
are presented in Figure le. The trends for the consump-
tion of glutamine and glutamate can clearly be distin-
guished, the later being a compound more slowly me-
tabollzed by the cells. The speciflc uptake rate values for
the different combinations of media formulation are glven
in Table 2. The most relevant consequence of this
different uptake proflie is the ammonium generation,
Indeed, It is markedly lower when glutamate is used
instead of glutamine. It 1s also interesting to appreciate
thal the carbon source also affects, although to a minor
extent, the ammenium generation, the general trend
being that for any of the two nitrogen sources, ammonium
concentration always reaches higher values for galactose
than for glucese. Again, this fact also reflects the flex-
ibillty of the metabolic network. When the cells are
cultured In galactose, the low uptake rate ls most
probably the limiting factor for cell metabolism, and it
is compensated by an Increase of the nitrogen source
uptake (either glutamate or glutamine), generating a
higher amount of ammonium. When glutamate Is used
in the medium, the alanine praduction decreases for any
of the sugars lested (level of alanine at 180 h, glucose—
glutamate culture, 0.7 mM; and galactese—glutamate
culture, 0.1 mM} probably as a consequence of a lower
availability of the key intermediate, pyruvate, which Is
transaminated to alanine and a-ketoglutarate in a much
lower extent. On the other hand, the glycine production
reaches stmilar levels to those obtained when glutamine
is used, Independently of the carbon source used (glucase
or galactose).

Conclusions

The results presented demonstrate the possibility of
regulating the metabolic pattern of CHO celis by subst!-
tution of the most commonly used main compounds in
the medium lormulation, glucose and glutamine, by other
eompounds that are taken up at significantly lower rates.
As most of these campounds are incorporated to the
central metabolism, it Is most probable that transport
rate into the cell is the major step controlling this process;
or alternatively it could also be due to the different
affinity of the hexokinase enzyme for the different
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Figure 3. Results of the batch eultures of the CHO cells, using glutamine {7 mM) or glutamate (7 mM) as nitrogen sources and

alactose (20 mM} or glucose {20 mM} as carbon sources in the medium formulatlon: galactose—glutamine {¥), galactose—giutamate
v}, glucose—glutamate (O}, and glucose—glutamine (@) (contrel). {a) viable cells: (b) t-PA concentratlon; (¢) sugar concentration; (d)
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Table 2. Values of the Specific Cell Growth Rate and
Specific Consumption Rates for the CHO Cell Line
Growlng on Different Nitrogen Sources

glucosef glucosef galactose/ galactose/

glutamine  glutamate  glutamlne  glutamate

0.0227 0.0186 0.0160 0.0160
x -178.1 —113.7 —48.0 -375
QLac 326.2 209.3 6L.9 47.0

QGIn -§5.0 -1150

GCiu 97 -32.5 15.3 -31.5
K, 48.7 13.2 78.5 23.0

compounds. From the different possibilities studied, the
combination of galactose and glutarnate allows the
maintenance of cells at an optimal situation with regard
te minimal consumption of nutrients and minimal gen-
eration of lactate and ammonium, although a lower cell
growth is obtaincd. Alternatively. glucose and glutamale
allow the obtaining of maximlzed cell growth, signifi-
cantly higher than the control culture with glucose and
glutamine, with very low ammoenium accumulatlon and
reduced lactate levels. These conditions offer the pos-
sibility for optimization of fed-batch cultures, as it will
be possible to expand the time span of the cultures
because the limiting conditions in terms of osmolarity and
texic compound accumulation will accur later than in the
conventional medium formulation with glucose and
glutamine.
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Summary

A model for transport of ammonia and ammonium ions across ccll membranes
is presented. The model suggests that ammonium ions competc with potassium
ions for inward transport, over the cytoplasmic membrane, via potassium transport
proteins like the Na*/K*-ATPase and the Na*tK?*2Cl -cotransporter, It also
explains the difference between the ammonia/ammonium that is added to the
celis and which is formed by the cells during metabolism of amino acids, especially
glutamine and glutamate. The ammonium transport and subsequent cvents lead to
predictable intracellular and extracellular pH (pH,) changes. Experiments which
verified the model and the predicted consequences were performed by measure-
ments of the pH, in concentrated cell suspensions. Addition of ammonium ions
causcd a time-dependent pH, increase which was inhibited by potassium ions. The
test system is not per se specific for transport measurements but the effect of
potassium ions on the pH, strongly favors our suggested model. Simple diffusion
of ammonium ions would not be counteracted by potassiumn ions. The results show
that ammonium ion transport in the murine myeloma cell line {(Sp2 /0-Agl4) used
is inhibited by an excess of potassium ions. Results from experiments with specific
inhibitors of suggested transport proteins were not conclusive. It is postulated that
one important toxic effect of ammonia/ammonium is an increased demand for
maintenance energy, caused by the need to maintain ion gradients over the

