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RESUMEN

Este trabajo consistié primeramente cn la preparacién de un biocatalizador de penicilino
amidasa por inmovilizacién de células recombinantes de F. coli con alta actividad penicilino
amidasa. Esta ccpa posce el gen de la penicilino amidasa bajo la regulacion del promotor del gen
lacZ, 10 que permite su sobreexpresion mediante fermentacién en presencia de un inductor. Sc
desarrollé un sistema de fermentacion en lote exponencialmente alimentado para controlar la
velocidad especifica de crecimiento del microorganismo a valores muy bajos, logrando obtener
células con una elevada actividad especilica, correspondiente hasta 7 veces la actividad obtenida en
sistema cn lote. Con estas células se produjo un biocatalizador de células inmovilizadas, que a
diferencia de los obtenidos con células silvestres, presenta actividades especificas del mismo orden
de magnitud que los obtenidos a partir de enzimas purificadas. El catalizador presenta un factor de
efectividad mayor de 0.8 y un ticmpo de vida media que le permite competir con los catalizadores
industriales.

I_a penicilino amidasa es una enzima capaz. de catalizar la reaccidn de sintests de ampicilina
a partir de dcido G-aminopenicttdnico (6-APA) v fenilglicina metilester (FGME). Esta enzima
también cataliza la reaccién de hidrolists de FGME y de ampicilina, por lo cual es necesario el uso
de altas concentraciones de FGME para lograr altos rendimientos. Sc emplcaron varias estrategias
para incrementar el rendimicnto de Ia reaccion. La primera consistio en el uso de cosolventes con ¢l
objeto de disminuir la actividad de agua e inhibir las reacciones de hidrélisis, Sin embargo cstos
solventes afectan la actividad, inhibiendo en la misma proporcién la reaccion de sitesis y la de
hidrolisis, por lo cual solo se incrementa el tiempo de reaccion sin mejoras al rendimiento. La
segunda estrategia consistié en el uso de solventes inmiscibles con el objeto de extracr la ampicilina
¢ incrementar fa conversién. Sin embargo, la alta polaridad de la ampicilina no permitié encontrar
un solvente en el cual el cocficiente de particién fuera adecuado para promover una rdpida
extraccion. La tercera estrategia consistid en ¢l uso de metanol como inhibidor, va que ¢l metanol
cs un producto de una de Jas reacctones laterales que afectan negativamente el rendimiento. Con
esta estrategia se logré incrementar en un 5% la conversiéon mediante la inhibicién de la reaccion de
hidréhisis. Finalmente, una idltima estrategia consistié en ¢l control def pH. Se encontrd que el pH
inhibe selectivamente la reaccidon de hidrdlisis de FGME, por o cual a pH 6.0 Ta relacién de
velocidades de sintesis/hidrélisis es 1.25, mientras que a pH 7.0 disminuye a 0.25. Esto permite
lograr un incremento cn ¢l rendimiento de la reaccién de 50 a 60% con una relacion de sustratos (6-
APAIFGME) de 1:3. Asi mismo, al incrementar la relacion de sustratos, la conversion sc
incrementd hasta 75%, misma que se mantuvo cuando la concentracién de 6-APA se incrementa

hasta 200 mM. Esta conversion ¢s la mds alta reportada en la literatura. De esta forma se logré una



productividad de 17 mg de ampicilina/unidad de enzima por lote (5 veces mayor a la que se reporta
cn la literatura).

La parte final del trabajo consistié en un estudio sobre la cinética de la reaccidn de sintesis
de ampicilina, hasta ahora no reportada en la literatura. Esta reaccion sigue una cinética de tipo
ordenado, habiéndose calculado las constantes de afinidad de 6-APA y FGME=. Simultdncamente la
enzima cataliza la reaccion de hidrélisis de ampicitina, inhibida competitivamente por fentlglicina y
no competitivamente por 6-APA, y la hidrdlisis de FGME, la cual es inhibida no competitivamente
por metanol. El modelo cinético de las reacciones de hidrdlisis siguen los mismos tipos de
inhibicién que se presentan en la hidrélisis de penicilina. Todas las constantes cinéticas fucron
calculadas. A partir de éstas sc propone un maodelo cinético que fué confrontado con los resultados
experimentales, encontrandose una buena correlacidn entre los resultados del modelamicnto y los

experimentales, con desviacién solamente a concentraciones altas de sustrato.

Con los resultados de este trabajo ha sido publicado un articulo y otro mds aparccerd en fas
memorias in extenso de un congreso internacional. Un terecro serd enviado a publicacién

proximamente. Los articulos referidos son los siguientes:

I. Ospina, S., Merino, E., Ramirez, O.T. and Ldpez-Munguia, A. Recombinant whole cell
penicillin acylase biocatalyst: production, characterization and use in the synthesis and hydrolisis of
antibiotics. Biotechnology Letters, 1995, 17, 6, 615-620

2. Ospina, S., Barzana, ., Ramirez, T. and Lopez-Mungufa, A. Strategics in the design of an
cnzymatic process for the synthesis of ampicillin. A whole cell E. coli recombinant penicillin
amidasc biocatalyst.  En revisidn para su publicacion por Elsevier en los proceedings del
Congreso: Immobilized cells: basics and applications, que sc levard a cabo en Holanda en

noviembre/95.

3. Ospina, S., Barzana, E., Ramirez, T. and Lépez-Munguia, A. Effect of pH in the synthesis of
ampicillin by penicillin acylase. Una versién mds corta serd enviada para su publicacion en la

revista Enzyme & Microbial Technology.



ABSTRACT

This work consisted in the preparation of a penicithin amidase biocatalyst by
immobilization of I, coli recombinant cells with high pemicillin acylase (PA) activity. This strain
have the PA genc under the regulation of the lacZ gene promotor, which allows its overexpression
by fermentation with an inducer.

An cxponentially fed-batch fermentation system was developed to control the
microorganism specific growth rate to very low valuces, obtaining cells with high specific activity
(7 times the activity obtained in batch systems). The recombinant cells were used for the
production of a biocatalyst with a high specific activity, similar to the one obtained from purificd
cnzyme, with an effectiveness factor higher than 0.8 and a half lifc adequate for an industrial

biocatalysts,

Penicillin amidase is able to catalyze the ampicillin synthesis reaction from 6-
aminopenicillanic acid (6-APA) and phenylglycine methylester (PGME). The enzyme also
catalyzes the ampicilin and PGME hydrolysis reactions, so high PGME concentrations are
necessary to get high yields of ampicilhin. Several strategies to increase the synthesis vield were
employed. First, cosolvents were used 1o decrease water activity and to inhibit hydrolysis
reactions. Nevertheless the solvents inhibited in the same proportion the synthesis and therefore the
hydrolysis reactions, inhibiting the overall activity increasing the time required to obtain the same
vield. A second strategy consisted tn using immiscible solvents to extract ampicillin. However,
duc to the high ampicillin polarity , we were not able to find a solvent with an adequate partition

cocfficient to promote a good extraction. The third strategy consisted in the use of methanol as an

inhibitor of the PGME hydrolysis. With this stratcgy we were able (o increase in 5% the yield of
ampicillim formation, Finally, the last strategy consisted in controlling the pH. [t was found that pH
inhibited the PGME hvdrolysis sclectively, so at pH 6.0, the ratio of the rates of
synthesis/hydrolysis was 1.25, while at pH 7.0 it decrcased to 0.25. Therefore, conducting the
reaction at an approprated pH increased the yicld from 50% to 60% with a substrate ratio (6-
APA:PGME) 1:3. In the same context, an increase in the substrate ratio, resulted in a yield increase
to 75%, up to a 6-APA concentration of 200 mM. This is the highest yield reported in the
literature. As a conclusion, the productivity was increased to 17 mg of ampicillin/U per batch (5

times higher than the productivity reported in the literature),

Finally, the kinctics of ampicillin synthesis was studied. This kinetic model has not been

reported. The reaction follows a sccond order model. The kinetic affinity constants for 6-APA and

i



PGME were calculated. Simultancously, the enzyme catatyze the ampicillin hydrolysis, reaction
inhibited competitively by phenylglycine and non-competitive by 6-APA, and the PGME
hvdrolysis, which is non-competitively inhibited by methanol. The model of the hydrolysis
rcactions follows the same type of inhibition that penicitlin hydrolysis. All Kinetic constants were
calculated and uscd in a proposed model to describe the experimental results. A good correlation

was found for this model, with deviations at high substrate concentrations.

With the results of this work a paper was published, another will appear in the proceedings
of an international congress and a third article will be submitted for publication soon. The articles

refereed, are the following:

1. Ospina, S., Merino, E., Rumirez, Q.T. and Ldépez-Munguia, A. Recombinant whole cell
pentcitiin acylase biocatalyst: production, characterization and use in the synthesis and hydrolysis
of antibiotics. Biotechnology Letters, 1995, 17, 6, 615-620

2. Ospina, S., Barzana, E., Ramirez, T. and Lépez-Mungufa, A. Strategies in the design of an
enzymatic process for the synthesis of ampicillin. A whole cell £ coli recombinant penicillin
amidasc biocatalyst. Accepted for publication by Elscvier in the proceedings ol the congress:

Immobilized cells: basics and applications, that will be carried out in November/95.
3. Ospina, S., Barzana, k., Ramircz, T. and Lépez-Munguia, A. Effect of pH in the synthesis of

ampicillin by penicillin acylase. A shorter version will be sent for publication to foncyme &

Microbial Technology,
8]
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I. INTRODUCCION

Las enzimas son proteinas que catalizan las reacciones bioldgicas in vivo., También
catalizan reacciones que involucran tanto sustratos naturales como no naturales in vitro.  Las
caracteristicas de las enzimas que mds frecuentemente se mencionan son: su capacidad para acelerar
la velocidad de la reaccion, operando bajo condiciones suaves; ¢l ser altamente selectivas para los
sustratos v cstereoselectivas, siendo esta sclectividad desde muy especifica hasta muy amplia; cl
estar sujetas a regulacion, s decir que la actividad catalitica pucde estar fuertemente influenciada
por la concentracion de sustratos, productos u otras especies presentes en solucion; et que
generalmente son inestables (en relacién con catalizadores quimicos) y finalmente que pucden
mostrar alta enantioselectividad.

las caracterfsticas de disponibilidad, inestabilidad, alto costo y baja especificidad han sido
consideradas los mayores problemas en el uso de enzimas como catalizadores. Sin embargo, sc
han hecho avances importantes cn tecnologfa enzinudtica para aumentar la estabilidad vy disminuir el
costo de las enzimas empleando téenicas de inmovilizacion que permiten su reutilizacion
(Katchalzki, 1993; Messing, 1975). La ingenieria gendlica y la ingenieria de proteinas lo han
hecho a t por mutaciones sitio dirigidas con ¢l abjeto de sobreexpresar la enzima, lacilitar su
procesamicnto, aumentar su estabilidad o moditicar su especificidad (Hwang and Arnold, 1991).

El uso de microorganismos recombinantes para la produccidn de enzimas ha permitido
avances importantes cn el drca. Por cjemplo, sc ha logrado que una enzima se sobreproduzca
mcediante la sobreexpresion de genes provenientes de cepas silvestres, de tal forma que su
recuperacion sca mds {acil, o se produzca en otro microorganismo que antes no producia la enzima.
Asf mismo, se ha logrado que la expresidn de enzimas csté controlada para que su produccion no
afccte la viabilidad de las ¢élulas que la producen, que se expresen a voluntad, sin requerir factores
que induzean su produceidn, y que proteinas que anteriormentie se producian intracclularmente sean
excretadas al medio de cultivo facilitando su purificacion. Por otra parte, el uso de enzimas

modilicadas por téenicas de ingenieria de proteinas ha permitido la obtencion de enzimas mids



cstables a las condiciones de reaccidn, como son el pH (por cambios en aminodceidos cargados en
la superficic), la temperatura (por introduccion de puentes de hidrégeno, que influyen cn el
plegamicnto de la proteina) (Leatherbarrow and Fersht, 1986, Petersen and Martel, 1994), y
presencia de solventes orgdnicos (induciendo entrecruzamicntos internos, incrementando
interacciones electrostdticas o aumentando la compatibilidad de la superficie con el solvente por
remocion de cargas superficiales o puentes de hidrégeno superficiales) (Hwang and Amold, 1991;
Ulmer, 1983). La ingenierfa de protefnas también ha permitido obtener cambios en la especificidad,
va sea haciendo la enzima mds especifica para su sustrato o confiriéndole actividad por sustratos
sobre los cuales antes no actuaba (por cambio de aminodcidos en el sitio activo) o cambiando cl
perfil de pH (modificando las cargas en la superficie de la proteina). Por otra parte, Ja ingenieria de
protefnas es ahora aplicada para mejorar los procesos de purificacion. La adicién de colas
especificamente disefiadas que se unen a compuestos determinados, como sccuencias afines a
cstreptavidina o colas de polihistidina, permiten la purificacién de la enzima por cromatografia de
alinidad o de intercambio 16nico (Nigren eral, 1994).

Hasta hace tan solo un lustro, ¢l principal uso industrial de las enzimas habia sido en
reacciones de tipo hidrolftico. Sin embargo, el descubrimicento de que las enzimas pucden ser
utilizadas en solventes no acuosos, ha expandido ¢l uso potencial y el impacto ccondmico de la
biocatdlists (Zaks and Klibanov, 1988), de tal suerte que con con el desarrollo de las dreas de
ingenieria de protefnas ¢ ingenieria enzimidtica, actualmente se vive un desarrollo acelerado en cl
estudio de las enzimas en reacciones de sintesis (Wong and Whitesides, 1994). La catidlisis
enzimdtica en medios no acuosos ofrece la posibilidad de nuevos usos de las enzimas empleando
sustratos cn reacciones que no son viables en medios acuosos debido a impedimentos cinéticos o
lermodindmicos. Por otra parte, la alta especificidad de las enzimas hace que sea posible su uso en
reacciones de alta selectividad, pricticamente imposibles por métados quimicos, como es cl caso de

reaccionges estereoespeceificas.
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La penicilino acilasa (E.C.3.5.1.11) de I£. coli es una enzima tipo scrin-proteasa, que
cataliza la hidrdlisis de bencilpenicilina a 6-APA (Figura 1), ¢l cual cs de importancia industrial al
ser facilmente transtormado en diferentes dertvados acilados. En esta reaccion se produce también
dcido fenilacético (AFA), lo que ocasiona una disminucién en ¢l pH, ¢l cual debe ser conlroladg
por adicién de una base neutralizante, lo que puede ocasionar puntos de pH clevado, capaces de
desactivar la enzima. Este es cl principio de procesos utilizados en la industria farmacéutica para la
sintesis de penicilinas semisintéticas. Sin embargo su especificidad es amplia, ya que la enzima
también cataliza la ruptura de grupos protectores N- u O-fenilacetilo de a-, B-, y- aminodcidos,
dcido L-aminoetilfosfénico, a-metil aminodcidos, péptidos, aminas, alcoholes o azicares. En
general la penicilino amidasa acepla sustratos con cstercoestructuras  relacionadas con -
anunodcidos. En sintesis de péptidos, ¢l uso de grupos fenilacetilo como un grupo N-protector
pucde causar racemizacion. Sin embargo, cf acoplamicento de N-fenilacetilo aminaidcidos, seguido
por desproteceion enzimdtica del grupo fenilacetilo con acilasa, evita el problema de racemizacion
(Wong and Whitesides, 1994)

Dentro de las aplicaciones mds importantes de las enzimas en la industria, se encucntra cl
uso de la penicilino amidasa en la produceion de antibidticos, a través de la produccion de 6-APA,
nicleo bdsico de la produccion de penicilinas semisintéticas. Desde el descubrimicnto de la
penicilina por Fleming en 1929, cientos de antibidticos han sido descubiertos o generados por vias
semisintéticas. Para 1981 sc habfan desarrollado cerca de 20,000 penicilinas, 4,000
cefalosporinas, 1,000 rifampicinas, entre otros, v la produccidn de antibidticos alcanzo cerca de
25,000 toneladas, de las cuales cerca de 12,000 correspondicron a las penicilinas y cefalosporinas
(Merino, 1992; Demain, 1985; Savidge, 1984). Las penicilinas producidas por via semisintética,
son cn Ja actualidad los antibidticos que dominan ¢l mercado por ser, no solo los mds baratos, sino
también los menos toxicos. Desde ¢l comienzo de su uso como medicamento contra las
infecciones, se cncontrd que los microorganismos creaban resistencia a las penicilinas, a través de

ta ruptura del enlace amidico del anillo p-lactimico, mediante las enzimas p-lactamasas,



Posteriormente, se descubrid el deido clavuldnico, potente inhibidor de estas enzimas, el cual
permitié volver a emplear g-lactdmicos pues una combinacién del antibidtico p-lactdmico con este
compuesto inhibe las p-lactamasas de microorganismos resistentes (Bush, 1988). De los
antibidticos p-lactdmicos, la ampicilina, producto de condensacion de la D- a-aminofenilglicina y
6-APA, es uno de los antibidticos mds utilizados a nivel mundial. El volumen de ventas ¢s de
5,600 toneladas anuales, con un mercado de 1,500 millones de ddélares (Barber, 1994). La
ampicilina se produce a nivel industrial por sintesis quimica, proceso que requiere condiciones de
baja temperatura, ausencia de agua, y utiliza compuestos altamente t6xicos. Pucde ser obtenida por
via enzimdtica, a partir de 6-APA y un derivado activado de la fenilglicina, el metil ester, en

condiciones de reaccién que podriamos definir como suaves (Figura 1),
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Figura 1. A, Hidrdlisis de penicilina G catalizada por penicilino amidasa
B. Sfntesis de ampicilina catalizada por penicilino amidasa.




