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RESUMEN






Resumen

En la presente Tesis Doctoral se ha llevado a cabo la optimizacion de la
produccion de L{-)-carnitina empleando el metabolismo de compuestos de
trimetilamonic de Escherichia cofi desde los puntos de vista del bioproceso y el

metabolismo.

Se ha llevado a cabo un andlisis sistematico de los principales factores que
afectan al proceso de produccion de L{-)-carnitina empleando cepas de Escherichia
cofi, estudiandose el efeclo que tiene la disponibilidad de aceptores electitnicos
{tales como oxigenoc meolecular o fumarate) tanto en condiciones de operacion en
discontinuo como en continuo. El analisis empleando citometiia de flujo del efecto
sobre las células nos permitic determinar las respuestas en los niveles de DNA,
HNA v pioteinas, ¥ la integracion de estos datos con la heterogeneidad de las
poblaciones celulares. Esto nos permitio analizar de una manera novedosa el modo
en el que la configuracion del reactor afecta a la tisiologia de las células. Ademas,
se estudio el contenido en DNA de las células de E. coff en cultivos continuos,
permitiendonos determinar los factores que determinan la estabilizacion genética de
la cepa inmovilizada. Ademas, la expresion del metabolismo secundario se coording
con la de las yutas centiales a través de proteinas reguladoras generales,
permitiendo la evolucion de Ilos poofs de colactores y metabolitcs la unidén o
integracion de ambos metabolismos. El andlisis metabdlico en condiciones de
estrés reveld un aumento en la productividad debido a la permeabilizacion celular y
a la activacion de las rutas metabslicas de generacion de energia y precursores. Se
clond, sobreexpreso y caracterizo parcialmente la proteina CaiC, revelandose como
una ligasa de CoA altamente especifica. Ademas, se constiuyeron cepas de
sobreexpresion y delecion de las aclividades CaiB (CoA transferasa) y CaiC {CoA
ligasa) estudiandose el efecto de estas modificaciones sobre la produccion de L{-)-
carnitina ¥ subrayando la importancia de la activacion de sustrato. Finalmente, la
expresion del ciclo de los acidos tricarboxilicos, el ciclo del glioxilato y el
metabolismo de acetato, que esta relacionada con la biotransformacion, limita la
productividad maxima, y se han desarrcllade y comprobado experimentalmente

nuevas estiategias de mejora de cepas para la produccion de Li{-)-carnitina.

En conjunto, el metabolismo y la fisiclogia celular estan estrechamente
relacionados con el modo de operacion del reactor y contribuyen conjuntamente a
en la determinacion del rendimiento del proceso. Se ha profundizado en el
esclarecimiento del papel del estado metabdélico celular en la determinacion de la

produccion de L({-)-carnitina, especialmente en los niveles de cofactores (ATF vy



acetil-CoA/CoA). Ademas, se ha mostrade que el modo de operacion del
bioireactor, que determina el estado fisioldgico de Escherichia cofi, limita en gran
medida el rendimiento del proceso. Ademas, se ha determinade la funcion de CaiC
y, sobre todo, se ha establecido la importancia de considerar conjuntamente los

metabolismos central y secundario en la mejora de cepas con fines biolecnologicos.









INTRODUCCION






fntroduccion

PERSPECTIVA HISTORICA DE LA L{-)-CARNITINA

La L{-Fcamitina (R{-+3-hidroxi-d-trimetilaminobutirato) es un compuesto ubicuo
gue se encuentra en tejidos de origen animal v vegstal, asi como en numerosos
microorganismos. La L{-J-carnitina se encontrd por primera vez a prncipios del 5 3%,
en extractos musculares, lo que le dio su nombre (denvado del latin care, carnis,
came). Este descubrimiento lo llevaron a cabo, casi simultansamente, Gulewitch vy
kKrimberg en Rusia v Kutscher en Alemania. Durante muchos afios, su funcion vy
estructura pemanecieron desconocido, hasta gque en 1827, Taomita vy Sendiu
confirmaron suU estructura guimica v, va en los afos 30, comenzaron las primeras
investigaciones acerca de las funciones fisioldgicas de L{-J-camitina, gue fueron
llevadas a cabo por Strack en la Universidad de Leipzig. Fraenkel v sus colaboradores
descubrieron que Li-Fcamitina era un factor esencial de crecimiento para la larva del
escarabajo negro { Fenebrio mofftor), junto con el acido falico v ofras vitaminas B. Esto
motivd que se denominara a L{-J-camitina vitamina By, En 1955, Fritz encontrd gue la
tasa de metabolizacién mitocondrial de grasas depende de los niveles de Li-)-
camitina, estableciéndose de esta forma, su funcion principal por vez primera. Durante
la segunda mitad del siglo *x continud la investigacidon basica en el papel metabdlico
de L{-}-carnitina, asi como en sus aplicaciones. En los afios ochenta, Li-Fcamitina
comenzd a estar disponible comercialmente, v en 1993 se reconocid como GRAS
(Generally Recognized As Safe) como suplemento  dietético por un comité

independiente de cientificos.

FUNCION FISIOLOGICA DE L(-)-CARNITINA EN HUMANOS

L{-Fcamitina tiene un papel importante en wvaros puntos del metabolismo
intermediario. Son ejemplos: la p-oxidacion de acidos grasos de cadena larga v media
en la mitocondria, la oxidacidén de acidos grasos en los peroxisomas, el inftercambio de
grupos acilo v acetilo con Cod en la mitocondna {alterando asi las relaciones acil-
CoAMCoA v camitina-CoAMCod) v la produccion de cuerpos ceténicos. Acetil-Li-)-
camitina puede considerarse una segunda forma de grupo acetilo activado, un sistema
tamponador de acetilo 0 un depdsito de grupos acetilo (Loster, 2003). Por tanto, Li-)-
camitina se considera una parte integral v esencial del catabolismo de acidos grasos
en la mitocondria, estando intimamente ligada a aceti-Cof en diversos organulos, en
los gue tiene una funcién fundamental en el metabolismo  energético. La

metabolzacion de los lipidos de reserva pemmite obtener energia en perodos mas



prolongados v en mayor cantidad que los correspondientes carbohidratos de reserva,
porlo que L{-}Fcamitina se usa, en general, en todas las funciones corporales con una
demanda energética elevada. Esta funcidn tiene espedal relevancia en el corazon,
puesto que, por su superior necesidad energética, depende fundamentalmente de la
metabolizacion de lipidos v acidos grasos (Laster, 2003). Ademas, acetil-Li{-Fcamitina
participa en el metabolismo neuronal como dador de grupos acetilo en la biosintesis de
acetil-colina. Se han establecido muchas otras funciones de L{-)-camitina. En
resumen, se ha probado su implicacion en el metabolismo de corazon, higado,
musculo, cerebro v en el metabolismo lipidico, asi como se le reconoce un cierto papel
en la maduracidn del esperma, en el sistema inmune v en el tejido conectivo (Laster,
2003