Correspondence to; Lena Higgstrom, Depariment of Biochemistry and Biolechnology, Royal Instifute
of Technology, S-100 44 Stackhalm, Sweden.
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cytoplasmic membrane. The results also suggest that potassium ions can be used to
detoxify ammonia /ammonium in animal cell cultivations.

Mycloma cells; Ammonjum transport; Ammonia toxicily, Ammonium toxicity;
Potassium ions; Bioreactor control

Introduction

Ammonia and ammonium ions are toxic to animal cells — different growth
inhibiting concentrations being reported for different cell lines {(Glacken et al,
1986; Miller et al., 1988; Ozturk ct al., 1992; Reuveny et al., 1986). The problem
with NH,/NH} accumulation in cell cultures has been addressed by many
workers (e.g. Glacken, 1988; Glacken et al., 1988; Ljunggren and Héggstrém, 1990,
1992; Miller et al, 1988) and the following mechanisms of toxicity is proposed:
Disturbance of clectrochemical gradients (Glacken, 1988), inhibition of enzymatic
reactions — e.g. the conversion of glutamate to o-ketoglutarate via glutamate
dehydrogenase {Glacken et al., 1988), intracellular pH changes (Glacken, 1988,
McQueen and Bailey, 1990ab, 1991) which may lead to disturbance of proton
gradients and inhibition of endocytosis and exocytosis {(Docherty and Snider, 1991)
and an increased demand for maintenance energy (this article).

Knowledge about the mechanisms of NH,/NH7 toxicity may provide means for
developing control strategies in animal cell processes. The aim of this work was
therefore to further study some of the toxic mechanisms of NH,/NHj. The
traditional way of measuring the inhibitory characteristics of NH,/NH7 is to add
an ammonium salt to a cell culture and to follow growth, substrate uptake, product
and by-product (e.g. lactic acid and NH,/NH}) formation. However, it is impor-
tant to analyse if NH,/NH} added to the cells or produced by the celis have the
same cffect. As a basis for a discussion on NH;/NH7 toxicity a model describing
transport aver cell membranes of intracellularly produced and cxtracellularly
added NH,/NH{ as well as concomitant pH changes is presented. We further
present results from experiments designed to test the model.

Model for transport of ammonia and ammonium ions

Figure 1 presents the model: NH, diffuses easily through cell membranes
(simple diffusion; Table 1). Hence, NH, cquilibria across membranes are readily
established. The equilibrium between NH; and NH] is pH-dependent [pK, = 8.95
at 35°C, calculated from pK,, = 13.6801 and pK, = 4.7330 (Handbook of Chem-
istry and Physics, 1984—-1985)]. The concentration of NH, in the extraceliular bulk
liquid determines thc concentration of NH, in each intracellular compartment.
Thus, the pH of a specific cellular compartment governs the total concentration of
NH, + NH in that organcile according to pH = pK, + [og ({(NH } /{INH} D).
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TABLE 1
Simple diffusion of ammonia and ammonium ions
Compound Diffusion rate Cell type Reference
{ems™")
NH, 0.01 Human erythrocyte Knepper ct al., 1989
0.007 MDCK cells Knepper et al., 1989
0.006 Squid giant axon Boron and De Weer, 1976
NH} 45-5%1075" Turtle bladder Knepper et al., 1989
35x10°7" Mouse hybridoma McQueen and Bailey, 1950b
68x107" Squid giant axon Boron and De Weer, 1976

" Simulated value,
b NH} permeability supposcd 1o be the same as the K* permeability.

Simplc diffusion of NH through cell membranes is extremely slow (Table 1) -
due to the charge - as is the diffusion of other ions. However, NH; can be
transported into the cell by certain transport proteins (Fig. 1). Possible candidates
for inward transport of NH} are the Na*/K*-ATPase (Post and Jolly, 1957)
(active transport) and the Na*K*2Cl -cotransporter (Good et al., 1984; Kikeri et
al., 1989; Knepper et al., 1989) (facilitated diffusion). NH is transported into the
cell on the binding sites for K*, the natural substrate for these proteins, becausc
hydrated NH} has the same ionic radius as hydrated K* (Kikeri et al., 1989;
Knepper ct al., 1989; Lund et al., 1970). The Na® /H*-exchanger has also been
suggested as a possible NH transporter (Grinstein and Rothstein, 1986; Knepper
et al., 1989) (facilitated diffusion).