II. OBJETIVO

En cl Instituto de Bioteenologia de la UNAM se ha trabajado en ¢l Proyecto de produccidn
de 6-APA con penicilino amidasa de £, coli, habiéndose logrado varios aportes importantes cn las
dreas de ingenieria bioquimica, ingenierfa genética, ingenteria enzimidtica ¢ ingenicrfa de protefnas.

Inicialmente se desarrolld un biocatalizador con la enzima semipurificada ¢ inmovilizada,
con alta actividad especifica (130 U/g) vy un tiempo de vida media operacional de 1100 horas
(Ospina et al, 1992), caracteristicas que lo colocan al nivel de los biocatalizadores empleados
industrialmente. Sin embargo, este biocatalizador tiene un alto costo, debido al proceso de
purificacion y al soporte empleado en su inmovilizacién. Asi mismo su principal problema es la
alta sensibilidad al pH. Con el fin de obtener biocatalizadores igualmente eficientes pero mids
ccondmicos y menos sensibles al pH, se desarrolld un proceso para la produccion de un
biocatalizador a partir de células inmovilizadas por atrapamiento en agar, utilizando células de .
coli ATCC 9637 (Rodriguez etal, 1994). Este biocatalizador presenta la ventaja de ser mids estable
al pH que el biocatalizador de enzima inmovilizada, pero tiene ¢l inconveniente de una baja
acuvidad especitica (7-12 U/g), lo cual dificulta su uso a nivel industrial, En ¢l trabajo antes
mcencionado sc demostrd que para que un biocatalizador de penicilino amidasa de ¢élulas pueda ser
cmpleado cn fa produccidn de 6-APA sc requicre de una cepa que presente al menos una actividad
de 0.5 U/mg de proteina. De acuerdo con la estimacion de cstos autores se lograrfa entonees
producir un biocatalizador con 40 u/g de biocatalizador peso himedo, con un costo dc
USH300/K g, que podria scr empleado por Jo menos durante 150 ciclos de reaccion.

Paralelamente, sc han realizado estudios de ingenicria gendética habiéndosce logrado obtener
una cepa hiperproductora de pentcilino amidasa mediante la construceidn del pldsmido pPA 102,
clonando cl gen pac en un pldsmido multicopia, cuya transeripeion estd bajo el control del promotor
del gen lacZ. Lsto le permite ser inducido por factosa como tinica fuente de carbono o por cl
inductor quimico isopropil-p-D-tiogalactopirandsido (IPTG) (Merino, 1992). Con este pldsmido se

transforma la cepa de [2. cali IM101, obteniéndose una cepa con una actividad de 0.3 U/myg de

O



protefna, es decir, aproximadamente 2 veces la obtenida con la cepa silvestre. Este plismido
proviene del plismido pPACI01, en el cual s expresa la penicilino amidasa como un péptido de
fusion con el genlacZ, por lo que su actividad especifica es muy baja. Se modificé entonees este
pldsmido, afiadiéndose 4 pares de bases para evitar que los dos genes se expresen en la inisma fase
de lectura, dando origen al pldsmido pPA 102, Esta modificacion incrementd la actividad al evitar cl
péptido de fusidn.

Por otra parte, Del Rio et al (1995), mediante téenicas de ingenierfa de protefnas realizaron
mutaciones sitio dirigidas al gen pac, cn ¢l plismido pPACI0I1, con el objeto de obtener una
cnzima mds estable al pH alcalino. Para ello realizaron un andlisis de sccuencias con ¢l fin de
cstablecer los sitios del gen que produjeran mutaciones en la superficie de la protefna para
modificar su punto isocléctrico y consccuentemente su pH de estabilidad dptima. Se obtuvo una
cepa con mayor estabilidad a pH alcalino, pero con una actividad especilica muy baja.

Con cl objeto de obtener céiulas con alta actividad penictlino amidasa, Ramirez er al
(1994,a) trabajando en el drea de bioingenieria, desarrollaron un sistema de fermentacién por lote
cxponencialmente alimentado (FLLEA), con cl cual sc logrd incrementar 7 veces la actividad de la
cepa de £ coli recombinante transformada con el pldsmido pPA 102, Il motivo de emplear una
FLEA fuc el de mantencr la velocidad de crecimiento del microorganismo constante a valores muy
bajos como 0.01 h-1, sin tener que usar un quimiostato. Asi mismo, Ramirez et al (1594,b) han
establecido las condiciones Sptimas de tiempo de inducceidn v concentracion de inductor pari la
cepade L. coli recombinante mencionada.

Con basc en estos antecedentes se plantearon las preguntas:

I. k2s posible abtener un biocatalizador de células recombinantes con alta actividad penicilino
amidasa utilizando las cepas y metadologfas disponibles, y
2. Empleando este biocatalizador cs posible realizar la reaccion de sintesis de ampicilina

obteniendo altos rendimicntos.



Para responder estas preguntas nos plantcamos cl siguiente objetivo: Produccidn de un
biocatalizador de células recombinantes con alta actividad penictlino amidasa y su uso en el estudio

de la reaccidn de sintesis de ampicilina.

ESTRATEGIA EXPERIMENTAL
I. Produccién del biocatalizador

En una primera ctapa del trabajo se realizd Ia selecciédn de la cepa a utilizar, ya que sc
disponfa para cl proyecto de vanas cepas con potencial. Una primera cepa, I coli IM 101
pPACI102, mencionada con anterioridad, fue producida por ingenierfa genética y preseinta una
actividad alta. La segunda cepa, . coli  ATCC 9637, porta el gen de la penicilino amidasa en
forma nativa y la tercera cepa, L. coli IM101 pPACI01 modilicada por ingenicria de proteinas,
presenta la ventaja de ser mds cstable al pH, pero tiene una baja actividad especifica. El pldsmido
pPACI01 mutado se proceso en la misma forma que la primera para obtencer el pldsmido pPAC102
mutado. Este procesamiento consistio en la digestién del pldsmido pPACIOL mutado, con HindHl,
la cual produce extremos cohesivos, polimerizacidn para interrumpir la fase de lectura entre lacZ y
pac ¥ postertor ligacién. De esta forma se obtuvo el plismido pPAC1H02 mutado, el cual posce 4
pares de buses mds que ¢l plismido pPACLOT mutado, prerde el sitio de restricaidn Hindlll y
adquiere un sitio para Niel, por lo cual ¢s posible su diferenciacion. Esta metodologia estd descrita
ch forma detallada por Merino (1992). Con este pldsmido se transformé la cepa JM101,
aumentando su actividad respecto a la cepa con ¢l plasmido pPACI101 mutado. Sin embargo, ain
con esta modificacion, la actividad obtenida con esta cepa fué menor a fa actividad presentada por la
cepa no mutada. Por otra parte, la cepa [5) coli ATCC 9637, fué transformada con el pldsmido
pPACIL02, intentando obtener una mayor expresion de la actividad, pues en varios reportes se ha
comprobado que las cepas que poscen ¢l gen en forma nativa, al tener la maquinaria de
procesamicnto y transporte, presentan mayor actividad que las que carceen del mismo. Sin

cmbirgo, con esta cepa se obtuvieron actividades similares a las obtenidas con la primera, la cual



va habfa sido cnsavada cn fermentacion por lote alimentado, por lo cual se decidié realizar cl
trabajo con esta primera cepa, I coli IMI0T pPACI02. Las cepas se compararon cn sistema de
fermentacion en lote alimentado.

Con la cepa seleccionada se realizaron fermentactones en lote alimentado a nivel de 10L y
s¢ inmovilizaron por atrapamiento cn agar con ¢l abjeto de producir el biocatalizador. El
biocatalizador se caracterizd en términos de actividad y estabilidad y se comprobd su uso cn

reacctones de sintesis de ampicilina e hidrdlisis de penicilina.

2, Sintesis de ampicilina

Se plantearon 4 estrategias para obtener altos rendimientos de la reaccidn de sintesis de
ampicilina:
a) Disminucidn de la actividad de agua mediante ¢l empleo de cosolventes solubles en medio
acuoso, con el objeto de imhibir las reacciones laterales de hidrdlisis.
b) Desplazamiento del equilibrio de la reaccion mediante la extraccidn del producto empleando
solventes orgdnicos inmiscibles cn agua,
¢) Inhibicidn de la hidrolisis de FGMIE utilizando metanol como un producto de la reaccion.,

d) Inhibicion de la hidrdlisis de FGME modificando las condiciones de la reaccion: pi
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IHI. ANTECEDENTES
CARACTERISTICAS DE LA PENICILINO AMIDASA

La penicilino amidasa (E.C.3.5.1.11) es la scgunda enzima inmovilizada utihizada a nivel
industrial, desde el punto de vista del volummen de enzima empleada. Cataliza la reaccidn de
hidrolisis de penicilina G o V en dcido fenilacético o fenoxiacético vy deido 6-amino pentcilinico (6-
APA). También sc conoce como penicilino amidohidrolasa, penicilino acil transferasa, penicilino
acilasa (Hamilton, 1966). Este grupo de enzimas se clasifican con base en cl sustrato que
hidrolizan preferencialmente (Vandamme and Voets, 1974) en:

[. Fenoximetilpenictlino (penicitinoV) amidasas, que hidrolizan preferencialmente penictling V.
I1. Benctlpenicilino (penicilino G) amidasas, que hidrolizan prefcrencialmente penicilina G y
HI. D-a-aminobencilpenicilino (ampicilino) amidasas, que hidrolizan preferentemente ampictlina.

La penicilino amidasa cmpleada en este trabajo pertencee a las penictlino amidasas det tipo
1. Las penicilino G amidasas son productdas principalmente por bacterias, de fas cuales las mds
cmpleadas seguin los reportes de fa literatura son I coli v B megaterium.

Como sc menciond anteriormente, la penicilino amidasa se ha empleado en un gran ndmcero
de reacciones de hidrélisis. Margolin eral (1980), cstudiaron la actividad de la penicilino amidasa
de I, coli sobre diferentes sustratos, con un grupo fentlacético en la parte acilo. Este estudio sc
reahizd bdsicamente para caracterizar fa enzima v estudiar su espectro de actividad frente a diferentes
sustratos. Se encontrd que ha enzina solo se une a la forma no protonada del sustrato y que los
valores de las constantes cinéticas se alejaban de Jos obtenidos con el sustrato original en la medida
que ta estructura del grupo donador de acilo cra diferente. Shewale and Sivaraman (1989),
rcalizaron una revision de los diferentes tipos de reaccidn en los cuales participa fa penicilino
amidasa. Las reacciones catalizadas por la enzima son reversibles: fa reaccidn hidrolitica es
catahizada a pH alcalino (7.5-8.5), mientras que a pH idcido o neutro (4.0-7.0) sc promueven las
rcacciones de actlacion, Por esta razon, ha sido reportado ¢l uso de la penicilino amidasa para Ja

transacilacion de un gran mimero de antibidticos g-lactimicos, compuestos fisioldgicamente activos
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y sus intermediarios. Algunos de estos compuestos tienen clevado potencial de aplicacidn, como
blogueo y desbloqueo de grupos [uncionales de péptidos (aspartame) (Fuganti and Graschi, 1986),
resolucidn de fenilglicina dpticamente activa y otros. En la Tabla | se resumen algunos sustratos
sobre los cuales puede actuar la penicilino amidasa, en reacciones de hidrdlisis, sintesis v
resolucion de mezclas racémicas.

El papel de la penicilino amidasa in vivo permanece sin esclarecer, aunque se ha propuesto
que la enzima puede estar involucrada en la asimilacién de compuestos aromdticos como fucntes de
carbono cn organismos de vida libre (Valle eral, 1991; Merino eral, 1992b). Es una enzima muy
interesante, pucs e¢s uno de [os pocos cjemplos de enzimas de origen procariote que sufre un
proccsamiento postransduccional. Es una enzima peripldsmica cuva forma activa ¢s un
heterodfmero de 80 KDaltons, Consiste de dos subunidades heterdlogas: la cadena Ay la cadena
B, que estdn formadas por 209 y 566 aminodcidos, respectivamente, como producto del
procesamicnto proteolftico de un precursor comin (Bock eral, 1983 a,b). Dicho precursor contienc
una secuencia seiial de 26 aminoderdos para dirigir el transporte de la proteina hacia el citoplasma y
un espaciador de 54 aminodcidos entre las cadenas A v B, que influencia el plegamienta final de las
cadenas.

Recientemente se reporto Ja estructura tridimensional de la enzima, encontrindose que
posce una serina catalftica en el extremo amino terminal de fa cadena B. A difeerencia de otras serin-
proteasis no posce una histidina adyacente a la serina, por lo que se concluyé que es el grupo
ammno de la serina cl involucrado en la reaccidn ( Dugeleby etal, 1995).

la produccion de penicilino amidasa  se encuentra modulada por varios clementos:
induccidn por deido fenilacético (Swentirmai, 1964), regulacién por fuente de carbono, ya que
sufre represion catabdlica por glucosa, lactosa, {ructosa y glicerol (Vojtisek and Slezak, 1975) y

termorregulacion (Oh, 1987) obteniéndose la mdxima actividad a 280C.
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Tabla 1. REACCIONES CATALIZADAS POR PENICILINO AMIDASA (Shewale, 1990)

MATERIA PRIMA NUCLEO | MICROORGANISMO PRODUCTO

HIDRQLISIS
Fenilacetil aspartame E.coli aspartame
Fenilacetil insulina E. coli insulina
N-e-Fenilacetil vasopresina E. coli vasopresing
Fenilacetil-asp-B-bencilester E. coli asp-B-bencilester
Fenilacetil. glicina E.coli glicina
Fenilacetil glutimico E. coli ac. glutdmico
SINTESIS
Fenilglicina meltil ester 6-APA B. megaterium, E. coli ampicilina

K. citrophila
p-hidroxifenilglicina metil ester 6-APA E. coli, K. citrophila, amoxicilina

P. cruciviae
Acido fenilacético 1 6-APA B. circulans, E. coli bencilpenicilina
Ester a-metilfenoxiacetiliofénico 6-APA . coli a-fenoxictilpenicilina
Fenilglicina metil ester 7-ADCA B. megaterinum cefalexina

[Fenilacetil DL-tirosina

Acido fenilucético Gly-Gly E. coli fenilucetil gly-gly

RESOLUCION DE

COMPUESTOS ORGANICOS

Fenilacetil DL-fenilglicina k. coli L-fcnilg]icina

Fenilacetil DL-p-hidroxifenilglicina £ coll L-p-hidroxifenilglicing
L. coli L-tirosina




IV. MATERIALES Y METODOS
La mavor parte de la metodologia empleada en este trabajo se encuentra descrita en los 3
articulos anexos. A continuacion sc describen los métodos que no se encuentran completamente

desarrollados en dichos articulos.

IV.1. Seleccion de la cepa de trabajo.

Sc realizé mediante comparacion de la actividad especifica de células obtenidas mediante
fermentacidn cn lote y en lote alimentado exponencialmente a una tasa de dilucion de O.1h-1, en un
volumen de 1 L, como se describe en Ramirez er al (1994, b).