L{-Fcamitina esta presente en cantidades variables en los alimentos de origen
animal, mientras que frutas v verduras contienen cantidades muy pegquefias o incluso
nulas. EI cuerpo humano produce una cantidad pequefia de L{-Fcamitina,
encontrandose especialmente concentrado en los musculos cardiaco v esguelético,
donde lleva a cabo su funcion fisioldgica. Los adultos almacenan unos 20 g de Li-)-
camitina, fundamentalmente en mulsculo  esguelético, higado v corazon. Los
principales lugares para la sintesis de L{-}Fcamitina son higado v rifidn (Loster, 2003) v
consiste en una sere de pasos gue reguieren dos aminoacidos esenciales, lising vy
metionina, como sustratos y vitamina C, vitamina Bg, hierro y niacina como cofactores,
por lo que una nutncidon deficiente puede disminuir su biosintesis. El cuerpo humano
produce diariamente alrededor de 20 mg de L{-}camitina, lo que representa un 10%
de sus necesidades totales. Una dieta equilibrada puede aportar unos 100-300 mg de
Li-Fcamitina por dia. Curdosamente, L{-)-carnitina es un componente esencial en la
dieta de los nifios, puesto gue la biosintesis esta muy limitada en los primeros meses

de vida.

En resumen, las necesidades del organismo de Li-)-carnitina se pueden suplir
tanto por la sintesis endogena como por la alimentacidn. En un organismo sano este
compuesto No se cataboliza, aungue si se excreta en la orina, principalmente en forma
de esteres. En adultos sanos se almacenan cantidades suficientes de L{-)-carnitina, no
siendo precisa una contribucidn adicional en la dieta, aungue ésta puede ser de
importancia en determinadas enfermedades, durante el embarazo o la vejez, asi como
en el caso de deficiencias especificas (Borum, 19913 L{-)-carnitina puede
considerarse, por tanto, Un nutriente esencial. Se define su deficiencia como un deficit
intracelular de L{-}-carnitina, encontrandose en concentracioneas inferiores a 20 umol/L

y concentraciones tisulares de menos del 10-20% de los valores nommales. Este déficit
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conduce a una acumulacion de ésteres de acil-Cof v a la inhibicidén del transporte de
grupos acilo a través de la membrana mitocondnal interna. Las deficiencias de L{-)-
camitina se han subdividido en primanas (debido a defectos basicos del metabolismo
de L{-l-camitina) v secundanas (ocasionadas por otras enfermedades o desdrdenes).
Las deficiencias primarias de Li-}-camitina se caracterizan por miopatias, episodios de
hipoglucemia hipocetdnica, hiperamonemia, fallos en el crecimiento v cardiomiopatias.
Las deficiencias secundarias estan asociadas a otras anormalidades metabdlicas,
caracterizadas por sintomas clinicos heterogenesos, con un exceso de lipidos v una
baja concentracion de camitina en mosculo. En olros casos, la deficiencia puede ser
adquirida, como ocurre en la hemodialisis, cuando se sigue nutricion parenteral, en la
terapia con acido valproico, en pacientes que sufren cirrosis hepatica con caguexia, en
el sindrome de Reye, en varias enfermedades musculares cronicas, desdrdenes
endocrnos, sindrome de la inmunodeficiencia adquirida (S1DA), kwashiorkor v en

cardiomiopatia ocasionada por difteria.

APLICACIONES DE L(-)-CARNITINA

Se han encontrado numerosas aplicaciones para L(-)-camitina. En primer lugar,
se administra en el tratamiento de las deficiencias especificas tratadas en el apartado
anteror. Ademas, L{-J-carnitina tiene una funcién importante de soporte del sistema
cardiovascular, aumentando la wviabilidad del musculo cardiaco, favoreciendo el
mantenimiento de un ritmo sano v ayudando al control del peso corporal. FPor su
importante funcidon en el metabolismo de las grasas, también reporta numerosos
beneficios en la mejora del rendimiento deportivo, retrasando la aparicion de |la fatiga vy
mejorando la recuperacion. Existen datos clinicos que indican su implicacion en el
mantenimiento de los niveles de colesterol v triglicéndos, mejorando el depdsito
muscular v el control del peso. En estudios recientes se ha mostrado como el
suministro oral de Li-Fcamitina mejora la oxidacion de acidos grasos en individuos
sanos [Muller et al.,, 2002} v con exceso de peso MWutzke v Lorentz, 20040 En
combinacion con una dieta hipocaldrica v ejercicio moderado, la administracién de Li-)-
camitina favorece una mayor disminucion del peso corporal en individuos obesos, a la
veZ que regula, ademas, los niveles de lipoproteinas de baja densidad (LDL) v azdcar

en sangre v reduce la presidn arterial.

En el cersbro, acetil-L{-}camitina tiene funciones de reparacidn v proteccion
frente al envejecimiento v a la neurodegeneracion, favoreciendo el mantenimiento de

la funcidn cerebral. Las deficiencias de Li-}camitina en la dieta pueden ser



importantes en recién nacidos, vegetarianos v atletas. También se recomienda L{-}
camitina para en determminados casos de deficiencias en la calidad del esperma, en
numero, movilidad o forma de los espematozoides. Tambien se ha descrito un
descenso en el contenido tisular de L{-Fcamitina asociado a la edad, debido por un
lado al descenso de la demanda energética v al cambio de los habitos alimentanos, v
a un descenso en la sintesis endogena. Para una sextensa revision de la relevancia

fisioldgica de Li-)-camitina se puede consultar la monagrafia de Loster (2003).

PRODUCCION DE L{-)-CARNITINA

METODOS QUIMICOS Y BIOTECNOLOGICOS

A raiz de las numerosas aplicaciones encontradas para L{-}-camitina v de Ia
creciente demanda de este producto, se han encaminado importantes esfuerzos de
investigacion al desarmollo de métodos para su produccidn a escala industrial. Existen
en la bibliografia numerosos meéetodos para la produccion de L{-Fcamitina, mediante
metodologias tan diversas como la sintesis asimétrica (Kitamura et al, 1988, Kolb et
al., 1993) la resolucidn a través de denvados diasteroisomeéricos (Cavazza, 1981,
Voeffray et al, 1987 técnicas enzimaticas o microbicldgicas (Kasai v Sagaguchi,
1992, Hashiguchi et al., 1992; Jung et al., 1993) o &l uso de materales de parida
guirales (Takano et al., 1987, Bellamy et al., 1990; Bols et al., 1292). Asi, por gjemplo,
el método desarmollado por Bellamy v colaboradores consiste en 6 pasos que,
empleando como maternal de partida acidos (R)- o (Srmalico, respectivamente,
obtiene ambos enantiomeros especificamente. Mas recientemente, investigadores del
Departamento de Investigacion Quimica de Sigma-Tau describieron una sintesis
enantioselectiva de L{-)-carnitina usando como material de partida el compuesto
aquiral glicerol, empleando un auxiliar quiral en su procedimiento (Marzi et al., 20007
En cualquier caso, pocos de estos métodos son practicos a escala industrial. Las
ventajas potenciales de los meétodos biotecnoldgicos, basados tanto en el empleo de
enzimas como de microorganismos, han motivado el estudio en profundidad del
metabolismo de Li-}-camitina v sus derivados en microorganismaos (Kulla, 1991, Jung
gt al., 1993, Kleber, 1997 Maidu et al., 2000).