Formation of NH,/NH} by the cells occurs mainly in the mitochondria by the
mitochondrial enzymes glutaminase and glutamate dehydrogenase (Kovacevic and
McGivan 1983; McKeehan, 1986). Thesc reactions liberatc NH; which only
slightly changes (decreases) the mitochondrial pH as the equilibrium with NH, is
formed (Fig. 1). The mitochondrial pH is, however, decreased as NH; diffuses out

HMitochandrion Cytoplasm Dutside

Fig. 1. Model for transport of ammenia and ammonium iens, *) Schematic representation of three
possible transport proteins.
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10 the cytoplasm. The outflow of NH, forces formation of new NH;+H™ from
NH} to reestablish the equilibrium in the mitochondrion. While NH, readily
diffuscs through the extremely ion impermcable inner mitochondrial membrane
and transiently increases the cytoplasmic pH the protons are icft behind.

Ammonia that diffuses from the cytoplasm to the outside of the cell can be
transported back across the cytoplasmic membrane via certain transport protcins
(sce above) as NHY, in competition with K* (Fig. 1). The transport can occur
against a concentration gradient but intransported NH; equilibrates immediately
with NH,; which again diffuses out of the cell. The result of such a futile cycle is a
time-dependent acidification of the cytoplasm (protons arc left behind, as ex-
plained above)} and an alkalinisation of the outside cnvironment. Thus, mitochon-
drial formation of NH,/NH] decreases both the mitochondrial and the cytoplas-
mic pH - the cytoplasm becoming progressively more acid by time. Other celiular
compartments will turn alkaline as NH; diffuses into them.

Addition of NH} to a cell culture transiently increases the cytoplasmic pH and
decreascs the extracellular pH due to rapid diffusion of NH into the cells. This is
foliowed by an external alkalinisation and a cyteplasmic acidification due to
transport of NH? into the cell via the NH} transporting protcins and subsequent
outward diffusion of NH, as explained above (Fig. 1). The mitochondrial pH as
well as pH in other compartments will increase due to diffusion of NH;. Sponta-
neous decomposition of glutamine in the cuitivation medium will have the same
effect as added ammonium.

The difference between addition and cellular formation of NHJ is the effect on
the mitochondrial pH. Added NH increases it while produced NH | decreases it.
In both cases the cytoplasmic pH decreases (Fig. 1). The proton gradient over the
mitochondrial membrane could be strengthened by added NHy but weakened by
intracellularly produced NH;. This likely influences energy formation as mito-
chondrial ATP production depends on the proton gradient across the inner
mitochondrial membrane. Normally the outside is more acidic than the inside. We
speculate that the NH; formed by the cclls may be more toxic than the extraceliu-
larly added NH}.

Materials and Methods

Cell line and medium

A murine myeloma cell line (Sp 2/0-Agl4) cultivated in Eagle's MEM with 5.5
mM of glucose, 4 mM of glutamine, 8.9 mM of sodium bicarbonate, 1 mM of
sodium pyruvate, 5% FBS (HyClone)} and 20 mM HEPES was used. All medium
components except for the FBS were from Nord, Junter and Cell, Sweden. The
medium pH was adjusted to 7.1-7.2 with 5 M NaOH.

Preparation of cells
Cells were routinely cultured in T-flasks (75 cm?) with 30 ml of medium, at
37°C. To obtain a concentrated cell suspension (~ 10% mi~!) for the experiments,
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11 shake flasks with 200 ml of medium were seeded with 1.5-2 X 10° cells per ml,
closed with rubber stoppers and incubated on a shaker (75 rpm) at 37°C for 48 h,
The cell suspensions were centrifuged (750 g, 20 min) in a swing-out centrifuge
{Wifug Clinic, Wifug) at 4°C and the pellets washed with Dulbecco’s PBS (Gibco)
without Mg2* and Ca®* and centrifuged (750 g, 15 min) again. The new pellets
were suspended in PBS to give a ccll density of ~ 10® viable cells per ml. The celis
were counted on a hacmacytometer using the trypan blue exclusion method. This
cell suspension was used in the experiments below.

pH experiments

The experiments were performed in a 10 mi beaker with a concentrated cell
suspension in PBS. One ml cell suspension was added to 9 mi of PBS giving a final
cell concentration of ~ 107 m]~'. Mixing was achicved by a small magnet while the
beaker was placed on a magnetic stirrer. The beaker was insulated from the heat
generated by the magnetic stirfer to ensure a constant temperature during the
experiment, The measurements were performed at room temperature.