Sc compararon las siguicntes cepas:

a) I, coli IM101 pPAC102, descrita en Ramirez ef al (19944).

b) I, coli IM101 pPACI01 mutada por ingemerfa de proteinas, descrita en Del Rio eral
(1995). Esta cepa fué modificada para climinar un péptido de fusion entie el gen pac y lac/. ste
procesamiento consistio en la digestion del pldsmido pPACI01 mutado con Hindlll, la cual
produce extremos cohesivos, polimerizacion para climinar estos extremos y posterior ligacion. De
csta forma se obtuvo el pldsmido pPAC102 mutado, ¢l cual posce 4 pares de bases mids que cl
pldsmido pPAC101 mutado, pierde el sitio de restriccidn FHindl1l y adquiere un sitio para Nhel,
por lo cual es posible su diferenciacion. Esta metodologia esta descrita en forma detallada por
Mecrino (1992).

¢) I coli ATCCO637, a cual porta el gen de la penictlino amidasa, transformada con cl

pldsmido pPAC102.

1V.2, Stntesis de clorhidrato de FGMI
A la mezela de fenilglicina (27.5 g, 0.82 mol) en metanol absoluto (800 ml) se afade gota a
gota 32.5 (0.273 mol) de cloruro de tionila. La mezela de reaccion se calienta a reftujo por 3.5

horas a aproximadamente 500C. La solucion amarillo pdlida se deja toda la noche a temperatura

i
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ambicnte v sc elimina ¢l metanol al vacio para obtener los cristales incoloros de clorhidrato, los
cuales son agitados con cter scco, [iltrados y secados al vacfo. Se determina la pureza por HPLC,

Este método produce ester con mids de 98% de pureza.

IV.3. Método de HPLC para determinacidn de FGMLI y ampicilina.

Columna Novapack C18 de 3.9x150 mm

Fase movil: metanol al 20% cn fosfato de amonio monobdsico 50 mM pH 4.3
Flujo de la fase movil: 0.9 ml/min

Longitud dc onda: 220 nm

Tiempos de retencion: FGME: 2 min. Ampicilina: 3min. 6-APA v FG: 1 min.
Curvas de calibracion: FGME: 0.2 mg/ml, inyectar de 5 a 20ul..

Ampicilina: 0.1 mg/ml, inyectar de 5a 20 pl..

V.4, Determinacicon de la estabilidad del biocaralizador.

Sc colocaron muestras de 0.5 g del biocatalizador pcéo humedo en 50 ml de buffer fosfutos
o acetatos 0.1 M del correspondiente pH, en un baiio agitado, a 37 0 550C v se tomaron mucstras
en intervalos de tiempo adecuados para determinar L actividad por el método descrito por Ospina er

al (1992).



V. RESULTADOS

Dado que los resultados del presente trabajo se encuentran consignados en los 3 articulos anexos,
cn esta parte del trabajo se realizard la presentacion de dichos articulos, incluyendo antecedentes
que permiten visualizar la importancia de los resultados obtenidos, asf como un resumen de los

principales resultados discutidos en cada uno de ellos.

V. 1. PRODUCCION DE BIOCATALIZADORES DE PENICILINO AMIDASA
PRESENTACION DEL ARTICULO: Recombinant whole cell penicillin acylase
biocatalyst: production, characterization and use in the synthesis and hydrolisis
of antibiotics.

Células o enzima inmovilizada

Para que un biccatalizador sea competitivo con los existentes en ¢l mercado, en general
debe ser reutihizable por un alto ndmero de veces de tal forma que tenga una productividad clevada,
zn particular este hecho se vuelve importante en el caso de la penicilino amidasa por los altos
coslos de la penicilina con respecto al precio de venta del 6-APA. Esta situacion gencra un margen
de utilidad pequeiio, porlo que e costo de la enzima debe incidir lo menos posible en ¢l costo de
produccion para poder hacer el proceso rentable, 1o que solo se logra si el biocatalizador tiene un
alto grado de reutilizacion. Se han realizado varias revisiones acerca de los biocatalizadores de
penicilino amidasa empleados a nivel industrial (Shewale and Sivaraman, 1989; Ospina et al,
1992). En estos estudios se observa que los biocatalizadores empleados a nivel industrial tienen
productividades entre 100 v 2000 Kg de 6-APA/Kg de biocatalizador, con actividades que oscilan
citre 100 y 300 U/g de biocatalizador y ticmpos de vida media de 1000 a 2000 horas, cuando son
empleados entre 1y 2 tiempos de vida media. La mayor parte de cllos se producen a base de
cnzima punificada e inmovilizada por métodos quimicos (enlace covalente, entrecruzamiento) v
[Tsicos (atrapamicnto, adsorcidn) a diversos sopories y solo una pequeiia parte se produce por

inmovilizacidon de células completas,



La produccién de biocatalizadores de enzima purilicada ¢ inmovilizada en general es un
proceso costoso v conlleva muchos pasos. La purtficacidn parcial de una enzima puede constar en
promedio de 4 a 8 pasos, algunos de los cuales requieren equipos especializados. Por otro lado,
para la inmovilizacién se requiere de soportes que ticnen un alto costo. Por estas razones, cl
proceso de produccidn de los catalizadores es costoso y para que ¢l biocatalizador pueda ser
cmpleado a nivel industrial debe tener un tiempo de vida media clevado. De poder contar con un
blocatalizador de células inmovilizadas, se disminuirfan los costos en alto graao y en general cl
proceso de produccidn resultarfa mucho mds sencillo. Sin embargo, para que un biocatalizador de
células inmovilizadas pueda ser empleado a nivel industrial es necesario contar con una cepa de
alta actividad especifica.

Klyosov (1989), reporta dos biocatalizadores industriales producidos a partir de células
inmovilizadas: el producido por Tanabe Sciyaku Co. con células de /5. coli atrapadas en
poliacrilamida y el producido por una industria china, también con células de I, coli atrapadas en
agar. Rodriguez (1992), Ilevé a cabo una extensa revision de los biocatalizadores de penicilino
amidasa producidos a partir de células completas, reportados en la literatura, En la mayoria de los
casos se utilizan métodos de atrapamicnto cn diferentes maleriales: poliaerilamida, carragenina,
Eudragit®, quil‘oéuno, gelatina v agar, logrindose biocatalizadores con actividad baja (10-40 U/g)
v tiempos de vida de 10-15 dias. ] hecho de que pocos procesos utilicen células inmovilizadas
con actividad penicilino amidasa como catalizador es debido bdsicamente a la baja actividad de las
cepas silvestres, la cual oscila entre 0.1 y 0.2 U/myg de protefna. Rodif guer er al (1994) realizaron
un estudio de tipo econdmico de fos requerimientos de una cepa con actividad penicilino amidasa
cncontrando que se requicre una cepa con actividad de al menos 0.5 U/mg de proteia para
producir un biocatalizador apto para ser empleado a nivel industrial en este proceso. Este nivel de

actividad no sc ha logrado obtener con las cepas silvestres conocidas.
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Sabreproduccidn de penicilino amidasa

Dada la importancia de contar con una cepa que presente alta actividad de penicilino
amidasa, se han hecho varios intentos por obtener cepas hiperproductoras. Zn la Tabla 2 se
presenta una revision de {os trabajos reportados al respecto, los cuales incluyen téenicas de genética
cldsica, biologia molecular, asi como de bioingenieria. En resumen, sc ha logrado incrementar
hasta 57 veces la actividad de la cepa silvestre. Sin embargo, los niveles de incremento de actividad
se refiercen a la cepa nativa que en muchos de los casos carecen de actividad, por lo que, a pesar del
fuerte incremento, la actividad especifica alcanzada en gencral sigue siendo baja (entre 0.01 y 0.2
U/mg).

Mediante téenicas de genética clidsica se ha realivado mutagénesis generalizada con agentes
quimicos o fisicos, logrando incrementar hasta 2-3 veces la actividad de cepas nativas (Merino et
al, 1992). Los mejores resultados se han oblenido con mutaciones que producen cepas con
expresidn constitutiva del gen, reportdndose ast incrementos hasta de 20 veees en la actividad.
Mediante la tecnologia de DNA recombinante ha sido posible aislar el gen pac, clonarlo en
pldsmidos multicopia, determinar su secuencia nucleotidica, modificar sus sciiales de regulacion ¢
incluso sustituirlas por las de otros genes. Sin ecmbargo, las actividades obtenidas con estas
maodificaciones no han sido tan altas como las esperadas, debido principalmente a factores tales
como la iestabilidad del pladsmido recombinante, la saturacion de los mecanismos de transporte v
el procesamiento del precursor (Merino, 1992a). Lee and Chang (1988), utilizaron un sistema de
fermentacidn continua con recirculacion de células, el cual permite obtener alta densidad celular,
logrando una concentracion de células de hasta 95 g/l, con actividades de 0.1 U/g. Son realmente
cseasos los estudios de bioingenieria en los cuales se reporta un incremento cn la actividad de
penicilino amidasa empleando cepas recombinantes, Recientemente, Robas er al (1993) reportan la
obtencidn de una cepa hiperproductora utilizando una mezela de métodos de genélica cldsica ¢
ingenierfa genética, consistente en la mutacidn con N-metil-N-nitro-Nnitrosoguanidina de la cepa

I, coli ATCCI1105 y posterior transformacion de esta cepa con ¢l plismido pX1L.20, quc porta cl

17



Tabla 2. SOBREPRODUCCION DE PENICILINO AMIDASA

alimentado

METODO DE Plismido o Actividad Actividad | Biomasa | Referencia
MODIFICACION tratamicnto de Veces de
Cepa mutacion incremento
GENETICA CLASICA
E. coli ATCC11105 Nitrosoguanidina 8 DO:10 Robas er al,
No represion glucosa 1993
B. megaterium ATCC14945 | UV 0.76U/ml 4 Son ¢t al,
Constitutiva 0.076U/mg 1982
E. coli ATCC 9637
Constitutiva 20 Sikyta, 1981
INGENIERIA GENETICA
E. coli ATCC11105 Derivado de pBR322 0.08U 13 DO:10 | Robas et al,
Nitrosoguanidina NIPAB/mg 1993
No represion glucosa
E. coli HB101 pGAGlLL 0.06 U/ml 6 4.0 g/l Zhang et al,
E. coli C600 pGAGTI] 0.185 U/ml 18.5 7.6 g/l 199()
E. coli AS1.76 pGAGT1] 0.895U/ml 5 11.1 g/l
E. coli E110 pGAG11 1.25U/ml 6 12.5 g/t
E. coli HB101 pPGAT 4.5 Garcfa and
Buesa, 1986
E. coli SES000 PRKA3 57
BIOINGENIERIA
E. coli Recirculacidn 0.1U/mg 95 ¢l Lee and
| células Shang, 1988
E. coli IM101, lote pPA 102 1.96 u/mg 1.5 6 g/l Ramirez et
| al,1994a
E. coli IM101, lote expon. | pPA102 0.29 u/mg 10 6 g/l

Ramirez et al,
1994b




gen pac. Se obtiene ast un incremento de 13 vecees en la actividad. Como se puede apreciar, los
avances obtenidos para incrementar la actividad de las cepas mediante téenicas de ingenicria
genética no han sido tan espectaculares, razon por la cual el uso de catahzadores de células con
actividad penicilino amidasa sigue sicndo poco viable, La inestabilidad de los pldsmidos v la
saturacion de los mecanismos de exportacion (procesamicento) son dos posibles causas de esta

situacion.

Atrapamiente de las células

Una vez que se cuenta con una cepa de actividad elevada, el proceso de inmovilizacion debe
permitir una eliciente expresion de la actividad, para lo cual se debe controlar el tamafio de particula
de tal forma que se eviten los problemas difusionales. Por otro lado, la metodologfa de produccidn
deberid tener factibilidad téenica, es decir, sencilla de realizar v ficil de escalar, La téenica mds
factible para Hevar a cabo la inmavilizacion de células completas cs el atrapamiento en gel, va que
cs relativamente sencilla v de bajo costo. Mo obstante, entre sus principales desventajas estd su
diffetl escalamiento y el control del tamanio de particula, Sin embargo, esta téenica ha logrado
superar cn parte, algunas de estas desventajas (Rodriguez efal |, 1994; Castillo etz al, 1991). Los
mctodos de inmovilizacidn por atrapamicnto desarrollados hasta la fecha, permiten obtener
partfculas de diversos tamanos y formas, con la posibilidad de su manipulacion. Se pucden dividir
en dos categorfas: extrusion (manual o automadtica) y dispersion iquido-liguido o Iiquido-gas.

La extrusién manual es la mds utilizada. Consiste en alimentar la suspension células-
polimero a través de tubos capilares a soluciones gelificantes (soluciones de calcio para alginato de
sodio o polasio para carragening, o soluciones curtientes a temperatura baja). Con csta téenica cl
Hlujo de alimentatacién de la suspension células/biopolfmero es baja v la productividad depende
ampliamente del ndmero de capilares empleados y el tamaiio de particula obtenido varfa entre 2 y 4

mm.
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Audet y Lacroix (1989) v Castillo eral (1991), reportan la produccion de biocatalizadores
esféricos por dispersidn de la suspension células-gel en accite. Después de cierto tiempo de
mezclado, se enfria el sistema para inducir la gelificacion. La dispersion y tamanio de particula
dependen de las condiciones hidrodindmicas v temperaturas del sistema, relacion fase acuosa/fase
olcosa, y velocidad de mezclado, entre otras.

Como ya se menciond, ¢l alto costo de los biocatalizadores de pentcilino amidasa
semipurificada, junto con cl bajo lfmite de utilidades en ¢l proceso indican que los biocatahizadores
de penicilino amidasa deben tender a ser producidos a partir de células completas, para lograr los
menores costos Yy facilidad en los procesos de produccién. Para cllo es condicion sine qua non
disponer cepas que tengan alta actuividad especilica, con el objeto de obtener biocatalizadores con la
mayor actividad posible,

=n la primera parte de este trabajo, se desarrolld la produccion de un biocatalizador de
peniciino amidasa por inmovilizacion de células de I1. coli recombinantes, las cuales portan cf gen
de la pentethino amidasa bajo la regulacion del promotor del gen laeZ. Con esta cepa se realizaron
fermentaciones en lote exponencialmente alimentado, controlando la velocidad  de erecimiento a
valores muy bajos (0.01h-1), habiéndosc alcanzado una actividad especeifica de 2U/mg, que resulia
muy alta comparada con las reportadas en la iteratura, Las ¢élulas fucron inmovilizadas por
atrapamicnto en agar, obteniendo un biocatalizador con una actividad de 100 Ulg (empleando
penicitina a pH 7.8 v 37¢C) v un tamaiio de particula entre 0.17 v 0.3 mm, con un factor de
clectividad mayor de 0.75. La enzima en este catalizador presenta un tiempo de vida media de
1100 horas a pH entre 5y 7.0 a 37<C, lo que resulta comparable con los biocatalizadores de
enzima purificada reportados (Ospina eral, 1992). Tiene la ventaja de que su costo es reducido
pucs se evita la purificacion de la enzima v el uso de soportes costosos. El catalizador fue probado
en reacciones de hidrdlisis de peniciling, alcanzando un 95% de conversion en un tiempo de 1.5
horas con una carga de enzima similar a la empleada con cf biocatalizador de enzima purificada

(100 U/g PGK). Asi mismo, sc comprabd su uso cn reacciones de sintesis de ampiciling, en las
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condiciones citadas en la hiteratura, alcanzando un rendimiento de 50% en 2 horas. El resultado de
este trabajo fué publicado en Biotechnology Letters, 1995, 17,6, 615-620, con el titulo:
Recombinant whole cell penicithin acylase biocatalyst: production, characterization and use in the
synthesis and hydrolists of antibiotics. Ospina, S., Merino, E., Ramircz, O.T. and Ldpez-

Munguia, A.

V. 2. ESTRATEGIAS EN LA SINTESIS DE AMPICILINA

PRESENTACION DE LOS ARTICULOS:

1. Strategies in the design of an enzymatic process for the synthesis of
ampicillin. A whole cell E. coli recombinant penicillin amidase biocatalyst.

2. Effect of pH in the synthesis of ampicillin by penicillin acylase.

lLa sintesis de ampicilina a nivel industrial sc lleva a cabo por procesos quimicos en los
cuales sc requiere de condiciones drdsticas de temperatura, condiciones anhidras v uso de solventes
toxicos, asf como de empleo de derivados activados de la fenilglicina, que por otro lado son muy
inestables. En la Tabla 3 se muestra los diferentes métodos de sintesis quimica de ampicilina,
espectitcando el nimero de pasos y los reactivos empleados. Como se aprecia en csta tabla, en
general los métodos quimicos son muy complejos, requiriendo entre 10 y 20 pasos, tienen
rendimicentos cntre 15 v 80% v cmplean solventes téxicos, asi como bajas temperaturas. Entre
¢stos, los mids empleados a nivel industrial va que resultan en altos rendimientos, son los que
utthzan cloruro clorhidrato de fenilglicina.