USQO DE BACTERIAS PARA LA PRODUCCION DE L{-)-CARNITINA

Los procedimientos biotecnoldgicos para la produccion de Li--carmitina tienen
ventajas evidentes sobre los procesos guimicos: se genera un 20% menos de residuos

organicos, se emplea un 25% menos de agua v es necesario incinerar un 20% menos
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de residuos. Los materiales de partida mas empleados para la produccion de Li-)-
camitina son  los  precursores  aguirales  (fundamentalmente  crotonobetaina,
y-hutirobetaina v 3-dehidrocarnitina), asi como mezclas racémicas (tales coma D L-
acil-camitina, D L-camitinamida v D L-carmitina) (Jung et al., 1993; Maidu et al., 2000}
Estas biotransformaciones las llevan a cabo los microorganismos resumidos en la
Tabla 1.

Tabla 1. Precursores empleados para la produccidn de  Li-)-carnitina  con

microorganismos. {Adaptado de Maidu et al |, 2000)

Sustratos Cepas
Escherichia colf, Proteus mirabilis, Acinetobacter

Crotonobetaina _
E fwolfi, Achromobacter x)yfosoxydans
o
% Hixd, HKA3, HK1249, &, cereviaiae, Penicillium,
$ . ) Rhizopus, Mucor, Actinomuchor, Neurospora,
S w-butirobetaina _
% Aspergiifus, Achromobacter, Pseudomonas,
3 .
g Nocardia crassa
&

3-dehidrocarnitina Agrobacterium, Pseudomonas

O L-carmitinanitrilo Corynebacterium sp.

_ N Fusanum oxysporum sp. fini, Corynebacterum,

o D L-acil-camitina _
ﬂ Baciflus, Peeudomonas
£
a B _ Pseudomonas sp., DS 6320 fAgrobacterium o
; D L-carnitinamida _
o Sphingomonas sp.)
= Acinatobacter cafcoaceticus v Acinatobacter Wwoflfi

D L-carnitina (asimilacion del isémero-D), Pseudomonas sp. v

Escherichia colf (racemizacion del isémero-D)

Desde principios de la década de los 80, muchas empresas en todo el mundo
han patentado bioprocesos para la produccidn de Li-Fcamiting (Seitetsu, kyowa

Hakko, Chou Kaseihih, Toyo Jozo, Ajinomoto, Sigma Tau, Lonza, Nippon Pet Food,
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Yakult Honsha, EIf Aquitaine, Sanofi) (Naidu et al., 2000). Como ejemplo, mientras gue
los bioprocesos desarrollados para la produccion comercial de Li-fFcamitina por
Sigma-Tau (talia) estan basadaos en la biotransformacion de crotonobetaina por cepas
de Escherichia coli v Protets mirahiis, los métodos de Lonza (Suiza) emplean
v-butirobetaina como material de partida v un denvado de la cepa HK4. Esta Ultima
cepa se aisld de una muestra de suelo, v se ha encontrado gue su ruta de
metabolizacion de L{-Fcamitina asemeja a la gque se encontraria en una cepa situada
entre Agrobacterium v Rhizobium. La cepa HK4 es capaz de crecer usando L{-}-
camitina como Unica fuente de carbono vy nitrdgeno en condiciones aercbias. En la
cepa de produccion se  blogued la degradacion de  Li-}lcarnitina mediante
mutagensasis, generandose una cepa denvada, HKI13, que carecia de actividad
L-camitina deshidrogenasa (kulla v Lehky, 1985). Esta rnuta de w-butirobetaina a L{-)-
camitina es analoga, pero no idéntica, a la degradacion de acidos grasos (Kulla, 1991).
De forma similar, muchas proteinas Cai de Escherichia colf presentan homologia con
las enzimas participantes en la degradacidn de acidos grasos, tales como acil-Codb
deshidrogenasa v Caid, acetato-CoA ligasa v Caill, v enoil-Cod hidratasa v CaiD
(Eichler et al., 1994a).

METABOLISMO DE L{-)-CARNITINA EN BACTERIAS

A pesar de gue la funcién de Li-}camitina en células eucariotas esta bien
establecida, en bacterias no esta tan clara (Kleber, 1997). Se ha relacionado la
existencia de sistemas de transporte de betainas con diferente grado de especificidad
v en microorganismos muy distintos con las propiedades protectoras de esta familia de
compuestos (Jung et al, 1990; Verheul et al., 1998) v en determinadas especies
como Listeria monocitogenas, se ha relacionado con su capacidad para crecer y

sobrevivir en alimentos v llegar a provaocar infecciones i vive (Sleator et al., 2003

Ademas de la capacidad protectora de la acumulacion de betainas, algunas
bacterias también son capaces de metabolizar los compuestos de trimetilamonio en
determinadas condiciones. Dependiendo de las especies v de las condiciones de
cultivo (fuentes de carbono v nitrdgeno, condiciones aerchias o anaerobias), existen
distintas rutas implicadas en el catabolismo de L{-)-carnitina (Fig. 1) En presencia de
Li-Fcamitina se inducen las enzimas iniciales de wvardas rutas catabdlicas, pero
tambien, al menos parcialmente, en presencia de otros compuestos de trimetilamonio.
Distintos géneros bacterianos son capaces de degradar L{-}-carnitina en condiciones