The extracellular pH changes following addition of NH,Cl (Merck), KCl
{Merck), ouabain (Boehringer-Mannheim), bumetanide (Sigma) and amiloride
(Sigma) were measured each 20 s during 20 min using a combined glass /reference
(saturated Ag/AgCl) electrode connected to a three decimal pH meter (PHMB4,
Radiometer). The final concentration of NH,Cl was 10 mM. The additional
concentration of KCl was 10, 30 or 50 mM - since PBS contains 4.15 mM of KCl
this gives a total of 14.15, 34.15 or 54.15 mM. The final concentrations of ouabain,
bumetanide and amiloride were 10, I and § mM, respectively.

For selection of suitable inhibitor concentrations suspensions of cells and
inhibitors were incubated in PBS for 20 min at room temperature on a magnetic
stirrer. The viability after 20 min (v,,) was compared to the starting viability ()
to dctermine the LD, However, ouabain (0.1-16 mM), 0.1-1 mM of bumetaride
or 0.1-1 mM of amiloride did not cause any change in the cell viability during 20
min. At bumetanide concentrations of 5 and 9 mM, v,, was 90% and 15% of u,,
respectively. This decrease in viability could also be due to the decrease in pH
caused by bumetanide. At 9 mM of amiloride v, was 95% of v,. The applied
concentrations of ouabain and amiloride were for practical reasons the maximum
obtainable in the complete test system. The applied concentration of bumetanide
was restricted by its pH decreasing effect.

The PBS was allowed to equilibrate with air during 20 min on the magnetic
stirrer before each experiment. Addition of components to PBS was made in the
following order: cells, ouabain /bumetanide /amiloride, KCi and finally NH Cl,
with 1 min duration between each addition. Appropriate control experiments were
performed in parallel to all experiments. No substrate was added to the cells
during pH measurements since glucose addition, in early experiments, showed to
cause an extensive production of lactic acid which made all other pH changes
impossible to measure.
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Results

To test the model a scries of experiments were designed. According to the
model changes in cytoplasmic pH (pH ), caused by the inward transport of NH],
should result in opposite extracellular (pH ) changes. Hence, it should be possible
to measure the pH,_ and make conclusions about intracellular events. The follow-
ing experiments were performed:

(1) Addition of NH,Cl to a cell suspension. Transport {or simple diffusion) of
NH into the cells should be observed as a time-dependent increase of pH_.

(2) Addition of KCl and NH,Cl to a cell suspension. If the presence of K* could
prevent transport of NH? due to competition for binding to the transport proteins
this should be observed as the absence of the pH, increase.

(3) Addition of the specific inhibitors ouabain (Na*/K*-ATPase), bumetanide
(Na*K*2Cl -cotransporter) or amiloride (Na*/H*-exchanger) and NH,Cl to a
cell suspension. Inhibition of transport of NH; via the transport protems should
be observed as the absence of the pH, increase after addition of NH to the cells.

(1) NH,Cl

Addition of NH ,C! to PBS without cells immediately decreased the pH due to
proton release as the equilibrium NHj < NH,+ H* was established (Fig. 2).
Addition of cells to PBS also decreased pH, sharply. In both cases pH remained
stable thereafter (Fig. 2). Upon addition of NH ,Cl to cells, already suspended in
PBS, again there was a sharp decrease in pH, due to the addition of salt, now
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Fig. 2. Addition of NH,Cl to a cell suspension. The curves are drawn apart at time = 0 minutes for
clarity. Symbols; {~) PBS only, () PBS +cells, (8) PBS + NH,C!, and (W) PBS +cells + NH ,CL
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0 tims (minites) 20

Fig. 3. Influence of cell concentration on the pH, upon addition of NH,Cl. Symbols (W) 107 mi—?, (#)
2x107 ml~! and (@) 3x 107 ml~",

followed by a slow pH, increase (Fig. 2). The pH, drop upon addition of NH Cl is
larger in PBS with cells (0.032 + 0.0022 pH units, mean value from ten experi-
ments) than in PBS alone (0.024 + 0.0025 pH units, mean value from ten cxperi-
ments). This is in agreement with the theory on NH, diffusion into cells, leaving
protons behind. In samples with double and triple amount of cells the pH,
increase was proportional to the amount of cells (Fig. 3).