Son pocos los trabajos publicados relferentes a la sintesis enzimdtica de ampicilina. Se ha
reportado el uso de dos enzimas para la sintesis de ampictlina: penicilino amidasa de F. coli (Cole,
1969; Kasche, 1985), de Kluyvera citrophila (Okachi, et al, 1983) y de Pseudomonas
melanogenum (Okachi eral, 1973) vy la D-Ienilglicil-g-lactamido amidohidrolasa de Xantomonas
sp (Blinkovsky eral, 1993). [Enla Tabla 4 sc aprecian las caracterfsticas cinéticas de algunas de

cllas en rcacciones de mdrdlisis de diferentes sustratos. Como puede observarse, 1a penicilino
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Tabla 3. METODOS DE SINTESIS QUIMICA DE AMPICILINA

Triana ef al, 1992

isobutilcetona

RUTA No. DE PASQS | RENDIMIENTO | TIEMPO | REACTIVGS TOXICOS O

(%) (h) CONDICIONES DRASTICAS
1. Condensacion de 6-APA
con a-fenilglicina protegida 23 50 18 Corriente de hidrégeno
Doyle et al, 1962 m
2. Reduccién por hidrogena- |

}

cién catalitica de bromuro de a- 23 6() 9 Azida de sodio, hidrégeno,
bromofenilacetilo. (eC.
Kaufman, 1963
3. Reduccion con hexameti-
lentetramina de bromuro de a- Clorofonmo, hexametilen-
bromofenilacetilo. 19 15 10 tetramina, (QoC.
Soulal, 1964
4, Via metil-N-{(a-carboxi- Acetona, acetato de metilo,
bencil)-f-amino crotonato I 53 12 diclorometano, atmosfera
Florey, 1973 de CO,
5. Via cloruro-clorhidrato de
a-fenilglicina con cloruro de 0oC, cloroformo, dicloro-
tnmetilsilicio en diclorometano 14 S0 13 metano, acetona,
Johnson, 1964 isopropanol
6. Via cloruro-clorhidrato de
a-fenilglicina con trimetil Diclorometiano, dimetil-
silicio en dimetil anilina 12 30 14 | anilina "
Novak, 1963
7. Via cloruro-clorhidrato de
a-fenilglicina en acetona 14 43 8 -30eC, acetona, metil-




Tabla 4. Caracteristicas cinéticas de enzimas utilizadas en la sintesis de Ampicilina

Enzima Keqe (s°1) Km (mM) Reaceion Referencia
Penicilino amidasa, I, coli | 48 4.6x10-3 Hidrdlisis PGK Margolin eral, 1980
Penicilino amidasa, F. coli ! 11 0.1 Hidrdlisis Ampicilina | Margolin eral, 1980
D-fenilglicil-g-lactamido Blinkosvsky and
amidohidrolasa 2 1000 3.6 Hidrdlisis FGME | Markarian, 1993
D-fenilglicil-p-lactamido Blinkosvsky and
amidohidrolasa 2 17.5 0.6 Hidrdlisis Ampicilina | Markarian, 1993
a-aminoacido ester 128 pmol/min.
hidrolasa, Xantomonas citri mg prot. Hidrolisis Ampicilina | Kato etral, 1980

I pH 7.5, 25:C

2pH 6.0, 25:C




amidasade [2. coli es mids afin por su sustrato original (penicilina) que por la ampicilina, para la
cual presenta un mayor valor de Km y un menor valor de Keat. La D-fenilglicil-g-lactamido
amidohidrolasa de Xantomonas sp. tienc una mayor alinidad por la ampicilina que por la FGME,
pero un Kcat inferior, es decir, que hidroliza con mucha mayor velocidad a la FGME. No han sido
reportadas constantes cinéticas para la sintesis de ampicilina.

La baja solubilidad y bajo pK del grupo dcido de la fenilglicina hacen prdcticamente
imposible la sintesis de ampictlina con penicilino amidasa a partir de fenilglicina libre, por lo que
los primeros trabajos tuvieron como objetivo la seleccién de un derivado activado de la fenilglicina.
Varios autores (Cole, 1969; Kasche, 1986) han demostrado que el mejor grupo para realizar la
transferencia de la fenilglicina al 6-APA cs ¢l derivado metil ester. Asf mismo, han puesto de
manifiesto que la enzima tiene una buena afinidad por este compuesto para la hidrdlisis, por lo que
cl rendimiento de la reaccidn solo es elevado si se usa en exceso. Esta es la estrategia mds utilizada
en diversos reportes para aumentarcl rendimiento de la reaccion.

Otra estrategia que ha sido empleada para este {in, consiste en la inhibicidn de la reaccion de
hidrélisis mediante cl uso de metanol. Kasche (1985), quien utiliza un biocatalizador de penicilino
amidasa de I\ coli inmovilizada en Eupergit C, realiza la sintesis de ampicilinaa pH 7.5y 250C v
logra un incremento de 9% en la conversién de la reaccién cuando emplea metanol al 10%, a
concentraciones de 6-APA v de FGME de 200 v 300 mM, respectivamente. De acuerdo con estos
autores sc regenera el sustrato activado por triansferencia de la fenilglicina al metanol, L cual en
ausencia de alcohol es deacilada = " agua. Este es el dnico autor que reporta el uso de solventes
como cstrategia para aumentar ¢l rendimiento de Ta reacctdn de sintesis de ampicilina, Existen
pocos reportes releridos al uso de solventes en reacciones de sintesis de antibidticos: uno cs el
reportado por Hiung eral (1993), en la reaccion de sintesis de cefalexina. Este autor reporta un
incremento  de 270% cn la conversion de la sintesis de cefalexina con a-amino acido cster
hidrolasa de Xantomonas citri al emplear sorbitol al 209%:, debido a una disminucion de la actividad

de agua a 0.97. Sin ecmbargo, cste incremento corresponde a un aumento de 20 a 60% de



conversion, ¢s decir, ¢l rendimiento ¢n solucidn acuosa s muy bajo. El otro caso es el reportado
por Fernandez Lafuente eral (1991), quicnes estudian la reaccidn de sintesis de penicilina, a partir
de 6-APA vy dcido fenilacélico. Esta reaccidn depende del pK del AFA,| pues solo la forma
disociada del compuesto es capaz de unirse a fa enzima; el pK del AFA es 4.1, por {o cual la
reaccion solo puede ser llevada a cabo a pH bajo, cercano a 5, donde existe suficiente compuesto
cn forma no disociada y la enzima ain tiene actividad. Estos autores utilizan solventes como la
dimetifformamida, el cual modifica el pK del AFA hasta 5.75 en presencia de 50% de solvente, 1o
que permite alcanzar rendimientos de hasta un 80% a pH 6.5, donde la velocidad de reaccién cs
mayor. Sin embargo, csta estrategia no es posible para la sintesis de ampicilina a partir de
fenilglicina y 6-APA debido a que el pK de la fenilglicina es de 2.1 vy se incrementa solo hasta 3.1
en presencia de dimetilformamida al 50%.

Otra alternativa, no por obvia menos importante para incrementar cl rendimiento de la
reaccidn de sintesis, consiste en la optimizacién de las condiciones de la reaccidon: pH v
temperatura. Los reportes en este aspecto se limitan a sefialar las condiciones dptimas empleadas en
cada trabajo. Izstas condiciones coineiden en la temperatura, cn un valor relativamente bajo (250C),
st lo comparamos con la temperatura empleada en L hidrdlisis de penicilina (370C). Esto se debe a
que al incrementar la temperatura, sc incrementa la relacién hidrélisis/sintesis, disminuyendo el
rendimiento. El dnico reporte referente a una optimizacién de la temperatura, asi como del pH, es cl
publicado por Boceu eral (1991), quienes emplean un método cstadistico, incluyendo ademss en
estudio Ja relacion de concentracion de sustratos. Estos autores encuentran que las condiciones
Gptimas son de una temperatura de 25¢C, una relacion 1:2 de 6-APA:FGME y concluyen ademas
que no ¢s necesarto un control de pH pues entre 6 v 8 no se ve afectado el rendimiento. LLos demds
reportes sobre la sintesis de ampicilina son realizados a pH fijos v unicamente se reportan como
los dptimos.

Isakaeral (1995), realizan un estudio donde sc compara la transferencia de dos sustratos:

metilfentlacetato y metileloroacetato al deido 7-amino-3-deacetil celalospordnico (7-ACA) por la

S
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penicilino amidasa de Bacillus megaterium. Lstos autores encontraron que cs posible obtener un
alto rendimiento de la reaccidn de translerencia utth zando el metileloroacetato (95%) pues la enzima
hidroliza muy poco a este compuesto, a diferencia del metilfenilacetato, cuyo midximo rendimicento
es 45%, ya que cs hidrolizado cficientemente. Las velocidades de hidrdlisis corresponden a 2.6 y
44 mmol/min por mg de enzima, respectivamente, mientras que la veloctdad de transferencia cs
muy parccida para los dos compuestos (40 y 60 mmol/min por mg de enzima, respectivamente).
Este es un reporte novedoso de como, modificando ef sustrato se puede incrementar ¢l rendimiento

por modificacidn de la especificidad hacia reacciones laterales.

En este trabajo se cmplearon 3 estrategias con cl objeto de ncrementar ¢l rendimiento de la
sintesis de ampiciling, usando cl biocatalizador de penicilino amidasa de [£, coli reportado cn la

primera parte de csta tesis.

1. Disminucion de la actividad de aguu.

Se partid de las condiciones mencionadas en la literatura, es decir una temperatura de 250C,
un pH de 7.0 y una concentracion de sustratos, 6-APA 50 mM y FGME 150 mM. En cstas
condiciones, s¢ obtuvo un 50% de conversidn en la reaceidn. Emplcando este sistema se estudié el
efecto de diferentes cosolventes con ¢l objeto de disminuir la actividad de agua, emplecando
concentraciones de hasta 80% del cosolvente. Sin embargo, no fue posible lograr incrementar la
conversion, ¢ inclusive en algunos casos se ocasiond una disninucién de la velocidad de reaceidn,
por lo que ¢l tiempo requerido para obtener esta conversidn era mayor. Lstos solventes que alectan
fa actividad enzimdtica disminuyen en igual proporcién la velocidad de hidréhisis del sustrato

(FGML) que la de sintests de ampicilina.
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2. Cinética de la reuccion de sintesis de ampicilina.

Efecto del metanol como inhibidor de la hidrolisis.

Como se ha mencionado, la reaccidn de sintesis de ampicilina por transferencia de la
[enilglicina de FGME al 6-APA con penicilino amidasa, estd acompafiada por reaccién de hidrélisis
del sustrato (FGME), la cual ticne como producto el mctanol. Se estudié el efecto del metanol
como inhibidor en las reacciones de sintesis de ampicilina ¢ hidrélisis de FGMIE y se encontid que
cs un inhibtdor no competitivo de la hidrdlisis de FGME v que las mejores condiciones se obtienen
a 20% de metanol, donde Ia inhibicidn de la hidrdlisis en relacién a la inhibicién de la sintesis de
ampicilina es optima, lograndose un incremento del 5% cn la conversién. Mayores concentraciones
de metanol inhiben fuertcmente la velocidad de sintesis y ademads tienen efecto sobre 1a estabilidad

de la enzima.

3. Reaccion-extraccidn,

L. tercera estrategia para incrementar el rendimiento de la reaccion consistio en la extraccidn
del producto con ¢l objcto de evitar que la reaccion alcance ¢l equilibrio. El principal inconveniente
de esta estrategia es la alta hidrofiticidad de Ta ampiciling, lo que hace dificil su extraccidon por un
solvente; los solventes en que cs soluble (butanol, metilisobutilcetona) presentan un cfecto muy
drdstico sobre Ja actividad y estabihdad de la enzima. Ademds, Ja ampicilina presenta cocficientes
de particion menores a 1, por lo cual no solo la velocidad de la reaccidn en presencia de los
solventes es muy baja, sino que contleva a rendimicntos muy bajos y una pobre extraccion. Con el
sistema polictilenglicol:fosfatos en el cual ¢l cocficiente de particidon de la ampicilina s mayora 1y
la actividad del catalizador es igual a la que presenta en medio acuoso, se tiene el inconveniente de
quc los sustratos tambicn tienen coeflicientes de particidn mayores a 1, la cual hace que el sistema
sc comporte comao de dos fases acuosas en las cuales se reparten de igual forma tanto sustratos

como producto, obtenicndo la misma conversion,
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Los resultados de esta parte del trabajo sc consignan en el articulo: “Strategies in the design
of an enzymatic process [or the synthesis of ampicillin: A whole cell I1, coli recombinant penicillin
amidase biocatalyst” que ha sido aceptado para ser publicado por Elsevier en los Proceedings del
Congreso: Immobilized cells: basics and applications, que sc levard a cabo en Holanda en

noviembre/95,

4. Condiciones de la reaccion. pH.

Sec han propuesto varios modelos para explicar el cfecto del pH en la actividad enzimatica
(Scgel, 1975; Roberts, 1977). El mds sencillo se refiere a la disociacidon de la enzima libre,
planteando un mecanismo en el que la enzima se puede encontrar cn tres estados de disociacion,
siendo solo uno de cllos capaz de unirse al sustrato para catalizar la rcaceién. La ccuacion que
describe cste comportamicnto es la siguiente:

I+ H+
K,. ¢ Ky K>

EH+ 4+ S & EH+S » EH++ P
Kic ¥ H+ Kk

EHA*

De este mecanismo cs posible obtener el siguicnte modelo:

Vinas 1]
-------- — (1)

I

\Y)

\Y e e e e e e e e e o e ',))
&

1S]+ Ke O 4 ([HH/K ) +(Kae/[H*]) )

it

con Ks = k.1/ky, Eg la concentracion (otal de enzima y Ky y Ko, las constantes de equilibrio de dos

formas inactivas de la enzima, funcién del pH (protonada y desprotonada)
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v Ky o= Ks (14 [H+) 7 Ky + K /{H*] ) (4)

A bajos valores de pH la concentracién de protones es muy alta, haciendo muy pequefio al
término que contiene a K, Tomando logaritmos, sc obtiene entonces la ccuacién de una linca
recta, cuya pendiente al graticar pK,;, vs pH es igual a uno:

PRy = pKs + pH - pK), (5)

Procediendo de igual forma a altos valores de pH, se climina el término que contiene a la
K. dando lugar a la ecuacion:
le
pKm = pKy + pKae - pH (6)
que presenta una linea recta de pendiente -1, al graficar pKm vs pH.
Un segundo modelo contempla la ionizacion del complejo enzima-sustrato, representado
por ¢l mecanismo siguicnte:
ES-+ H+
3 K?.cs
k) K
EH + S « EHS = LEH+P
K.

H+$ K les
EHzS‘*'

L=ste mecanismo da lugar al siguiente modelo:

VoE e (7)

o bien:

--------------------------- (8)
Ko+ [S] 11+ ((HA/K eg) + (Koo/IHH]) }

\I

i
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dondc:

Vnp el s (9)

y I(n] B e il kb b | (]())
{1+ ([HAK o) + Koo/ [HH) }

En este caso, ¢l comportamicento de la Vap en relacidn con el pH es especffico, va que a bajos

valores de pH:
log Vap = 1og Viay - pKjes + pH (1)
Vv pKm = pKs+ pKjes - pH (12)

mientras que a altos valores de pH:

log Vap = log Vi + pKaes - pH (13)
v PRy, = pKy - pKags + pH (14)

Como puede observarse en este caso tanto Km como Vap varian con cl pH.
Un tercer modclo que combina los anteriores, contempla la disociacion tanto de la enzina

libre, como el complejo enzima-sustrato

Iz +H+ [2S-4 H+
ch $ ¥ K?.c.s
K, K>
EH + S e LEHS +» EH+P
Ky
Kie T H+ H+ 1 1(.][35
2L+ EH-S+

De este maxdelo pucde derivarse que:

\Y = D ( ] 5)
Km+S



Vma X [S’ )
v T e o e o e (16)

donde:

Vap e L L L T e e ( ]7)
Lt ([HA K es) 4+ (Kaeo/[HA]

1+ (Rao/[H*)) + ([HH/K)
Km = KS mrmmmem e (18)
P (A o) + (Kaes/[HH])
En este caso, micntras que Vap varia con el pH, la variacion de Km con el mismo
pardmetro depende de la diferencia entre fas constantes de disociacion de la enzima hibre v las del

complejo enzima-sustrato: entre nuds cercanos scan sus valores, menor serid la dependencia del Km

con el pH.