aerobias. Algunas especies de Pseudomonas (tales como Pseudomonas aeruginosa
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A7244 w Pseudomonas sp. AK1) pueden crecer gerobicamente usando L{-}Fcamiting
como Unica fuente de carbono v nitrdgeno . En estas especies, la degradacion de Li{-)-
camitina comienza por la oxidacion del grupo hidroxilo con la formacion de
A-dehidrocamitina mediante una L{-Fcamitina deshidrogenasa (Aunch et al, 1967
Fseudomonas sp. A1 también puede crecer en y-butirobetaina, gue es un intermedio
de la ruta de degradacion (Lindstedt et al., 1977} Esta ruta tiene muchas semejanzas
con la ruta de biosintesis de Li-}-camitina en eucariotas. Ademas, algunas especies,
tales como Acinetobacter calcoaceficus 6395 no puesden asimilar el nitrdgeno del
esgueleto de  Li-Fcamitina v en la degradacion se generan  cantidades
estequiométricas de trimetilamina (MiuraFraboni et al., 1982} Esta bacteria es capaz
de metabolizar L{-Fcamitina, L-O-acilcamitinas yio y-butirobetaina como dnica fuente
de carbono. También puede metabolizar Di+ Fcamitina pero solo en presencia de Li-)-
camitina como inductor (Miura-Frabaoni et al., 1982 ). La esterecselectividad encontrada
en el metabolismo de Acinefobacter podria ser el resultado de la existencia de
sistemas de transporte distintos para los isdmeros D- v L-, puesto que la cepa salvaje
A. calcoaceticus ATCC 39647 es capaz de discriminar enantidomeros debido a la

permeabilidad diferencial de membrana (Ditullio et al., 1924,

For ofro lado, las Enterobactenas, tales como Eschericiia cof, Salmoneffa
typhimurium, Proteus vulgaris v Proteus mirabifis, no asimilan el esqueleto de los
compuestos de trimetilamonio, pero son capaces de metabolizar camitina, a traves del
intermedio crotonobetaina, a y-butirobetaina (Kleber, 1987). Para ello es necesana la
presencia de fuentes de carbono v nitrégeno adecuadas para el crecimiento anaerohio
(v, en ocasiones, tambien aerobio) v para gue la expresion de la magquinana de
biotransformacicn sea la adecuada. Ademas, la bictransformacion también transcume
en ausencia de nutrientes, como se ha demostrado en los estudios con celulas

durmientes (en inglés, resting ceffs) (Castellar et al., 1998,

En contraste con la ubicuidad de L{-}Fcamitina, el enantiomero D- no esta
presente en la naturaleza. Sin embargo, éste es un residuc de determinados
procedimientos quimicos para la produccion de Li-}-camitina basados en la resolucion
racémica de carnitina o de sus precursores a través de la formacion de
diasterecisdmeros con acidos dpticamente activos. Mo obstante, varias bacterias son

capaces de cababolizar wo biotransformar D+ Fcamitina (Kleber, 1997
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Figura 1. Resumen del metabolismo microbiano de Li-}-camitina. [Adaptado de:
Kamm et al. (2005]].

METABCLISMO DE L(-)-CARNITINA EN ENTERCBACTERIAS: Escherichia
colf Y Proteus sp.

Inicialmente, se propuso Un mecanismo en dos pasoes para la metabolizacidon de
L{-}Fcarnitina en cepas de Escherichia coli v Proteus sp. Este mecanismo incluia dos
actividades enzimaticas: una L{-)-camitina deshidratasa (CDH) v una crotonobetaina
reductasa (CR) (Eichler et al., 1994 b; Roth et al., 1994} Algo después se descrbio la
actividad camitina racemasa (CRac), que interconvierte los isdmeros D- y L- (Jung v

Kleber, 1991) Se ha demostrado que este metabolismo esta sometido a una gran
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regulacién en ambas bactenas. Cuando se clond el operdn cal de Escherichia coff
(Eichler et al , 1994 a) se vio gue estaba compueasto por seis marcos abiertos de lectura
(ORFs) v se asignaron funciones a éstos en base a homologias de secuencia (Tabla
21 Estudios mas recientes han permitido determinar gue CaiT es un transportador muy
especifico que lleva a cabo el amiporte o intercambio de sustratos v productas {(Jung et
al., 2002, Vinothkumar et al., 2006) Estudios adicionales demostraron gue la
biotransformacion ocume a nivel de los derivados de Cod de los compuestos de
timetilamonio (Elssner et al., 2000). Ademas, las actividades CDH y CR descritas
inicialmente dependian en realidad de dos proteinas: encil-CoA hidratasa, CaiD, vy
crotonobetainil-Cod, reductasa, Caid, respectivamente, actuando de forma conjunta
con una transferasa (CaiB) que permite el recicdlado del grupo Cof entre productos vy
sustratos de la biotransformacion (Elssner et al., 2001). Cail (betainil-Cof ligasa)
cataliza la sintesis de denvados de compuestos de trimetilamonio, gue son sustratos
de las actividades CaiD v CaiA (Bemal et al, 2006). La funcidn de CaiE sigue sin
haberse determinado, aungue los experimentos iniciales de sobreexpresion sugirieron
un posible papel como cofactor para estas dos enzimas (Eichler et al., 1284a). Mas
recientemente, la clonacidon v secuenciacion del operon cai de Proteus 5p. mostrd que
SU organizacion es muy similar, existiendo un elevado nivel de homologia entre estas

dos cepas (Engemann et al., 2005) (Tabla 3.

El operdn eaf se encuentra en el primer minuto del cromosoma de Escherichiia
cofi SU transcrpcion se induce durante el crecimiento anaerobio en presencia de L{-}
camitina, dando lugar a un mEMNA policistronico. En el mecanismo de expresion, es
necesaria para la induccidon la presencia del activador de operones catabdlicos de
carbono CRP. Por otro lado, la proteina similar a histonas H-NS v el factor o° (RpoS),
gue regula la activacion de genes de fase estacionaria, ejercen un efecto represor
sobre el metabolismo de camitina (Eichler et al., 1994a; Buchet et al., 1998, Buchet et
al., 1989]). Ademas, se encontrd un gen adicional, denominado caffF, localizado en la
regicon 3' del operdn cal vy gue se transcribe en direccion opuesta a este desde su
propio promotar (Eichler et al., 19896) (Tablas 2 v 3). El producto de este gen es un
factor transcrpcional gue se expresa constitutivamente en anaerohiosis v gue, en
presencia de camitina, es capaz de inducir la expresion de los genes caf (Buchet et al |
1999).