(2) NH,CI and KC!

If 14.15 mM of KCl was present when NH ,Cl was added the pH, increase was
totally suppressed as compared to a cell suspension with 4.15 mM of KCI (Fig. 4a).
No effect could be seen in experiments with 6.65 or 9.15 mM of KCl (data not
shown) but 34.15 and 54.15 mM gave the same result as 14.15 mM of KCI (Fig. 4a).
All control experiments (PBS alone, PBS +cells and PBS+ NH; in Fig. 2;
PBS + K*, PBS + cells + K* and PBS + K*+ NHj in Fig. 4b) showed that pH,_
remained stable for the duration of the experiments.

(3) NH,Cl and ouabain, bumetanide or amiloride

Presence of 10 mM of ouabain or of 5 mM of amiloride in the test system did
not influence the pH, increase after addition of NH} while the presence of
bumetanide or bumetanide + ouabain significantly depressed it as shown in Fig.
Sa. Though, the control experiments with bumetanide and bumetanide + ouabain
added to a cell suspension caused a fall in the pH, (Fig. 5b). Because of this pH_
decrease it is not possible to draw any conclusions about the inhibitory effect of
bumetanide or ouabain.
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Discussion

Figs. 2, 3, 4 and 5 clearly show that a reproducible and time-dependent increase
in pH, occurs after addition of NH; to a cell suspension. We suggest that this
pH, increase depends on transport of NH7 into the cell and subsequent NH 3
diffusion out of the cell as our model predicts. This conclusion is not immediately
evident because our test system is not per se specific for transport measurements.
The same resuit should have been obtained if NHY cntered the cell by simple
diffusion. Theoreticaily it is also possible that other cvents, not considered here,
could give the same result. Though, the inhibition of the pH, increase by the
presence of K¥ strongly favours our suggested model. It appears reascnable to
interpret the cffect caused by K* as competitive inhibition of the transport.
Examples of X, for K* transport by the Na*/K*-ATPase are 1.8 mM in crab
nerve (Skou, 1960) and 2.1 mM in human ervthrocyte (Post et al., 1960). Corre-
sponding K, for NH} are 5 mM and 7-16 mM, respectivcly. Potassium at the
applied concentration of 14.15 mM should saturatc the binding sites thus prevent-
ing transport of NHJ.

Addition and subscquent removal of an ammonium salt solution is an estab-
lished method of purposely acid loading a cell culture (Aickin and Thomas, 1977;
Boron, 1977, 1983). However, the explanations to the mechanism that causes the
acidification differ: Aickin and Thomas (1977} suggested active transport of NH;
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Fig. 4. Addition of KCl and NH ,C] to a cell suspension. Addition of components to PBS was made in
the following order: cells, KCl and NH,Cl. The sharp pH, decrease at 2 min (Fig. 4a) represents the
addition of NH,Cl. Symbols in a: (@) PBS +cells+ NH,Cl, (#) PBS+14.15 mM KCl+NH,Cl, {0)
PBS+cells+34.15 mM KCl+NH,Cl and {4 ) PBS+ cells -+ 54.15 mM KCl+NH ,Cl. Symboels in b: (0}
PHS + cells+ 14.15 mM KCl, (4 ) PBS +54.15 mM KCl and () PBS + 14,15 mM KCl+ NH ,CL
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Fig. 5. Addition of specific transport protein inhibitors together with NH,CI to a cell suspension,

Addition of components to PBS was made in the following order: cells, inhibitor and NH,CL. All

experiments are shown from the moment when the last addition was made. Symbols in a: (m)

PBS +cells + NH,Cl, (4} PBS+cells+ouabain+NH,Cl, () PBS+ ceils +amitoride + NH,Cl, (&),

PBS + celis + bumetanide + NH ,C1 and (©) PBS + cells + ouabain + bumetanide + NH,Cl. Symbols in b:

(#) PBS+cells+ouabain, () PBS+cells +bumetanide, (v) PBS +cells+amiloride and (#) PBS+
cells + cuabain + bumetanide.