Cuando tanto Ja enzima como ¢l sustrato sc disocian, se deben corregir fas constantes por un
término de pH que depende del estado de 1onizacian del sustrato.

E- SH+ ES

Kot Ko ¥ ¥ Ko
ki ka
EH + S « EHS - EH+P
K.y
Ky ¥ I Kyes

EHQ*‘ EH:\_S+

Por lo tanto, la ecuacidn que describe este mecanismo serfa:

v S (19)
Km+ S’

donde S” = S/(1+ [H+[/K, (20)

S~
h o —
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Por lo tanto, la ccuacidn que toma en consideracion a las constantes de disociacion de la

cnzima libre, del complcjo enzima-sustrato v del sustrato, serfa la siguiente:

VinaxS’
Vv B e e A (21)
Ks ( T+ (Koo [HH]) + ((H*V/K 1)) + S7(1 + ([H /Ky ee) + (Kaes/ [HH)))
Esdecir:
Vmax S f
R T (22
Ksfe+S fesfs
donde:
Js = (1+ [H+J/K) Vip = Vinaxlfes
Se= (1 + (Kao/{H) + ([HH/Kye) Km = Ky (fofslfes)
fcs:(l + ([H“"]/Klus) + (K.'Ees/[H*':D Vnp;Km = Vmax! Ks.fcfs

De acuerdo a Blinkovsky (1993), la hidrélisis de FGME v de cefalexina con la D-
fenilglicil-g-lactamida amidohidrolasa de Xantomonas sp siguen ¢l cuarto madclo propucsto, cri cl
cual la forma que reconoce la enzima es la forma disociada del sustrato. Por esta razon, Ja gridfica
de Vmax/Km presenta pendicntes menores a 1 a valores de pH altos v bajos.

Sc observa que existe un fuerte cfecto del pH en fa reaceidn de sintesis de ampicilina. Estos
resultados sc encuentran descritos en ¢l tereer articulo: Effect of pH in the svnthesis of ampicillin,
Por esta razdn se estudid el efecto del pH en las reacciones de hidrdlisis de FGMIE v de sintesis de
ampicilina, encontrando que la hidrélisis de FMGE depende de 1a forma de disociacidn tanto de la
chzima libre como del complejo enzima-sustrato y que no depende de la disociacion del sustrato, o
sea que esta reaccion sigue el tercer modelo propuesto, 1o que se deduce de las grificas de log
Vimax vs pH y log Vmax/Km vs pH, en las cuales la pendiente a valores de pH muy bajos y muy
altos es igual a 1. Esto coincide con ¢l mecanismo de accién propuesto para la hidrdlisis de

penicilina.
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Ademus, se propone que la sintests de ampicilina también depende de la forma de
disociacion de la enzima y det complejo enzima sustrato y que probablemente depende de la
disociacion del 6-APA, con base en el mecanismo propuesto. Esto implica que se puede aplicar cl
cuarto modelo, segun el cual el 6-APA debe encontrarse en la forma no disociada para poder unirse
ala enzima vy reaccionar con ¢l intermediario acilo enzima,

El hecho mds importante en relacidn al pH es que afecta en forma distinta las dos reacciones
que ocurren simultancamente, lo que permite controlar en forma selectiva la reaccion de hidrdlisis,
habiéndose logrado una conversién de 60%, con ¢l solo hecho de controlar el pH a 6.0 en lugar de
hacerlo a 7.0. Este hecho se ve realzado a mayores concentraciones de sustratos, logrdndose un
imcremento hasta de 75% cn cl rendimiento de la reaccién a este pH, como consecuencia de una
menor hidrélisis del sustrato. Este hecho no ha sido publicado con anterioridad. Los resultados de
esta parte del trabyjo se publicardn en el articulo: Effect of pH in the synthesis of ampicillin by
penicillin acylase, que serd enviado para su publicacion en la revista Inzyme & Microbial

Technology.

Cinética de la reaccidn de sinfesis de ampicilina

n esta parte del trabajo se desarrolld un modelo cinético para la reaccidn de sintesis,
cneontrando, de las grdficas de inverso de velocidad inicial vs inverso de la concentracion de los 2
sustralo, que esta reaccion sigue un modelo de segundo orden, de tipo ordenado. Para la hidrdlisis
de la ampicilina producida, se propuso un modelo tipo Michaelis-Menten, con inhibicién
competitiva por fenilglicina ¥ no competitiva por 6-APA. Finalmente para la hidrélisis de FGME,
que también sc deseribid por un modelo tipo Michaclis-Menten con inhibicion no competitiva por
metanol. Sc caleularon las constantes cinéticas v sc intcgraron las ccuaciones diferenciales en cl
programa ISIM y mediante ajustes efectudados en el programa Sigma Plot, se calcularon las
concentractones de sustrato y producto que predice el modelo para diferentes condiciones de

reaceion. =l modelo se ajusta a bajas coneentraciones de sustrato, & mayores concentraciones existe
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discrepancia cntre los resultados experimentales y los que predice el modelo. Por medio de
iteraciones se establecio cudl es el factor que influye en csas diferencias encontrando que se trata de
las constantes de la hidrdlisis de ampicilina. Los valores de Km para la hidrdlisis de ampicilina y
FGME obtenidos en este trabajo son mayores que los reportados en [a literatura, presentados en la
Tabla 4, indicando una menor afinidad de la enzima por estos sustratos. Estos resultados se

presentan en el articulo mencionado.



Vi. CONCLUSIONES

Produccion del biocatalizador

1. Se realizo la scleccidn de la cepa de trabajo con base en la actividad de las cepas
disponibles.

2. Sc comprobd que el procesamicnto del plismido pPACIOI mutado, permite una mayor
expresion de la actividad penicilino amidasa, sin embargo, esta actividad es menor a la lograda con
el pldsmido pPAC102 no mutado.

3. Sc obtuvicron células de E. coli IM101 pPAC102 con una actividad de 2 U/mg por
fermentacidn en lote exponencialmente alimentado, mediante ¢l control de la velocidad especifica de
crecimiento del microorganismo.

4. Se contestd la primera pregunta plantcada ya que sc desarrolld un biocatalizador de
células recombinantes de [, coli con actividad penicilino amidasa, por atrapamiento en gel,
comparable en actividad (-] 00 Ulg) v estabilidad (1,100 h) con los empleados industrialmente, con

cl cual es posible realizar la sintesis de ampicilina.

Sintesis de ampicilina

.Se estudio la reaccion de sintesis de ampicilina empleando dicho catalizador. La
disminucidn de fa actividad de agua por la presencia de cosolventes no inhibe en forma diferencial
la velocidad de hidrdlisis de FGME, por lo cual no es posible incrementar el rendimiento de la
reaccion de sintesis con el uso de estos compuestos.

2, No es posible lograr mayores rendimientos de la reaccién debido a las caracterfsticas de
polaridad de la ampicilina lo cual la hace dificilmente extractable en la mayorfa de los solventes
orgdnicos, compatibles con la estabilidad de la enzima.

3. El metanol al ser utilizado al 20% actia como inhibidor de la reaccidn de hidrdlisis de
FGME, lo que permite un incremento del 5% en la conversion obtenida en la reaceidn de sintesis

de ampicilina. Mayores concentraciones de metanol producen una disminucién muy dristica de la



velocidad de reaccion de sintesis y tienen un efecto adverso en la estabilidad del biocatalizador,

4. El control del pH permite inhibir preferencialmente la reaccion de hidrolisis de FGME,
con lo cual es posible un incremento de 10% cn ¢l rendimicnto de la reaccion de sintesis de
ampicilina, con solo maodificar ¢l pH de 7.0 a 6.0. Este cfecto sc observa mds marcadamente al
incrementar la concentracion de sustratos, habiéndosc logrado un incremento hasta de 25% a
concentracién de 200 mM de 6-APA.

5. L.a reaccidn de sintesis de ampicilina sigue una cinética de segundo orden, de tipo
ordenado. La hidrélisis de FGME, siguc la cinética de Michaelis-Menten vy es inhibida no
compeltitivamente por melanol v la hidrélisis de ampicilina, la cual sigue una cinética de Michaclis-
Menten y cs inhibida no competitivamente por 6-APA y competitivamente por FGME.

6. Se respondio la segunda pregunta planteada va que fué posible lograr altos rendimientos

de la reaccidn de sintesis de ampicilina mediante las estrategias seleccionadas.

PERSPECTIVAS

IZn relacion a la reaccion de sintesis de ampicilina los esfuerzos se deberfan dirigir a
incrementar la productividad del proceso, mediante el desarrollo del sistema de reaccién, para lo
cual serd de mucha utlidad el modelo desarroliado, pues dadas las caracteristicas de la ampicilina,
no es facil incrementar el rendimiento de la reaccidn en lote a valores mayores a los obtenidos. En
cste sentido, con el conocimiento actual de la estructura tridimiensional de la enzima, es posible
rcalizar modificaciones por ingenierfa de proteinas para producir una enzima con mayor
especificidad hacia la reaccidn de sintesis para Jograr rendimientos similares a menores relaciones

de FGME.
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En relacion al uso de la enzima en la sintesis de otros compuestos, es posible seleccionar
otras moléculas menos polares, que presenten mayares coeficientes de particion cn solventes
orgdnicos para desarrollar la sintesis de otros antibidticos en presencia de estos solventes, pucs cl
sistema enzimdtico elimina muchas reacciones laterales que se presentan en la sintesis por métodos
quimicos. En este sentido también la ingenierfa de proteinas presenta grandes perspectivas en cl

sentido de desarrollar una enzima con mayor cstabilidad a los solventes orgidnicos.
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The production of a whole cell biocaralyst with high specific penicillin acylase activity using a
recombinant strain is described. High activities were obtained using exponentially fed-batch
fermentations to overproduce the enzyme. The cells were then entrapped in agar and the activity
characterized in terms of particle size and stability. The technical feasibility of the catalyst in
synthesis and hydrolysis reactions was demonstrated,

INTRODUCTION

Although most of the processes developed during the first two decades of the enzyme
technology cra were based on biocatalyst produced from purificd microbial enzymes
immobilized in solid supports, it soon became clear that biocatalyst prepared {rom whole cells
were more attractive from the cconomic standpoint. However, one initial limitation was the low
specific activity of the cells, first overcome by chemical strain mutations and later on by genetic
engincering, Nowadays, genctic engineering has so strongly influenced enzyme technology,
that more than 50% of bulk enzymes are being produced from recombinant strains (Stroh,
1994). Penicillin acylase (PA) EC.3.5.1.11, uscd mainly to produce 6-APA from penicillin, is
the second largest enzyme used in an immobilized form and most of the industrial biocatalysts
are prepared from purified PA from E. coli (Shewale und Sivaraman, 1989). This is mainly
due to the low specific activitics of wild and recombinant E. coli strains which usually fall in
the range of 0.1-0.5 U/mg (Ramirez et al., 1994b). In various cconomic analysis, it has been
shown that due to the high cost of the enzyme, the biocatalyst cost can strongly affect the 6-
APA production costs, unless it is used in a minimum number of batch reactions (Poulsen,
1984). This in turn becomes the botde neck of the process, due to the relatively low stability of
the enzyme when subjccted to pH changes involved in the control of the penicillin hydrolysis
process (Gomez, 1994), Two rccent reports (Ramirez et al., 1994a,b) have described the
construction of a recombinant E. coli strain with PA activity induced with isopropyl-f3-D-
thiogalactopyranoside (IPTG), and its usc in an exponentially fed-batch culture in order to
obtain high levels of expression. The availability of such cells with high levels of PA activity
makes attractive the production of a whole ccll biocatalyst.
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In this paper we describe a production method of a whole cell biocatalyst with high specific
activity, based on a recombinant strain in which the PA gene is cloned and placed under
control of a strong promoter, its overexpression at very low specific growth rates in an
exponentially fed bateh process and its immaobilization by gel entrapment with high yields and
low effectiveness factor. The catalyst was  characterized and applied to the synthesis and
hydrolysis of antibiotics. To our knowledge, this is the first study where the production,
immobilization, characterization and application are simultancously reported for a high-activity

recombinant PA catalyst.

MATERIALS AND METHODS

Microorganism. The strain E. coli IMI01 was transformed with the  pPA102 plasmid
containing a gene for kanamycin resistance and the E. coli penicillin acylase (pac ) gene
whose transcription is under the control of the lacZ gene promoter, Details of the construction
have been published elsewhere (Ramirez et al., 1994a).

Culture conditions. The microorganism was maintained lyophilized and was activated in
Luria medium with 35 pg/ml kanamyein, incubated overnight at 29°C and seeded into plates of
Luria Agar. The medium composition has been described elsewhere (Ramirez er al., 1994) and
included 25 pM IPTG as inducer. The inoculum was prepared by sclecting a few colonies
from agar plates and cultivating them in Fernbach flasks, overnight at 29°C and 200 rpm.
Glucose concentration was determined with a YSI 2700 analyzer (YSI Co., Yellow Springs,
OH). Enzyme aclivity was determined, following the release of 6-APA with p-dimethyl
aminobenzaldehide (Shewale er al., 1987)). One enzyme activity unit (U), is defined as the
amount of enzyme producing 1 pmol of 6-APA per minute upon addition of penicillin G
(Cibiosa, S.A. de C.V.). Specilic enzyme activity is reported as enzyme activily units per mg
of protein, as measured by the method ol Lowry (Lowry, 1951), The biocatalyst activity is
also reported as enzyme activity units per g oof wet weight catalyst. All optical density
measurements were performed in a Spectronic 601 spectrophotometer (Milton Roy).
Exponentially Fed-Batch Fermentations. The cells were produced using exponentially
fed-batch fermentations as described clsewhere (Ramirez et al., 1994b). E coli IM101 pPA102
was inoculated into the biorcactor at a concentration between 0.1 and 0.2 g/L dry weight. The
bioreactor was then operated in batch mode with an initial medium volume of 4.3 L. Upon
glucose exhaustion, complete non-concentrated medium was fed at an exponentially increasing
rate, designed to maintain a constant dilution rate (flow to volume ratio), D, equal to 0.01 h-!
until the volume reached 10 L. The IPTG concentration was 25 uM, both, in the initial
medium as well as in the feeding medium. Dissolved oxygen concentration was controlled at
40% with respect to air saturation by varying the acration and agitation rates, The pH was
controlled at 7.0 with a 2N NaOH solution.

Cell immobilization. Cells were immobilized by entrapment in agar using a two-phase
procedure (Rodriguez et al., 1994), The method is based on the dispersion of a mixture of
cells/agar in vegetable oil. The distribution and average particle size oblained, depended on the
hydrodynamic conditions during mixing. After agitation for 10 min, the mixture was separated
by filtration and the residual oil washed from the biocatalyst. The cells were then treated with
2% v/v glutaraldehyde in 0.1 M, pH 7.5 phosphate buffer for 1 h at 25°C and with a 7% v/v
tween 80 solution. In a typical experiment a batch of 60 ml of an agar/cell paste were treated in
140 m] of oil.

Biocatalyst characterization. The biocatalyst was characterized in terms of internal
diffusional limitations. The effectiveness factor (n) was determined by measuring the ratio
between the  observed reaction rate and the rate determined with the same catalyst after
mechanical disruption. The storage stability of the biocatalyst was studied at 37°C. Reactions
of 10% penicillin G hydrolysis were carried out at 37°C with pH controlled at 7.5 with

- NH,OH; ampicillin synthesis was carried out with phenylglycine methyl ester (FGME) and

6-APA (Glaxo) at 25°C and pH 7.0. Ampicillin was quantificd by HPLC using a Cjg column
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and methanol 20% in 50 mM pH 4.2 NH,H, PO, solution. Except where indicated, reagents
were obtained from Sigma (St. Louis Mo).

RESULTS AND DISCUSSION

Cell production.