En el extremo %' del operdn caf se encontrd otro operdn, formado por cuatro
ORFs. Este opertn se transcribe desde la misma regidon promotorafoperadora (Eichler
et al., 1995]) v las proteinas comespondientes muestran homologias de secuencia muy

significativas con polipéptidos codificados por el operdn #xABCK de Azorhizobium
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caulinodans v Rhzobium meliloti. A este operdn se le ha denominado fix v se propuso

sU implicacidn en la transferencia de electrones a crotonobetaina (Eichler et al |, 1995),

lo que se ha confirmado mas recientemente (Wyalt v Kahn, 2002} Estudios de delecion

han mostrado que parte de las secuencias fix son necesarias para gue se exprese el

operdn eaf (Buchet et al | 1998

Tabla 2 Propiedades de los genes caiy funciones de los productos correspondientes
en E ecolf 04474, (Eichler et al |, 1994a; Ecooyc-Metacyo: Keseler et al., 200%)

Gen - Funcion de la proteina Referencia
(pb)

calf 1515 Froteina de transporte Jung et al |, (2002)
cath 1143 Crotonobetainil-CoA reductasa Freusser et al., (1929)
cai 1218 Betainil-CoA transferasa Elssneret al., (2001)
caill 15649 Betainil-CoA ligasa Eernal et al., (2006)
cati 594 Crotonobetainil-C o hidratasa Elssneretal , (2001)
caiE 81 Desconocida Eichleret al., (19594a)
caiF 396 Fegulador transcripcional Eichler et al., {19396)

Tabla 3 Fropiedades vy funciones asignadas de los genes caf vy de los productos

correspondientes en Profeus sp. (Engemann et al., 2005)

Homologia con

Gen Tamario (pb) Funcion de la proteina E. coli (%)
cafl 15145 Froteina de transporte® 28
caiA 1140 Crotonobetainil-Cob reductasa 92
caiB 1218 Betainil-CoA transferasa 35
cai: 1554 Betainil-CoA ligasa™ B9
cail} 783 Crotonobetainil-CoA hidratasa 33
calt 591 Desconocida T
caF 380 Fegulador transcrpcional® o1

("1 Funcion postulada en base a similitud de secuencia.
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A pesar de todo el conocimiento acumulado, adn se desconoce la funcidn precisa
de esta secuencia de reacciones en Entercbacteras. Seim et al. (1982a) postularon
gue crotonobetaina sirve como  aceptor electrdnico externo para la respiracion
anasrobia, de forma similar a lo que ocurre con nitrato, fumarato v el N-dxido de
timetilamina (Haddoclk v Jones, 1977) Observaciones tales como la estimulacion del
crecimiento anaerobio de Enterobacterias por crotonobetaina o la supresion de esta
reaccidn paor nitrato o glucosa (Seim et al., 1982a, 19582b) apoyvan esta hipdtesis. La
caracterizacion funcional del sistema de transporte como un intercambiador {Jung et
al., 2002) también esta de acuerdo con esta idea, explicando ademas porgué CaiT no
estd implicado en osmoproteccion (Verhedl et al., 1998). Sin embargo, la expresion
aerobia del metabolismo de carnitina en numerosas Enterobacterias (Elssner et al
1998, Engemann v Kleber, 2001), incluyendo las cepas de Profeus, sudiere una
posible pérdida de funcién debida a mutaciones gue afectan a la regulacion de la
expresion de esta ruta. Ademas algunos autores han apuntado que el metabolismo de
camitina por la flora del tracto gastrointestinal podria disminuir la disponibilidad de Li-)-

camitina a través de la dieta (Seim et al., 1982b; Kleber, 1987

CaiF CaiF
active Y L-Car e Ctives
'/' T
I —

- @ Crot &

©

Promoter Promoter
FixABCX cdi/frx caiTABCDE caiF caif
CRP-10 -10CRP FHNR
o oo

cre U

Figura 2. Representacion esquemdatica del mecanismo de regulacion de la expresion
de los operones cafy fiv. RpoS: subunidad sigma de RNApolimerasa; CRF: proteina
receptora de ANMPC, H-NS proteina similar a histonas. FNR: factor transcripcional de
anaerobiosis. (Adaptado de: Eichler et al., 1994a).
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BIOTRANSFORMACIONES EN LA INDUSTRIA

BICPRCDUCCIGN DE L{-}-CARNITINA Y LAS INGENIERIAS METABOLICA
Y DE BIOPRCCESOS.

A pesar de gue existe Uuna demanda creciente de proteinas para su aplicacion
terapeutica, el objetivo principal de la industria farmaceutica sigue estando en la
obtencion de moléculas pequefias (PM<1000 Da). Ademdas, el mayor conocimiento
gue se tiene de la distinta actividad biclogica de los isomeros oplicos, junto con el
creciente aumento en la presion de la reglamentacion reguladora ha acelerado el
proceso para la fabricacion vy comercializacion, exclusivamente, de compuestos

terapeuticos quiralmente puros (Persidis, 1997

En la naturaleza sdlo esta presente el isomero Li-l-carmnitina. A pesar de gue el
isomero D{+}camitina no es bioldgicamente activo, se ha demostrado gue los
sistemas de transporte celulares no son capaces de distinguir entre los dos
enantiomeros. De este modo, la administracion de la mezcla racémica a humanos
tendria el efecto perjudicial de disminuir el contenido celular en L{-J-camitina. En los
Ultimos 30 afios las compafias farmacéuticas han estado produciendo farmacos
enantiomericamente puros. La selectividad, asi como las condiciones de reaccion
suaves caracteristicas de los biocatalizadores los hacen candidatos iddneos para su
uso en la produccion de compuestos de alto valor afladido. En el caso de reacciones
simples, gue no regquieran un gran numero de enzimas o la regeneracion de
cofactores, se han empleando tanto enzimas puras como células enteras. Cuando las
transformaciones requieren pasos multienzimaticos o el reciclado de cofactores, las

células completas son mas adecuadas (Buckland et al., 2000).

A pesar de los esfuerzos realizados para la optimizacion de la produccion de Li-)-
camitina empleando cepas bacterianas, la mayor parte de los trabajos encontrados en
la literatura estan dedicados a la mejora del funcionamiento del reactor. Se sabe muy
poco acerca de las caracteristicas que el escenario metabdlico debe cumplir para
favorecer la produccion de L{-Fcamitina. Microbidlogos v bidlogos moleculares han
descrito en profundidad los determinantes genéticos gue controlan la expresidon de
este metabolismo en Escherichia v Proteus (Eichler et al., 19944, 1996, Kleber, 1997,
Elssner et al, 2001; Engemann et al., 2001 v 2005). Esto, junto con los estudios de
optimizacion llevados a cabo poringenieros bioguimicos ha pemmitido el desarrollo de
medios optimizados (Castellar et al., 1998) v determinar &l efecto que el estrés tiene
sobre el bioproceso (Canovas et al., 2003b). Se han desamollado metodologias

biosintéticas escalables v aplicables industrialmente (Canovas et al., 2002, Canovas et
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al., 2003c; Gidliano et al., 2003}, S5in embargo, a pesar de gue las productividades gue
se han alcanzado aln estan lgjos de las que se desearian, el rendimiento obtenido
empleando cepas salvajes parece haber alcanzado un maximo v el siguiente paso
pasa, probablemente, por la aplicacion de nuevas metodologias de mejora para la
modificacion del metabolismo bactenano v la modificacion genética para la mejora del

sistema.