via the Na*/K*-ATPase while Boron (1977, 1983) suggested simple diffusion of
NH} driven by concentration and electrochemical gradients. Qur experimental
results are contradictory to the proposal by McQueen and Bailcy (1990b, 1991),
Boron and De Weer (1976) and Boron (1977, 1983) which implics that NH7 enters
the cell by simple diffusion through the plasma membrane. Although we cannot
make any conclusions about which proteins are the most mmportant NH} trans-
porters (see further below) in the cell line applied, simple diffusion of NH} would
not be counteracted by K*, The applied concentrations of NH] and K* in the
present investigation should be low enough not to disturb the plasma membrane
electrochemical potential,

The results from the experiments with specific inhibitors of the transport
proteins were not conclusive, Obviously bumetanide causes a decrease in pH,
which makes it impossible to interpret the inhibition of the pH, increase as
inhibition of NH} transport. A further explanmation could be that the applied
concentrations of respective inhibitor were too low. The inhibitor concentrations
chosen were based on literature data and our own preliminary experiments (sce
Materizls and Methods). Quabain concentrations of 0.1-0.2, 0.1 and § mM have
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been reported to inhibit the Na*/K*-ATPase in 3T3 mouse fibroblasts (Rozen-
gurt and Heppel, 1975), mouse soleus muscle (Aickin and Thomas, 1977) and
mouse kidney cells (Kikeri et al., 1989), respectively, Bumetanide concentrations of
0.01 and 1 mM is known to inhibit the Na* K *2Cl "-cotransporter in human retinal
pigment ¢pithelium (Kennedy, 1990} and mouse kidney (Kikeri et al., 1989),
respectively. Amiloride concentrations of 0.1, 0.2 and 2 mM is known to inhibit the
Na* /H"-exchanger in mouse soleus muscle {Aickin and Thomas, 1977), Ehrlich
ascites tumour cells (Livne and Hoffmann, 1990) and mouse proximal tubule (Roos
and Boron, 1981), respectively, It is obvious that the inhibitor sensitivity differs
widely between cell lines and cell types, e.g. human cells arc much more sensitive
than murine cells. Still, the concentrations required for total inhibition of the
proteins in the murine myeloma cell line used in the present investigation is not
known to us. Furthermore, ouabain {at certain concentrations) is used as a
selection agent during cell transformation, killing normal cells and leaving trans-
formed cells intact. An obvious experiment, inhibiting all three of the suggested
NH7 transporters, was never performed because it was not possible to obtain the
nceessary concentrations (see Matcrials and Methods).

Assuming transport of NHJ via transport proteins - what are then the conse-
quenccs in terms of toxicity for the cell? Firstly, NH7 is transported into the cell
instcad of K™. This may decrease the intracellular K* concentration, an important
factor for many enzymes and for thc potassium gradient over the cytoplasmic
membrane. Secondly, it costs energy — at the direct expense of ATP if NHY goes
in on the Na*/K*-ATPase and indirectly if it goes in on the Na* K*2Cl -cotrans-
porter. In the latter case the cotransported Na™ have to be pumped out again to
maintain the Na* gradient over the cell membrane. This is accomplished by the
Na*/K*-ATPase - a process that in turn may accelerate the inward transport of
NH]. Further, in order to counteract the acid load the cell has to pump out
protons. This is normally effected by the Na* /H*-exchanger, an enzyme which is
activated when cytoplasmic pH falls below its sct point (Grinstein and Reothstein,
1986; Gillies and Martinez-Zaguilan, 1991; McQueen and Bailey, 1990b) of approx.
pH 7.0 (Livae and Hoffmann, 1990), Again, a requircment for pumping out Na*
by the Na*/K*-ATPase arises. We therefore suggest that one important toxic
mechanism of NH,/NH; exposure is an increased demand for maintenance
energy, caused by the need to keep up ion gradients over the cytoplasmic
membrane. This effect should be the same whether NH is produced by the cells
or added to the culture. Though, it is difficult to estimate the magnitude and
relative importance of this effect during growth in culture when other metabolic
cvents influence the metabolism and physiology. For example, it should be ex-
pected that lactate formation counteracts the acid load in the cytoplasm because
tactate exits the cell by simple diffusion as lactic acid, thus simultaneously trans-
porting out a proton. However, in experiments in biorcactors, the cellular yield
cocfficients for the energy sources glucose and glutamine decreased substantially
when NH,C} was added to the culture (data not shown). Addition of K* to a
culture with NH (] restored both growth rate and cellular vield coefficients to
normal values (results will be published elsewherce).
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