As a first step in the production of the PA biocaialyst, cells with high specific activity were
produced using an exponentially fed-batch culure (EFBC). TFigure 1 shows growth, PA
production and glucosc consumption kinetics in an EFBC. Maximum ccll concentration was
reached after 10h of culture. At this time glucose was depleted, resulting in an increase of
dissolved oxygen
concentration  and 2

5
growth cessation. This 1.5
m_ 4
event was used as a -
control signal to start the 0.5 —A— I 0O.D L, 5
feeding program g 0 —o-—  Glucose (g/1) g
according to a preset D = g5 22
value. It can be obser- - Feeding initiation
= 1
ved, that after feeding -1,5 7
was initiated, the bio- -2 0= Qe e ==X 0L
mass remained constant 0,5+
- 2
and the growth rate 3 "
-0,5+ —t
cqualed D (0.01hr1), a5 3 15 &
. ~ 1 5
would occur in a g 5 =
r- A Feeding fuitiation 3 . b=
. . o —{}—— Protcin (mg/ml L=
chemostat. Further- & | (mg/mb) g
more, the specific & ;4 ——O—— Activity (Umg) ||
activity increased from -3+
0.3 U/mg at the cnd of -3.5 e e N A Iau Manat Iy S e 0
. 0 10 20 30 A0 5Q 60 70 80 90 160 110
the batch period to 2 Time (h)
U/mg at the end of the Figure 1. Penicillin acylase production in exponentially fed-batch
. cultures at a dilution rate of 0.01 h'l. Medium addition starts upon
exponentially fed-balch glucose depletion (indicated by an arrow).

period, This considerable increase in activity may be duc to a more cfficient postranslational
processing of the PA precursor during reduced growth (Ramirez et al., 1994b); alternatively,
restricting growth rate can result in higher plasmid copy number and improved processing
cfficiencics (Sco and Bailey, 1985, Ramirez et al., 1994b). Traditionally, productivity has
been the criterium generally used to define cnzyme production conditions. However, as
mentioned before, if the final goal is the production of enzymes for a whole cell biocatalyst,
high specific activity should be a preferable criterium (both in term of processing and
economics) rather than only high productivity. Therefore, from the range of possible
fermentation conditions studicd, a D of 0.01 h- was selected for this process. Under such
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conditions, an enzyme productivity of 20 U/gcell b was obtained. In contrast, during batch
fermentation (data not shown), although the productivity increased to 40 Ufgeell h as a
consequence of a 12-fold reduction in culture time, the maximum specific activity attained was
about 7 times lower than in the EFBC.

Biocatalyst production.
After preparing the
biocatalyst, the wet

g cells/g agal
particles were separated 125 = —f e 2
according to size by 100 - —— 6
passing them through 5 ~—0—— 8
meshes: 20, 30, 40, 50, & 7°7 &:Hd
\ —e—

=
80. This resulted in 5 < 504 8 wild
groups of biocatalysts -
with a mean diameter of P —8— r :
0.8, 0.59, 0.42, 0.297 °
— 2
and 0.177 mm and with ' 4
—_—— G

total recovered weight of

—0— 8
0.9, 2, 15.6, 45.3 and 0,75 =
36.2%, respectively. 2 e
As expected, high enzyme
activitics were obtained 0,25 =

with the highest cell loads

Effectiveness factor

. R 0
and lowest particle size, 0.2 ot 06 08

Accordingly, the highest Diameter size (mm)
\tivity obtained was 134 Figure 2, Enzyme activity, effectiveness factor and immobilization yield as a
activity obtaincd was 1. function of particle size and cells/agar load during manufacturing process of
¢+ 1. awild and recombinant whole cell penicillin acylase biocatalyst (Diameter
Ulg blOCdt‘llySl’ which size were determined from the mesh number used).

corresponded to the 8% cells/agar load (the highest cell load supported) and a particle diameter
of 0.177 mm (Figure 2).

Figure 2 also includes the results obtained with a wild strain provided by Genin (Mexico D.F.)
(Rodriguez er al., 1994). As scen, even for the same cell load, the recombinant biocatalyst
yiclded a 10- to 13-fold higher enzyme activity compared to the wild strain biocatalyst,
emphasizing the importance of an initial cellular mass with high enzymatic activity. To our
knowledge, this is the highest activity reported in the literature for a whole cell PA biocatalyst.
Figure 2b shows that, as expected, kinetic control of the reaction rate was obtained at the
lowest biocatalyst size. More than 80% of the biocatalyst prepared was retained in the fractions
corresponding to the 50 to 80 meshes. These fractions were also those with the highest activity
and cffectiveness factor. Therefore, such fractions were selected for application in the synthesis
of ampicillin and the hydrolysis of penicillin,

In Table 1, the stability of the biocatalyst at 37 and 55°C and at various pH, is shown in terms
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of halt-lives, and compared with the free enzyme and with a commercial enzyme immobilized
by covalent linkage to an epoxiacrilic resin (Genin S AL de C.V, México). It can be observed
that, as expected, the cell catalyst had a considerably higher stability than the free ehzyme at
pH 7.0 in both 37 and 55°C, but was lcss stable than the immaobilized enzyme. At a higher
pH, the cell catalyst had a higher half life than the enzyme catalyst, probably due to the
protective effect of the gel microenvironment. The stability of the catalyst produced is adequate
for practical applications,

Table 1. Effect of temperature and pH on the half-life ( h) of cells and enzyme catalysis.

e e s s S et o

Catalyst Immobilized cells;  Immobilized enzyme; ~ Free enzyme;

pH 37°C 0 5S°C 37°C 37°C 55°C
5.0 1480 8.1 B

6.0 1120 6.1 800

7.0 1035 3.5 2400 115.2 1.6
8.0 758 1.6 250

) Greco et al., 1983), 2 (Ospina et al., 1992), ;3(this work)

Finally, the whole cell biocatalyst was applied to the hydrolysis of penicillin to obtain

6-APA (Figure 1'% 60
3a) and to the .
synthesis of 454
ampicillin from g g 407
6-APA  and § F:

2 507 > 304
FGME (Figure g 5
3b) & . R 204
In the first case, ]

10+

the reaction was
carried out un-  0f3 , I 0o i 1 ! I
der conditions 0 50 100 150 0 100 200 300 400 SO0
defined i ‘ Time (min) Time (min)
efined in mos . . -~
: l .Qg Figure 3, a. PGK hydrolysis, pil 7.5, 37° C, 10% PGK and b. Ampicillin
industrial synthesis, plf 7.0, 250 C, 6-APAIFGME 50:150 mM in a batch reactor with

processes while the cell catalyst.

in the second it was performed according to litterature reports (Kasche, 1986). In the first case,
morc than 95% conversion was obtained in 90 min, while in the sccond, 50% conversion of 6-
APA to ampicillin was reached in 180 min; these results are comparable with good catalysts
reported in the literature. For hydrolysis, the feasibility of the biocatalyst was further
demonstrated when the reaction kinetics and the stability were compared with cconomic
requirements. In Figure 4, the production cost of 6-APA is plotted in terms of batch eycles of
reuse and the biocatalyst production costs. The production cost was calculated in terms of raw
malerials, process scrvices and biocatalyst (Rodrigucz eral., 1994) . It can be seen that for a

019
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low cost biocatalyst such as the one 8S
shown here, after 300 cycles (around 6(X)
hours of use) the biocatalyst cost no
longer influences the 6-APA production

)

o
f=]

RO -
cost. Such a time (600 hours) is well 759
below the half life of the biocatalyst (Table
1). For higher cost catalyst, a longer use

70 ~

is nccessary if its cost is to be neglected.
65 -

Production cost of 6-APA (USS/K

In conclusion, a high PA whole cell

' L . - 60
ocatalyst useful in the production of e
biocatalyst P 100 200 300 400 500 600 700 800

antibiotics was obtained as a result of a Batch number

strain design by genetic engineering, 1ts Figure 4. Effcet of biocatalyst reuse and its
. . . 2 ? vl J

production in a novel fermentation system cost on the G-APA production cost.

where the PA was overproduced, and {inally by the adequate design of the biocatalyst. The
key features considered were the high specific activity and high effectivenes factor,
consequence of the particle size and a technique that may be readily applied at industrial scale in
terms of cost and process feasibility.
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Abstract

A recombinant immobilized E. coli cell byocatalyst was used to design an enzymatic process
for the synthesis of ampicillin. Reduction of water activity did not increase synthesis yield. Inhibition of
PGME hydrolysis by methanal and pH optimization allowed synthesis reactions with 75% yields.

introduction

Penicillin Amidase (PA) (E.C. 3.5.1.11) is the second largest enzyme used at
industrial scale in an immobilized form. It is estimated that between 10 and 30 tons
of immobilized enzyme are used all over the world in more than 10 different
biocatalysts (1). The mayority of PA biocatysts are prepared from purified forms of
the enzyme. There is however one industrial biocatalyst produced from B.
megaterium entrapped in polyacrylamide (2). Probably the main limitation of whole
cell PA biocatalysts is their low cells activity, particularly in E. coli, which results in
biocatalysts with even lower specific activity.

PA hydrolyses penicillin producing phenylacetic acid (PAA) and 6-
aminopenicillanic acid (6-APA) (3,4). The reaction is reversible and it has been
demonstrated that penicillin can be obtained from its hydrolysis products (5,6). On

the other hand, ampicillin is one of the most widely used f-lactam antibiotics, due

to its high spectrum of activity, high solubility, high rate of absorption and its stability
in acid conditions. It is produced by chemical synthesis following a complex

procedure which requires protection of the a-amino group, use of highly reactive
derivatives of phenylglycine (PG), drastic conditions (-30¢C), anhydrous
environment and toxic reactants (7,8). Therefore, the enzymatic alternative results
attractive, but it is limited not only by the need of stable and economic biocatalysts
but also from the kinetic and thermodynamic point of view (9).

As the specificity of PA is towards the phenyl group of PAA, it also
recognizes ampicillin as substrate for hydrolysis. However, the synthesis of
ampicillin in this case is difficult due to the low solubility of the substrate (PG) and
its low pK value. At the pH of PA activity, the fraction of the non-dissociated form of
PG is very low, a condition required for binding between the serine in the active site
of the enzyme and PG. For this reason the synthesis of ampicillin with PA has been
carried out only from active derivatives of PG, in particular phenylglicine
methylester (PGME) (10, 11). Nevertheless, in the reaction carried out with kinetic
control, the main disadvantage is that PGME is also readily hydrolyzed by the

' Present address : Departamento de Farmacia, Instituto de Biotecnologia, Universidad
Nacional de Colombia. Apartado Aéreo 14490, Santalé de Bogota, Colombia.
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~nzyme, and so is ampicillin. This is the reason why an excess of PGME is
irequently used in order o obtain high conversion yields from 6-APA, the most
~xpensive substrate. Cole (5), compared various PG derivatives and found out that
ihe highest yields (approx. 60%) were obtained when 50 mM of 6-AFPA and 200
mM of PGME were used. Kasche (9), using various PG esters also concluded that
PGME was the most effective source of PG, reaching 47% yield when starting from
200 mM 6-APA and 300 mM PGME solutions. In fact, this is the only report in the
literature in which solvents or cosolvents are used 1o increase the yield of
arnpicillin. It was found that methanol at 20% increased the yield to 56%, as
methanol not only inhibits PGME hydrolysis, but also allows its synthesis from PG.
(Okachi (10), using K. citrophila cells, carried out reactions at pH 6.5 with PGME,
nbtaining a yield ot 60% at 50 mM 6-APA and 200 mM PGME. Boccu et al (12)
optimized the process by statistical methods. They reached an optimum of 50%
conversion from 50 mM 6-APA and 100 mM PGME, nevertheless, they concluded
ihat pH was not important in the range of 6.0 to 8.0. In general, no particular interest
has been paid to the pH at which the synthesis of ampicillin is carried out.

In this article different strategies are proposed in order o increase the
synthesis yield of ampicillin. In particular, the reduction of water activity, the
extraction of ampicillin and the selective inhibition of the hydrolysis of PGME are
nresented.

Materials and Methods.

Enzyme. A recombinant E. coli cell biocatalyst with PA activity, immobilized
by entrapment in agar was used. The strain E. coli JM101 was transformed with the
pPA102 plasmid containing a gene for kanamycin resistance and the E. coli
penicillin acylase (pac) gene whose transcription was under the control of the /acZ
gene promoter. Detailed characterization of the molecular vehicle has been
described elsewhere (13). Cells were produced using exponentially fed-batch
fermentations, designed to maintain a constant dilution rate equal to 0.01 h-1 until

the volume reached 10 L, using isopropyl-f-D-thiogalactopiranoside (IPTG) as
inducer (14).

Cells were immobilized by entrapment in agar using a two-phase
procedure. The method is based on the dispersion of a mixture of cells/agar in
vegetable oil. The beads were then treated with 2% v/v glutaraldehyde in 0.1 M, pH
7.5 phosphate buffer, and with a 7% v/v tween 80 solution. The resultant biocatalyst
had an average activity of 50 U/g wet weight and a size of 0.18-0.3 mm of
diameter. Details of the catalyst production have been published elsewhere (15).
The enzymatic activity was determined following the release of 6-APA by the p-
dimethylaminobenzaldehide method (16). One enzyme activity unit (U) is defined
as the amount of enzyme producing 1umol of 8-APA per minute upon addition of a
2% of penicillin G solution at pH 7.0 and 25¢C. The biocatalyst activity is reporied
as enzyme activity units per g of wet weight catalyst.

Chemicals. PGME was synthesized from PG using thionyl chloride in
methanol (17). Analytical reactives from Sigma and Baker were used,. Penicillin G
potassium was kindly provided by Orfaquim, S.A.



Analytical methods. Concentration of ampicillin and PGME were determined
by high performance liquid chromatography (HPLC) in a Waters chromatograph
Model 600E (Waters Associates Inc., Milford, MA) with an UV 486 detector (220
nm).using a NovaPak C18 column, 4 ym (3.9x75 mm). Samples were eluted with
methanol 20% in a 50 mM ammonium phosphate bufier.

Kinetic studies. Kinetic parameters were determined measuring the initial
reaction rate with different substrate concentrations. Vmax and Km values were
obtained from the Lineweaver-Burk plots. initial velocity of PGME hydrolysis and
ampicillin synthesis were determined by HPLC. Ampicillin hydrolysis was
determined following the release of 6-APA with p-DAB (16).

Synthesis reactions. Enzymatic synthesis were carried out in a stirred batch
reactor with 10 mL of potassium phosphate or sodium acetate 0.1 M at 250C, with
pH control using 2 M ammonium hydroxide. The course of the reaction was
monitored measuring the ampicillin and PGME concentration. Enzyme
concentration was selected by studying the synthesis reaction in arange of 110 7
U/ml.  50% conversion was attained at 90 minutes with 3 U/m! (0.06g
biocatalyst/ml) or more, with a 6-APA and PGME concentration of 50 and 150 mM
respectively , at pH 7.0 and 250C. Therefore, all the reactions were carried out with
this enzyme concentration.

Results and Discussion

Reduction of water activity.

As mentioned earlier, the synthesis of ampicillin is affected by simultaneous
reactions such as the hydrolysis of the substrate PGME and the product itself. The

following reaction scheme describe the enzymatic reactions.

PGME 6. AP A
E > E-PGME E-PG =———— E + AMP

MeOH
MeOH H,0 U “ H,0
4

E-MeOH E + PG + MeOH E + PG + 6-APA

In order to inhibit the hydrolysis reactions, different cosolvents were
employed in the reaction medium. In particular, polyols such as sorbitol were used
at concentrations up 10 80%. In Table 1 it may be observed that sorbitol had no
effect on the reaction rate, and all three reactions proceeded with the same yield.
Higher concentrations of sorbitol were difficult 1o handle. Under the same principle
other polyols such as glycerol, and sugars like sucrose were tested with similar
results.

Solvents such as acetonitrile and acetone, deactive the enzyme. At
concentrations at which some activity still remained (acetonitrile 20%, acetone
20%) there was no increase in the maximum conversion reached in aqueous
medium. When 20% dimethylformamide or dimethylsulioxide were used, a
negative effect on conversion, due to the deactivation of the enzyme was observed.



Hiung et al (18), reported an increase in cephalexin synthesis yield using 50%
glycerol. However, the aqueous yield in the synthesis was of only 20%, while for
PA the yield of ampicillin synthesis in agueous medium is 50%. For this reason the
decrease in water activity is not enough 1o inhibit the hydrolysis, while the
requirement of water to dissolve the substrates, an absolute requirement for this
reaction, prevenied a higher reduction of water activity.

Table 1. Effect of various cosolvents in the synthesis of Ampicillin with PA at pH 7.0
and 25°C.