La ingenieria metabdlica se definié por primera vez como “fa mejora de las
aclividades celufares por medio de la manipulacion del transporte enzimatico y 1as
funciones regufadoras de Ia célula con ef uso de 1a tecnologia del DNA recombinante”
(Bailey, 1991). Esta definicidn fue extendida por Cameron v Tong [(1883) quienes
establecieron la ingenieria metabdlica como la “mediffcacion racional del metabolismo

intermediario empleando técnicas de DINA recombinante”.

El destacado grado de desamollo alcanzado por las técnicas de DMNA
recombinante, que ahora estan disponibles para un gran ndmero de organismos, ha
aumentado el rango de posibilidades en biocatalisis. Ahora es posible modificar el
metabolismo celular eliminando o sobresxpresando rutas completas, [0 que ha abierto
un campo completamente novedoso en biotecnologia: es posible el desarrollo de
cepas "a medida” para bicprocesos. Hasta la fecha, muy pocos han sido los trabajos
gue han pretendido mejorar la produccion de Li-Fcamitina empleando cepas
modificadas genéticamente (Castellaret al., 2001, Canovas et al., 2003b). El reto de |a
ingenieria metabdlica es clarg, especialmente si se considera que, hasta la fecha, no
se han aplicado criterios racionales para la seleccidon de genes diana. Ademas, la
optimizacion de bioprocesos en los que el metabolismo secundario esta implicado no
debe obviar la necesidad de establecer el peril dptimo de expresion del metabolismo
primario. Esto es especialmente importante cuando se consideren determinados

sustratos o cofactores que son comunes a ambos metabolismos.

Una vez completada la secuenciacion de los genomas de diversos organismos,
en plena expansion del estudio de proteomas, metabolomas, flujomas v sefialomas, es
clara la oportunidad que plantea el emplec de la ingenieria metabolica para la
potencial mejora de rutas biosintéticas existentes o incluso para el disefio de otras
nuevas. La tecnologia del DMNA  recombinante puede  aplicarse con fines
biotecnoldgicos, fundamentalmente, para la sobreproduccion de un determinado
metabolito 0 algin otro producto celular. La mejora de las rutas metabdlicas pueds
implicar la mejora de las existentes (alterando las redes reguladoras v de expresion)

asi como la modificacion de las rutas por introduccion de genes foraneos. Las ventajas



de esta aproximacion son claras s se compara con la estrategia dasica de

mutagensasis al azar.

Las herramientas empleadas por los ingenieros metabdlicos son experimentales,
tedricas v computacionales (Mendes v Kell, 1997, Una vez secuenciado el genoma de
un gran namero de microorganismos, es preciso un mayor conocimiento de los
distintos modos de comportamiento o algontmos de los organismos. En la nueva era
post-gendmica, el nuevo reto estd en la identificacion de la funcion de los genes
secuenciados v, sobre todo, en comprender como su expresion concertada define el
fenotipo celular. Un aspecto novedoso e importante en ingenieria metabdlica es &l
enfasis en la integracion de las rutas metabdlicas frente a los pasos individuales,
considerando el todo resultante de la red de reacciones metabdlicas. Esto resulta
especialmente importante para comprender vy controlar los flujos metabdlicos (7 vivo
(Buckland et al., 2000} de tal manera gque se pueda llevar a cabo un disefio racional de

estrategias.

En el campo de los productos naturales, existe un gran espectro de compuestos
finales gue se pusden obtenar coma combinacidon de sintesis quimica vy biosintesis. Es
el caso de los antibidticos, tales como penicilinas, cefalospornnas v macrdlidos. El
conocimiento de las complejas rutas metabdlicas a nivel molecular ha bomado la
distincion entre productos naturales v de bioconversiones. Los procedimientos de
fermentacion microbiana son bien conocidos v son una ruta de confianza v con costes
moderados para la sintesis de numerosos compuestos organicos (como citrato
glutamato), aungue los rendimientos en metabolitos secundarios son  bastante
menores. La sintesis de compuestos organicos en la industria puede hacer uso de
etapas biotecnoldgicas para la obtencion de determinados intermedios, para llevar a

cabo bioconversioneas o construir moléculas sillares clave.

En la aplicacion famaceutica de la biocatalisis se emplean a menudo reactores
de tipo discontinuo-alimentado (fed-batch) en tangues agitados, por ser 05 mejor
documentados v ser mas sencillo el control del proceso, a la vez que se oblienen
rendimientos elevados. Ademas, en este tipo de reactores es sencillo mantener la
necesaria estenlidad de estos procesos. Sin embargo, las numerosas ventajas de los
procesos en continuo hacen que su disefio y desarrollo sea un objetivo mas que
interesante para numenosas aplicaciones a escala industrial. Una de las principales
necesidades para la optimizacidn de bioprocesos es el desarrollo de técnicas
analiticas adecuadas, especialmente si pueden acortar el tiempo de analisis v permitir
un contral mas preciso del proceso. Ademas, las técnicas deben permitir determinar &

incluso cuantificar el efecto de la configuracion del reactor sobre la fisiclogia
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bacteriana, especialmente cuando se emplean cepas modificadas genéticamente. For
tanto, aungue ya se ha avanzado un largo camino, sigue siendo necesano mas trabajo
para el desarrollo de bioprocesos, especialments en la interfase entre bioguimica,

biolagia & ingenieria.
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ORGANIZACION DE LA MEMORIA

La optimizacion de bioprocesos debe abordarse desde un punto de vista
multidisciplinar. En el campo de la ingenieria bioguimica v la bictecnologia es habitual
encontrar grupos formados por microbidlogos, ingenieros, gquimicos v bioguimicos,
puesto gue el rendimiento final de un bioproceso depende del conocimiento que se
tenga de la fisiclogia celular, de la optimizacion del funciocnamiento de las redes
metabdlicas celulares, de la optimizacion del bioproceso, de la eleccién de reactores

adecuados, del analisis de las variables del proceso v de la modelizacion.

En esta memoria de Tesis Doctoral hemos elegido como modelo de estudio la
produccidn del fammaco L{-)-camitina, llevando a cabo una aproximacion multiobjetivo.
Zomo va se ha mencionado previamente las rutas de biotransformacion existentes en
Enterobacteras pueden aprovecharse para la produccidén de Li-}carnitina. Los datos
obtenidos previamente 1 vive e i1 siffco por nuestro grupo de investigacion nos han
permmitido desarrollar metodologias para la optimizacion de la produccion de Li-}
camitina. La complejidad creciente de los modelos desarrollados ha permitido
optimizar las condiciones de operacion de bioreactores {Canovas et al., 2002; Alvarez-
Vasguez et al., 2002}, un mejor conocimiento de la interfase reactor-microorganismao
(Sevilla et al, 2005%a) e incluso cuantificar los flujos metabdlicos v optimizar la unidn
entre el metabolismo central v el de camitina en términos energéticos v de
regeneracion de cofactores (Sevilla et al., 2005b). Estos trabajos han permitido elegir
dianas para la mejora del rendimiento del proceso usando los principios v

hemamientas de la ingenieria metabdlica.

En la pnmera parte del trabajo se lleva a cabo un analisis sistematico de los
principales factores que afectan a la produccion de L{-}carnitina usando cepas de
Eschenchia cofi (salvajes v modificadas genéticamente). Se comparan sistemas
continuos v discontinuos v se estudia el efecto de las condiciones de operacidn sobre

la estabilidad genética de la cepa.

Ademas, se hace uso de la citometria de flujo como técnica analitica para
determinar como el disefio del proceso afecta al microorganismo. Asi, se comparan
distintas configuraciones de operacion (celulas en crecimiento v durmientes, reactores
discontinuos v continuos). Tambien se analiza el efecto de estas variables sobre la
fisiologia de Eschertchia colf prestando atencion tanto a la viabilidad celular como al

contenido en macromoleculas.

La inestabilidad genética de las cepas modificadas genéticamente es la principal

desventaja que limita su aplicacion en bioprocesos. La estabilidad es especialments



importante en procesos continuos con células en crecimiento. Asi, se analiza la
estabilidad de una cepa transformada de £, coff en distintas condiciones de operacion
y el enorme grado de estabilizacian tras la inmovilizacion en geles de K-carragenano.
Se hace uso de la citometria de flujo para analizar las diferencias fisioldgicas en la

cepa en los distintos ambientes de reactor.

El conocimiento en profundidad de la red metabolica implicada en la
biotransformacion es vital. Asi, analizamos la unidn entre los metabolismos primario v
de compuestos de timetilamaonio de £. coff en distintos reactores. Se establece que la
unidn tiene lugar a través de los niveles de cofactores v que la expresion del ciclo de
los acidos tncarboxilicos, el ciclo del glioxilato v el metabolismo del acetato estan

relacionados con la biotransformacidn.

Ademas, puesto que L{-Fcamiting es un osmoprotector, se estudia el efecto de |a
presencia de sal en el medio de crecimiento sobre el rendimiento del bioproceso. Se
lleva a cabo un andalisis del metabolismo tanto en presencia como en ausencia de
estrés salino. De hecho, en determinadas condiciones se consigue un aumento en la
productividad. Se caractenzaron las restricciones metabdlicas relacionadas con esta
respuesta en la bictransformacion, permitiendonos detallar adn mas la unidn entre la

biotransformacion v las rutas centrales en Eschericiia colfl

=& lleva a cabo la clonacidn del cuarto marco abierto de lectura del operdon cal,
gue se habia propuesto previamente como carmitina:Cob ligasa (Cail), v se hace una
caracterizacion preliminar. Se llevan a cabo ensayos de actividad enzimatica v se
establece con mayor precision cual es su papel en la biotransformacian en relacion

con la transferasa de CoA (CaiB).

Finalmente, puesto que la aplicacidn de técnicas de biologia molecular puede
resolver las restricciones previamente determinadas en el metabolismo de Li-)-
camitina en Escherichta colff, se sobreexpresan  actividades seleccionadas
pertenecientes al operdn caf v se llevan a cabo estudios de delecion de genes, con
objeto de determinar la funcidn de determinadas actividades en las rutas centrales de

E. coli en |la bhiotransformacidn,
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fntroduccion

Fortanto, presentamos el siguiente resumen de los obyetivos de esta Tesis:

1

Determinar los factores principales que afectan a la produccidn de Li-Fcamitina
por Escherfchia coki, en sistemas continuos vy discontinuos, con cepas salvajes vy
modificadas genéticamente v en presencia o ausencia de aceptores electrénicos

tales como fumarato U oxigeno (Capitulo 1].

Establecer el efecto de la configuracidn del reactor en el estado fisioldgico de
cepas de Eschertchia coff durante la produccidn de L{-J-caritina, en presencia v
ausencia de medio de crecimiento (células en crecimiento o celulas durmientes),
en sistemas discontinuos v en reactores continuos de reciclado celular. Ademas,

estudiar estrategias de reutilizacion celular (Capitulo 2.

Establecer los efectos de la configuracion de reactor v de la inmovilizacion celular
en el estado fisioldgico v la estabilidad genética de una cepa modificada
genéticamente de Escherfchia colf durante la produccion de L{-)>-carnitina, en

cultivos continuos v discontinuos (Capitulo 3.

Determinar la unidn entre el metabolismo primano (o de carbono) vy el metabolismo
secundario de camitina en Escherichia colf en condiciones de produccion,
estudiando las concentraciones de metabolitos primarios v secundanos, asi como

las actividades enzimaticas, durante el proceso (Capitulo 4.

Determinar la unidn entre el metabolismo primano (o de carbono) vy el metabolismo
secundario de carnitina en Escherichia colff en presencia de estrés salinog,
considerando las concentraciones de metabolitos primarios v secundaros, asi
como las actividades secundaras, durante el proceso v tras pulsos de sal v

sustrato {Capitulo 27,

Caracterizar la proteina CaiC con objeto de determinar su actividad enzimatica vy
especificidad de sustrato, revelando la relevancia gue tiene su expresion #1 Wy en
el metabolismo de compuestos de timetilamonio, usando distintos sustratos v

cepas mutantes (Capitulo 6).

Clonar v sobreexpresar los genes caiB v caiC del operon caf de Escherichia coli vy
determinar los factores limitantes en la produccidon de L{-}-carnitina en cepas de
Escherichiia coli, estudiando el efecto sobre el metabolismo de la modificacion de
los niveles de denvados de coenzima A de los compuestos de trimetilamonio.
Ademas, analizar la relacion de las prncipales rutas relacionadas con el
metabolismo de acetil-Cod (ciclo del glioxilato, metabolismo de acetato v ciclo de

Krebs) con la produccion de L{-Fcamitina {Capitulo 7).
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Capitulo 1

Factors affecting the biotransformation
of trimethylammonium compounds into

L-carnitine by Escherichia coli.

Los contenidos de este capitilo han sido publicados comao:

Canovas M, Bernal V, Gonzalez M, Kleber HP, Iborra JL. 2006. Factors
affecting the biotransformation of trimethylammonium compounds into L-

carnitine by Escherichia coli. Biochem Eng J. 26:145-154.