Solvent % vt % Conversion
BufferpH 7.0 100 50
Sorbitol 20%, 40%, 60% y 80% 100 50
Acetonitrile 20% 35 50
Acetone 20% 38 50
Dimethyiformamide 20% 15.2 20
Dimethylsulfoxide 20% 415 35

' 6-APA and PGME 50 mM and 150 mM respectively. The initial rate (vi) was calculated by
measurements of ampicillin production during the first minutes of reaction and related to the observed
rate in buffer.

Simultaneous reaction and extraction.

Another strategy to increase the yield consisted in the design of an
extraction system. Using equal volumes of the reaction medium and an insoluble
solvent, various systems were tested. In Table 2 it can be observed that the
ampicillin synthesis yield decreased when methylisobutylketone and butano!l were
used as solvents. Eventhough ampicillin is soluble in such solvents, the partition
coefficient favors the water phase, due to its high polarity. In adittion, neither 6-APA
nor PGME were extracted. On the other hand, both solvents strongly affected the
stability of the enzyme causing a drastic decrease in activity. Another alternative is
the use of the system PEG-phosphate, which has been proposed for the extraction
of penicillin (19). However, after extraction there were no ditferences in substrates
and product concentration between the PEG and the aqueous process due to
similar partition coefficients (2 for PGME and 2.5 for 6-APA)

Inhibition of PGME hydrolysis.

From equation 1 it may be observed that methanol is a product of PGME in
the synthesis of ampicillin. Although methanol is also an inhibitor of PA, when
added to the reaction medium may direct the reaction o the synthesis of PGME.
This argument has been used by Kasche (9) to increase the yield of ampicillin
synthesis from 47 to 56% with 20% methanol at pH 7.5. The effect of methanol on
the reaction synthesis was studied in detail. It was found that it behaved as a non-
competitive inhibitor with an inhibition constant (Ki) of 2.7M. However, it was not
possible 10 synthesize PGME from PG and methanol. This result has also been
found in the synthesis of cephalexin with phenylglycil-p-lactamide amidohydrolase



‘Table 2. Effect of various reaction-extraction strategies in the synthesis of
Ampicillin at pH 7.0 and 25°C

{ Solvent %lnitial rate? Conversion (%) Partition coefficient
Buffer pH 7.0 (control) 100 50 | -
Methylisobutylketone 8 30 0.3

i

| Butanol | 5 15 0.22
PEG 1,500: potassium

phosphate 40% pH 7.02 100 50 3.5

1 6-APA and PGME 50 mM and 150 mM respectively. The initial rate (v;) was calculated by

measurement of ampicillin production during the first minutes of reaction and related to the observed
rale in butler.
2 PEG (409%), potassium phosphate 40% w/w, pH 7.0

from PGME and 7-acetoxicephalosporanic acid (7-ADCA) (20). The eftect of
methanol is therefore only due to a specific inhibition of the PGME hydrolysis. The
affect of methano!l on the synthesis of ampicillin and on the hydrolysis of PGME is
shown in Figure 1. It may be observed that at 20% methanol a conversion of 6-APA
of 55% is obtained. At this methanol concentration the relation between the initial
rate of ampicillin synthesis and PGME hydrolysis is twice the ratio obtained in
agueous medium. It is interesting also to observe that although higher
concentrations of methano! increase the inhibition of PGME hydrolysis, it
also deactivate the enzyme and result in lower overall reaction rates and lower
conversions. In conclusion, a 5% increase in conversion was obtained with the
addition of 20% methanol.
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Figure 1 . Effect of methanol on the initial rate of ampicillin
svnthesis and PGME hydrolvsis and in the final 6-APA

conversion to ampicillin. Reaction conditions: pH 7.0, 23C
with 3 U/ml of PA, 6-APA: 50 mM and PGME: 150 mM.



Effect of pH on the synthesis of ampicillin.

Reports in the literature of ampicillin synthesis with 6-APA and PGME using
£. coli PA, are either carried out at pH 6.0 and 7.0 (10) or pH 7.5 (9). The effect of
il on the initial rate of ampicillin synthesis and PGME hydrolysis is shown in
Figure 2 .
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Figure 2 Effect of pH on the ratio of the ampicillin
svnthesis and PGME hvdrolysis initial rates, 25°C,
50 mM 6-APA, 150 mM PGME, E=3 U/ml.

It can be observed that at pH 6.0 the synthesis rate is 30% higher than the
hiydrolysis rate, while at pH7.0, the synthesis rate is only 25% ot the hydrolysis rate.
Therefore, the effect of pH is more important than those observed here when the
water activity was reduced or by the inhibition of methanol. When the reaction takes
place at pH7.0 there is a rapid decrease in PGME concentration, mainly as a
consequence of its hydrolysis (data not shown). When the pH is changed 1o 6.0, the
decrease in the hydrolysis rate allows an increase in the synthesis yield 1o 60%.

It is also interesting to observe that this effect becomes more clear when the
substrate concentration is increased as shown in Figure 3. At pH 7.0 with an
optimum relation of [6-APA).[PGME] of 1:3, a maximum conversion of 50% is
reached after 90 minutes. After such a reaction time, ampicillin is rapidly
hydrolyzed . The results obtained at pH 6.0 are shown in Figure 3b. The conversion
was increased from 60% to 70% with concentrations of 6-APA:FGME of 50:200 and
50:250. On the other hand, the maximum ampicillin concentration obtained during
the reaction remains constant for a longer period of time, before the hydrolysis rate
exceed the synthesis. It is therefore shown that pH is an important control
parameter in this process.
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Higth productivity.

In order to increase the productivity of the process, higher concentrations of
5-APA were fested. Up to 200 mM 6-APA can be used, as shown in Figure 4,
reaching 75% conversion with [6-APA}.[PGME] of 1:3. To our knowledge, as
reviewed in Table 3, this is the highest yield reported for this reaction.

Table 3. Comparison between the ampicillin yields in synthesis reaction with PA
under different reaction conditions (25°C).

pH [6-APA):[FMGE] Maximum[Ampiciliin] % Ref.
mM (mM) Conversion

6.5 46:184 27.6 60 619
6 93:279 46.5 50 1
7 93.279 55.8 - 60 1

7.5 200:300 54 47 g

7.5 200:300+MeOH 112 56 S
6 50:150 30 60 "
6 50:200 35 70 *
6 100:300 75 75 .
6 200:600 150 75 .

* this work

Conclusions

The use of cosolvents to reduce the water activity in the synthesis of
ampicillin with PA did not allow an increase in yield. The main obstacle being the
high rates at which one of the substrates (PGME) and the product itself (ampicillin)
are hydrolyzed by the same enzyme. However two alternatives were proven
satisfactory: the use of methanol, already reported to inhibit the hydrolysis of



*GME, and most successfully the control of pH during the reaction. When the pH
was controlled at 6.0, a 25% increase in yield was achieved. It was therefore
possible to obtain 150 mM of ampicillin from 200 mM of 6-APA.
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Figure4  Effect of 6-APA concentration on the synthesis of ampicillin:
A. 100 mM 6-APA.B. 200 mM 6-APA. Reaction conditions: pH 6.0, 25°C, E=3 U/ml
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ABSTRACT

Recombinant E. coli cells with high PA activity were immaobilized by gel entrapment with
agar. This biocatalyst was used to study the effect of pH on the synthesis of ampicillin from
phenylglycinemethylester (PGME) and 6-aminopenicillanic acid (6-APA). The parallel hvdrolysis
reactions of PGME and ampicillin were also studied. A selective inhibition of the hydrolyvsis of the
ester was possible by controlling the pH at 6.0. At such conditions, and using 6-APA solutions
ranging from 50 to 200 mM, a 75% conversion to ampicillin was obtained. This increase was
higher than obtained with other strategies as the use of solvents. The reaction kinetics was
described by a second order model for ampicillin synthesis, with experimentally determined
Michaclis-Menten constants of 27 and 25 mM for 6-APA and PGME respectively. In addition,
ampicillin and PGME were hvdrolyzed by the enzyme following Michaelis-Menten kinetics with
Km values of 40.5 and 30 mM, respectively. A good correlation was found between experimental
results of synthesis reactions and the kinetic model derived from initial rate experiments, with only
slight deviation at high substrate concentrations. This is the first report where the specific effect of
pH on the synthesis of ampicillin was studied in detail. It is shown that, by controlling the pH itis

possible to inhibit the lateral undesirable reactions increassing the vield of the main reaction.
Keywords: penicillin amidase, pH. ampicillin synthesis.

INTRODUCTION

Ampicillin is one of the most widely used g-lactam antibiotics, with an annual production of
5600 ton/vear (1). It has the advantage of high water solubility, high absorption rate when orally
administrated and high stabihity at acidic pH (2). It 1s also a high spectrum antibiotic, particularly
when combined with clavulanic acid, an inhibitor of the g-lactamases produced by microorganisms
Present address.

I Departamento de Farmacia, Instituto de Biotecnologia, Universidad Nacional de Colombia.
Apartado Adreo 14490, Santafé de Bogotd, Colombia.

* To whom correspondence should be addressed



as a resistance mechanism (3). Ampicillin is produced by chemical synthesis 1n a phenyviglyeine
(PG), the use of highly rcactive derivatives of PG (phenylglycine chloride hydrochloride, which is
highlv unstable). drastic temperature (-30°C), anhvdrous conditions, and the use of highly toxic
compounds (pvridine, dimethylaniline and dichlorometanc) (4,5). Accordingly, an enzymaltic
process can be an attractive alternative for replacing the chemical syvnthesis process.

Although the enzymatic svnthesis of ampiciilin has been reported since 1969 (6), the low
vields and concentrations of ampicillin obtained to date have prevented the enzymatic processes
from reaching a commercial stage. Enzymatic synthesis of ampicillin has been attained with
penicillin acvlase (PA) (E.C.3.5.1.11), also known as penicillin amidase (PA), penicithin
amidohydrolase and penicillin acyitransferase (6,7,8). From the varjous existing penicillin acylases
(penicillin V, penicillin G and ampicillin amidase), penicillin G amidase is industrally used for the
hvdrolysis of penicillin G (9). This acvlase is produced from various microorganisms mainty E.
coli (10,11) and Bacillusmegaterium (12,13). Although such an enzyme is used as an hvdrolase
for the production of 6-aminopenicilianic acid (6-APA) and phenvlacetic acid (PAA), it can also
catalyze the reverse reaction if Jow pH values are maintained, a condition where most of the
substrate (PAA) is present in the non-dissociated form. This enzyme has a wide specificity, as 1t
also binds ampicillin, producing 6-APA and phenviglvcine (PG). However, in this case, the
reverse reaction will only occur if PG is present in its soluble non-dissociated form. Nevertheless,
PG has a very low solubility and low pK. Accordingly, in the pH range of PA acuvity (5.0 to
8.0), the fraction of non-dissociated PG is very low, a condition required for binding between the
serine in the active site of the enzyme and PG (14,15).

Fernandez Lafuente er al (16) have used cosolvents for increasing the fraction of non-
dissociated PPA durning the enzymatic svnthesis of penicillin from 6-APA and PAA. They found
that even at the neutral pH, where penicillin svnthesis in aqueous medium is practically null,
solvents such as dimethylformamide (DMF) increased the synthesis vields by modifving the pK of
PAA from 4.3 10 5.75. Accordingly, a similar strategy could be used for overcoming the problem
of increasing the fraction of its non-dissociated form. In fact, DMF increases also the pK of PG
but only from 2.2 10 3.1, not enough to increase the {raction of the non-dissociated form of PG at
the range where the enzyme is active and stable. One alternative to deal with this limitation is the
use of activated derivatives of PG such as esters and amides, capable of transferring PG 10 6-APA.
From such compounds, PGME has resulted in the highest vields (6,17). However, PA can also
hvdrolyse the ester, and thus, high concentration ratios of 6-APA:PGME (i.e. 1:3) have been
proposed 1o achicve high vields of 6-APA. For instance, Cole (6) compared various PG
derivauves and reported a 60% 6-APA conversion vield when using 50 and 200 mM solutions of
6-APA and PGME. respectively, at pH 6.0 and 30°C. Kasche (7) reached the same conclusion,
but with lower vield (47%), though a further increase (0 56% was attained by addition of 20%



methanol. The alcohol inhibited the hvdrolysis of PGME when using 200 and 300 mM of 6-APA
and PGME respectively, at pH 7.5 and 25°C. Okachi er al (8) used K. citrophila cells for
svnthesis reactions at pH 6.5 and 350C, obtaining 60% yield from 50 and 200 mM of 6-APA and
PGME, respectively. In a recent report, Boceu et al (18), carried out an opumizanon of the
svnthesis reaction conditions by statistical procedures, including pH, temperature and substrate
concentration as optimization parameters. By varving the pH from 6.2 to 7.3 they concluded that
vields higher than 50% could only be obtained operating at 25¢C, a concentration ratio of 6-
APA:PGME of 1:2, without the need of pH control. Despite these reports, the effect of pH on the
svnthesis of ampicillin has not been analvzed in detail.

The effect of pH on enzyvme activity has been described by a series of reaction mechanisms
(19, 20) which are summarized in Figure 1. Maodel 1 is the simplest one, and considers that the
enzyme mayv exist in three different forms of dissociation, only one capable of binding to the
substrate. Model 11 considers the ionization of the complex enzyme-substrate. Model 111 combines
models I and 11 as it considers the dissociation of both, the free enzyme and the substrate-enzyvme
complexes. When the substrate also dissociates, a correction to the model is made by using a term
which is a function of its ionization state (model 1V). As described by Segel (20) the models are
characterized by particular behaviors of plots of log Vmax vs pH or log Vmax/Km vs pH,.
According to Blinkovsky and Markarian (14), PGME hvdrolvsis using D-(-)-phenylglveyvl-g-
lactamide amidohvdrolase of Xanthomonas sp 1s influenced by the dissociation of the ester amino
group, and therefore a plot of log Vmax/Km results in straight lines with slopes lower than +1 or
higher than -1 at low or high pH, respectively. According 1o these authors, the reaction follows
model 1V, but the enzvme binds 1o the dissociated form of the substrate. The same model has been
proposed for the hydrolysis of the p-nitroaniline derivative of PG with PA (15). Their results are
well described by the model, where the non-protonated form of the compound is the one that
binds with the enzyme. These authors attribute the difficulty of svanthesing ampicillin from PG and
6-APA on the high pK of the amino group of PG, which i1s 9.1. However, the difficulty is most
probably due to the dissociation of the acid group that also participates in the reaction. Blinkovsky
and Markanan (13), carried out a thermodynamic study of the synthesis and hvdrolyvsis reactions
of ampicillin at pH 5.5, concluding that the difficulty of PA from E. coli to bind the protonated
form of the substrate is not an obstacle for the direct synthesis of ampicillin from PG, and that the
problem is due to the low solubility of both PG and 6-APA in acidic medium.

As descrnibed in Figure 2, the synthesis of ampicillin involves various simultaneous
reactions. The mechanism proposed by Kasche (7) for this reaction involves the formation of an
acyl-enzyme complex, although no kinetic model has been derived up to now. There are however
various models proposed for the synthesis of f-lactam anubiotics from 7-aminodesacetoxy-
cephalosporanic acid (7-ADCA), as well as for the synthesis of cephalexin from PGME using



ti-(-)-phenviglyevl-g-lactamide amidohydrolase of Xanthomonas sp. Blinkovsky and Markanan
13) found that the svnthesis of cephalexin follows an ordered second order reaction, after
Jetermining the Kinetic constants and validating the model with experimental results. Nam er al
(21), developed a model for the same reaction from the quasi-stcady state. They found that the
zinctics of cephalexin svnthesis using a-amino-f-lactam acylhydrolase of Xanthomonas citri
follows the acvl-enzyme intermediate model, and the enzyme catalvzes all three reactions, including
~GME hvdrolvsis and cephalexin hydrolvsis and synthesis. The integrated rate equations were
used to describe batch reactions and a good agreement between predicled and experimental results
was observed. |

This article presents the effect of the pH on the reacton of ampicillin synthesis and its
consequence on the vield of the reaction. The results are explained in terms of the models of
dissociation of the enzvme and the substrate respect to the proposed mechanism of the reaction. A
kinetic model for the ampicillin synthesis is proposed and validated with experimental results.

MATERIALS AND METHODS.

Enzyme

A recombinant E. coli cell biocatalyst with PA actvity, immobilized by entrapment in agar
was used. Construction of the recombinant E. coli strain and production of the biocatalyst has
been described elsewhere (22). The enzymatic activity was determined following the release of 6-
APA by the p-dimethylaminobenzaldehide method (23). One enzyme activity unit (U) is defined as
the amount of enzyme producing lumol of 6-APA per minute upon addition of a 2% solution of
penicillin G at pH 7.0 and 25°C. The biocatalvst used had an activity that ranged between 50 and
55 W/g wet weight of catalyst.

Chemicals.

PGME was shvntesized from PG using thionyl chloride in methanol (24). Chemicals were
obtained from Sigma and Baker. Potassium Penicillin G was kindly provided by Orfaquim, S.A.
(México D.F.) |

Analytical methods.

Concentration of ampicillin and PGME were determined by high performance liquid
chromatography (HPLC) in a Waters chromatograph Model 600E (Waters Associates Inc.,
Milford, MA) with an UV 486 detector (220 nm), using a NovaPak C18 column, 4 um (3.9x75
mm). Samples were eluted with 20% methanol in a 50 mM ammonium phosphate buffer.

Kinetic studies.

Kinetic parameters were determined measuring the initial rates with different substrate
concentrations. Vmax and Km values were obtained from Lineweaver-Burk plots, Initial velocity
of PGME hydrolysis and ampicillin synthesis were determined by HPLC. Ampicillin hydrolvsis



was determined following the rclcase of 6-APA with the p-dimethvlaminobenzaldehide (17).
Simultancous differential equations, that describe the Kinetic behavior of the synthesis and
hvdrolvsis reactions, were resolved numerically with the simulation language 1SIM, developed by
the Universitary Industrial Center of Salford, LTD, (Salford, England).

Synthesis reactions.

Enzymatic reactions were carried out in a stirred batch reactor (10 mL) in potassium
phosphate or sodium acetate 0.1 M at 25¢C, with pH control using 2 M ammonium hydroxide. The
reaction was monitored by HPLC, measuring the ampicillin and PGME concentration. Enzyme
concentration was selected by studying the synthesis reaction in a range of 1 1o 7 U/ml. It was
found that a 50% conversion was obtained within 90 minutes by using 3U/ml or more (0.06g
biocatalystml), with a 6-APA and PGME concentration of 50 and 150 mM respectively, at pH 7.0

and 25°C. Therefore, all the reactions were performed at this enzyme concentration,

RESULTS AND DISCUSSION

Effect of pH on the synthesis of ampicillin and hydrolysis of PGME.

PA catalyses the svnthesis of ampicillin from 6-APA and PGME. However PGME 1s also
hvdrolysed and so is the product ampicillin. In Table 1 the relative activity of the enzyme when
acting upon these substrates is compared. 1t is evident that at pH 7.0, the slowest reaction is the
synthesis of ampiciilin; then, no ampicillin accumulation should be expected, given the highest rate
of hydrolvsis. Nevertheless, accumulation of ampicillin occurs probably due to a different behavior
of the enzyme at low substrate concentration and to inhibition by products and other substrates
(like the inhibitton of ampicillin hvdrolysis by 6-APA and PGME). In Table 1 can also be observed
that PGME is a substrate readily hvdrolvsed by PA, particularly in the higher pH medium. The use
of high concentrations of PGME auttempted to overcome this problem. However, at pH 6.0 the
situation is drastically modified: while the enzyme activity for penicillin hvdrolysis remains almost
constant, the rate of PGME and ampicillin hydrolysis are reduced 82 and 63% respectively. In
consequence, ampicillin synthesis at pH 6.0 1s dramatically improved (about 53%).

In order to study in more detail the effect of pH on both reactions, experiments were
performed in a broader pH range. as shown in Figure 3. The plot of log Vmax vs pH during
PGME hvdrolysis, resulted in a bell-shaped curve with slope of +1 and -1 at acid and basic
conditions, respectively. Also, the slope of the plot log Vmax/Km at Jow and high pH values was
equal to 1. Such a behavior 1s described by model 111, where the dissociation of the substrate is not
important for the reaction. As a consequence there is a variation of Vmax with pH while Km
remains constant.

The three dimensional structure of PA, including a mechanism for penicillin hyvdrolvsis,
has recently been published (25). If 1t 1s assumed that PGME and penicillin hydrolysis follow the



same mechanism (Figure 4), the dissociation of the PGME amino group should not be involved in
the process of enzyme binding with the substrate, as it s not involved in the reaction. Furthermore,
Margolin eral (15), studied the hydrolysis of the p-nitroaniline derivative of PG and found that the
enzyme binds to the non-dissociated form of the substrate, as described in model [V. Blinkovsky
and Markarian (14), who studied the effect of pH on the hydrolysis of PGME and cephalexin with
D-(-)-phenylglveyl-p-lactamide amidohydrolase, found that the enzyme also follows model 1V, but
that the enzyme bounds to the dissociated form of the substrate. The slope of a plot of log
Vmax/Km vs pH should then be lower than 1, due precisely to the substrate dissociation effect.
The fact that 6-APA dissociates indicates that it also has an effect on ampicillin synthesis.
According to the mechanism proposed in Figure 4, 6-APA should be undissociated in order to
accept protons and direct a nucleophilic attack over the acid group of the acyl-enzyme intermediate.
Thus, it can be concluded that the effect of the pH on the reaction synthesis is strongly linked to the
dissociation of 6-APA. Accordingly, model IV should be employed, where the effect of pH on the
reaction rate 1s influenced by non-dissociated 6-APA.

The effect of pH on the ratio of the synthesis of ampicillin and the hydrolysis of PGME is
shown in Figure 5. At pH 6.0, the rate of ampicitlin synthesis is 1.3 times larger than the rate of
PGME hvdrolysis. In contrast, at pH of 7.0, the rate of ampicillin synthesis is only 25% of the rate
of PGME hydrolysis. This explains why, PGME is hvdrolyzed with low svnthesis yield at pH
7.0, while at pH 6.0 the phenomenon is the inverse. When ampicillin synthesis is carried out at
various pH values, a 50% yield is reached at pH 7.0, whereas at pH 6.0 the vield increases 1o 60,
eventhough the overall rate is slower (Figure 6). At lower pH values the vield decreases again,
probably due to the decrease in the protonated form of the free enzyme.

Effect of substrate concentration on the synthesis of ampicillin

After determining the effect of pH on ampicillin synthesis, the effect of substrates
concentration was investigated as shown in Figure 6. At pH 7.0 (Fig.7a) with an optimum ratio of
6-APA:PGME of 1:3. a maximum conversion is reached (50%) after 90 minutes; ampicillin is
rapidly hydrolyzed on further incubation. In Figure 7b (pH 6.0) the conversion is increased from
60 to 70% with substrate concentrations of 6-APA and PGME of 50:200 and 50:250 mM. Clearly,
the maximum ampicillin concentration remains constant for a longer period, before the hydrolysis
rate exceeds the synthesis. It is therefore shown that pH is an important parameter of control in this
process.

In order to increase the productivity, higher substrate concentrations were studied. Figure
8 show's the results for reactions with 100 and 200 mM of 6-APA. A maximum conversion of 75%
was reached with a 1:3 6-APA:PGME relation. To our knowledge, the maximum viceld reported for
this particular reaction is only 56%. In Table 2 the results of the present study are compared with



those of the literature, conducted at pH values from 6.0 to 7.5. Kasche (27) obtained only 50%
conversion in 200 min at pH 6.0, this lower vield in the reaction can be duc to two aspects: onc is
refered to the ionic strength used by this author, he doesnt mentioned which ionic strength used in
this experiment, but he reported that itis very important due to the dependence of de pKa for amino
group on 6-APA and it influence markedly in the ratio svnthesis/hvdrolysis, and he appear to use
0.2-1M buffers while we used 0.1 M buffer, Another important difference between our work and
the report of Kasche is the support used. They used Eupergit C which is a support with possitively
charged and we are using a negatively charged support. This author mentioned that the deacylating
form of 6-APA can be partitioning between the charged support and the solution, which can
change the ratio synthesis/hvdrolyvsis, so this can be the reason by our higher yield. The highest
productivity, obtained in this study, is 1.21 g of ampicillin produced by g of 6-APA per batch.
Most literature studies do not report the enzyme concentration and thus, the productivity can not be
refereed to enzyme units. However, in the present work, up to 17.45 mg of ampicillin were
produced per unit of enzyme activity per batch. This allowed us to conclude, that under the new
reaction conditions, the productivity may be increased up to 25%.

Kinetic model for the synthesis of ampicillin.

The mechanism of ampicillin synthesis with PA has been propdsed elsewhere (17, 27) but
no kinetic models have been derived to date. The model presented here is composed by three
reactions: synthesis and hydrolvsis of ampicillin, and hydrolvsis of PGME.

In Figure 9a the effect of PGME concentration on the rate of hvdrolysis is shown. The
reaction follows the Michaelis-Menten behavior, with a Km of 30 mM and a Vmax of 0.32
mM/min at pH 6.0, 25°C. Methanol behaves as a non-competitive inhibitor, with Ki=2.77M.
Accordingly, PGME hydrolyvsis can be described by the following equation:

d[PGME] Ve [PGME]
o= = =mmmemeees e (5)
dt (Kt [PGMED(1 + [McOHV/K )
where Vi is the maximum nitial rate, Ki is the Michaelis-Menten constant and Ky 1s the methanol
inhibition constant.

Figure 9b shows the effect of ampicillin concentration on the rate of hydrolysis. This
reaction 15 also described by the Michaelis-Menten kinetics, with a Km value of 40.5 mM and a
Vmax of 0.4 mM/min. 6-APA behaves as a non competitive inhibitor with an inhibition constant of
30 mM. Blinkovsky and Markarian (14) found that PG behaves as competitive inhibitor in
cephalexin hydrolysis, and that PAA is also a competitive inhibitor in penicillin hyvdrolysis. The
hydrolysts of ampicillin including these two inhibitions are described by the following equation:



d|AMP) Va [AMP]
£z < oo B eeeeeeemmmemoemsemeemeeoememeeeeooemeecameameoemennnemeemeeeeemees (6)
dt (Ka) (1 + [6-APA K a+ [PGYVKR;) + [AMP] (1+[6-APA}/K )

where V4 is the maximum reaction rate, K, is the Michaelis-Menten constant for ampicithn, and
K14 1s the 6-APA non-competitive inhibition constant. Reported values for the kinetic constants for
the hydrolysis of ampicillin and PGME are in general very low (between 0.001 and 10 mM) in
comparison to our values of Km (14, 15).

The effect of the concentration of the two substrates, PGME and 6-APA, in ampicillin
synthesis was further investigated. Initial rates were measured by taking one of the substrates as
constant and varying the concentration of other. The kinetic constant were determined as described
by Segel (20). The form of the plots (Figure 10), indicate that the reaction is second order, but that
the mechanism is not of the Ping Pong type (parallel lines). This result 1s unexpected considering
the mechanism proposed in Figure 4, as methanol is released by the enzyme before 6-APA forms
the amide linkage with the acyl-enzyme intermediate. Thercfore, such result can only be explained
if these three steps occur almost simultancously. From these results, and applying non-linear
regression, the kinetic constants were determined. Such mechanism can be described by equation

d[AMP] Vs [6-APA] [PGME]
T = =r=emeeee- T e e e e e e e e A e (7)

dt (KgaKse )+( Kse[6-APAJ+K g6 [PGME]N+ ([PGME][6-APA])

were Vg Is the maximum rate of synthesis, Kgg and Kgg are the Michaelis-Menten constant values
for 6-APA and PGME (25 mM and 27.1 mM respectively), and K ga represents the constant of 6-

APA binding when the concentration of PGME is almost O and is equal to k,/k ;=40 mM.

Finally, the change in concentration of substrates and products during the course of a
reaction is described by the following functions:

i} Decrease in PGME

d[PGME]
------------- = [PGME], - 15 - 12 (8)



11) Production of methanol

d[ME]
------------- = Ig+t+ In (9)
dt

ii1) Production of ampicillin

d[AMP]
------------- = TIn-Nn (10)
dt
1v) Production of PG
d[PG]
------------- =Tg-T4 (1 l)
dt

v) Decrease in 6-APA

d[{6-APA]
--------------- =[6-APA] +1r1-12 (12)
dt
Figure 11 shows some results (as examples) when cquations (8) to (12) are solved
numerically. A good correlation between experimental results and the model 1s observed. Using

this type of approach, the process can be optimized for maximum productivity.,

CONCLUSIONS

A process for the svnthesis of ampicillin 1s described where PGME hydrolysis i1s
minimized by controlling the pH at a low value. Such a process resulted in vield increases of up to
75%, using 200 mM of 6-APA. This represents, to our knowledge, the highest value reported to
date. A kinetic model was established considening Michaelis-Menten kinetic for the hvdrolvtic steps
including inhibition by 6-APA and methanol, and a second order model {or the synthesis. A good
correlation between experimental results and the mode] was obtained.
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‘lable 1. Activity of PA from E. coli compared with various substrates, at 25°C.

| Reaction Vmax % Vmax Vmax o N max
(r;}l}lfl/';].]én) pH 7.0 (xgﬁdlg‘.xbn) pH 6.0
I Penicillin G hydrolysis 1.2 3 100 3 100
FGME hydrolysis 2 1.86 62 0.32 10.6
f Ampicillin hydrolysis 2 1.16 38.7 0.42 14
. Ampicillin synthesis3 0.75 25 0.4 13.3

(1) Taken as reference, as It 1s the reaction With the highest rate.
(?) Measured under substrate saturating conditions (60 mM PGK; 100 mM IFGME and 100 mM
ampicillin,

(3) Measured under optimal conditions proposed by Cole (6) (50 mM 6-APA, 150 mM PGME).

Table 2. Comparison between the ampicillin yields in synthesis reaction with PA
wader different reaction conditions (25°C).

| pH | [6-APAL:{PMGE] | [Ampicillin] %o } Productivity ] Productivity Ref
% (mM:mM) mM Conversion | (g Amp/g 6-APA-baich) | (mg Amp/Uenz-batch)
| 6.5 46:184 27.6 60 0.969 3.03 %
6 93:300 46.5 50 0.807 n.r. -
7 93:300 55.8 60 0.968 n.r. 7
7.5 200:300 o4 47 0.758 n.r. -
7.5 | 200:300+MeOH 112 56 0.504 n.r. 7
6 |  50:150 | 30 60 0.969 3.5 v
6 50:200 35 70 1.129 4.07 *
6 100:300 75 75 1.212 8.72 *
6 200:600 150 75 1.210 17.45 *

* thiswork  N.I. = notreported



Figure 1. Models proposed to describe the effect of pH on enzyme activit
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Figure 2. Proposed mechanism for the enzymatic synthesis of ampicillin and hydrolysis of PGME and

ampicillin.
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Figure 4. Cauwalytic activity of PA from E. coli.

Steps in the catalytic mechanism showing the role of water bound and the a-amino
group to increase the nucleophylicity in serine Bl and showing the interactions
that form the cavity of the oxyanion by the tetrahedral intermediate.
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Figure 6 . Evolution of batch reactions of ampicillin svnthesis at various
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E=3U/ml.



AMPICITLIN(mNM)

30 40
A
75—
30
20 - E
Z
15 6-APA:PGME {—;" 20 - 6-APAPGME
—— 5050 | £ —— 5050
<
10~ —O—  50:100 —L— 50150
10 =
] .——D-—— 50150 —®— 50200
D
—®—  50:200 —N— 50:250
0 I T 0 T
0 50 100 150 200 0 200 400 600

Time (min) Time (min)

Figure 7 . Effect of the ratio of 6-APA to PGME concentration in the evolution of Ampicillin
svnthesis with PA at 2CE=3U/ml. A.pH7.0 B. pHG6.0.



80

60
’:Ei
Z
= 40-
& 6-APA:PGME
P
< —{3— 100:150
20 -
—O—  100:200
—O—  100:300
0

T i |
0 100 200 300 400 500

Time (min)
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Phosphate buffer 0.1 M pH 6.0, pH regulation with NH4OH; temperature 25°C; E=3U/ml.

A. 100 mM 6-APA. B. 200 mM 6-APA
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Figure 10 . Kinetic characterization of the ampicillin svnthesis reaction catalized by PA by a

second order model.

A. Dependence of 6-APA concentration on the ampicillin synthesis initial ratB. Deterinination

of the PGME Km. C. Dependence of FGME concentration on the ampicillin synthesis initial

rate. D. Determination of the 6-APA Km. pH 6.0, 25°C, E=3U/ml.
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Figure 11 . Kinetic of the ampicillin synthesis using 50:150 mM 6-APA:PGME
and 200 600 mM 6-APA:PGME

Lines correspond to the prediction made from the kinetic model.

pH 6.0, 25°C, E=3U/ml '
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