Fartors affecting the production of L{-)-carnitine

ABSTRACT

The bictransformation of D{+Fcamiting and crotonobetaing into L{-}-carmitine
with wild and transformed E. codf strains under batch and continuous operation was
optimised. In batch, the best conditions for the transformed strain were 20% oxygen
saturation, a temperature of 41°C and a minimal medium, whereas anasrobic
cultures in either complex or minimal media at 37°C and pH 7.5 were aptimal for the
wild  strain.  Studies  on the expression of the enzymes involved in
trimethylammonium metabolism showed that Li-Fcamiting dehydratase activity was
always higher than that of Di{+}Fcamitine racemase. Experiments with the
transformed strain in continuous cell-recycle reactors showed that, despite the
higher productivity that could be achieved (0.65-1.2 g/L-h), plasmid-bearing cells
were segregated even when a selective medium was used. This fact was also
confirmed by studying the evolution of the Di{+}lcamitine racemase level.
Immobilization of the transformed strain in k-carrageenan gels allowed continuous
operation for L{-}-carnitine production with no plasmid loss. In continuous processes
with cell-retention systems, the wild strain showed higher productivity and stability
than the transformed strain. Moreover, crotonobetaine was a better substrate for
both strains used. Recycling with hollow-fiber cartridges provided the highest
biomass level even though the Li-)-camitine dehvdratase/Mbiomass ratio was lower.
Howewver, membrane composition and cut-off had less influence on reactor
performance as similar levels of productivity were attained. In spite of this,
continuous processes attained a Li{-Fcamitine production as high as 11.5 g/L-h as a

result of the high enzyme induction and biomass levels.
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INTRODUCTION

Li-l-camitine (R{-)-3-hydroxy-d-trimethylaminobutyrate) transports long-chain
fatty acids through the inner mitochondrial membrane. Because of this, several
clinical applications for L{--camitine have been identified with a conseguent
increase in its demand on the part of the phamaceutical and food industries. Most
Li-Fcarnitine is chemically produced by chiral resclution of the racemic mixture
(Jung et al., 1993). The Di{+)-carniine obtained in eguimolecular amounts as a
waste product could be transformed into L{-}Fcamitine by various enzymes (Mannich
et al., 1995, Hanschmann and Kleber, 1997) and microorganisms, such as
Escherichia colf [Jung and Kleber, 1991), meaning that an otherwise uneconomical
waste product can be used as substrate to produce a high value compound
(Castellar et al, 2001). For this reason a racemization method for transforming the
by-product, Di+)-carnitine andfor the trans-crotonobetaing, arising from  Di+ -

carnitine chemical dehvwdration, could be of wide industrial interest.

CH;
H3C—I~IJ+—CH3

CH,

HD——[IZ—H
O,
lIZDD'

L{)-Carnitine

Carnitine Carnitine
racemase dehydratase

b o it
H;C—N"—CH, H;C—N"-CH, H;C—N"—CH,
I | [

CH; CH, |Crotonobetaine| CH;
| | reductase |
H—C —0OH CH CH-
I Il *
CH, CH CH,
| | I
CoO CoO cCoOo
D{H-Camitine Crotonobetaine v-Butyrobetaine

Figure 1. Postulated metabolism of the trimethylammonium compounds in £ coff
D44kT { After Kleber, 1997,
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Biological procedures for Li-Fcamitine production have been proposed using
Escherchia colf cells, which are able to metabolize camitine (through a secondary
metabolism) but which do not assimilate the carbon or nitrogen carnitine skeleton.
Initial expenments have shown that resting or growing £, coff 044174 cells are able
to convert trans-crotonobetaine into L{-)-carnitine (Fig. 1) (Seim and Kleber, 1988,
Dbdn et al, 1997). Furthermore, Di+)-camitine can be biotransformed under batch
resting conditions into Li-Fcamitineg (Jung and Kleber, 1891, Castellar et al., 1998
and 2001).

In parallel to the above experments, genetic studies were conducted to
elucidate carmitine metabolism in £, coff 044174 Two divergent structural operons,
caiTABCDE and fixABCX, are coexpressed during cell anasrobic growth in the
presence of L{-Fcamitine or crotonobetaine as inducers. Both operons are
modulated positively by general regulators, such as the cyclic AMP receptor protein
(CRP) orthe transcriptional regulator responsible for anaerobic induction (FMREY, and
negatively by the DNA-LInding protein H-MS, glucose or nitrate (Eichler et al., 1984,
In addition, it has been proposed that a positively controlled eafF gene acts as a
specific transcriptional regulator for camitine metabolism (Eichler et al., 1996). The
transformed strain £, coff K38 pT7-5KE32, which carmes an insert with ecarl), calt
and ecaiF genes, has been shown to express high levels of carnitine racemase and
camitine dehydratase activities, since Cail is a bifunctional enzyme and CaiE has
been proposed to act as a cofactor necessary for its proper function (Eichler et al.,
1994,

The man am of this study was 1o characterize the whole cell
biotransformation of Di+}-carnitine and crotonobetaine (dehydrated Di+ -carnitine)
inta Li{-Fcamitine by using the D[+ }Fcamitine racemase and carnitine dehydratase
activities from two strains of £, coff {wild and transformed, respectively ) in batch and
continuous reactors under growing conditions, since resting processes have already
been studied (Castellar et al, 1988 and 2001). Both aerobic and anasrobic
conditions were checked and compared. The effect of varables, such as different
oxygen or fumarate concentrations and medium compositions, was evaluated in the
batch experiments. During continuous operation, different membrane configurations,
compositions and cut-offs for cell retention and recycling were Used and processes
were run at different dilution rates. Optimum conditions for maximum Li{-)-camitine
production were used to perform plasmid stability studies under continuous
operation in freely suspended cell, k-carrageenan entrapped systems and in a cell-

recycle reactor so as to evaluate the suitability of the transformed strain. Finally, the
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induction and expression of the trimethylammonium compounds metabolism
enzymes were followed to determine their effect on biotransformation reaction

catalysis and to optimise the reactor set up.
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MATERIALS AND METHODS

Strain and plasmids

E.colf O44K74 (DSM 8828 and E. coff K38 pT 7-5KE32 were used throughout
this study. E. coff O44K74 contains the complete divergent structural operons,
cairTABCDE and #ixABCK, with caritineg racemase and Li-}-camitine dehydratase
activity., £, colf K38 pT7-5KEZZ contains the complete caTABCZDE and fixdBCK
operons as well as the plasmids pGP1-2, Kan® and the pT7-5KE3Z, a pBR322
denvative, AmpR, which camies an insert with eaff2 catE and cafF genes from the E.
cofi caf operon. Therefore, this derivative overexpresses camitine racemase and
Li-Fcamitine dehydratase activities (Eichler et al, 1984 and 1997; Chang and
iZohen, 1978, Tabor and Richardson, 1985), the non-characterized protein CaikE and
the transcriptional activator CaiF. Expression of cafF ocours from its own promotor
seguence. Thus the cofactor reguired for racemase and dehydratase activities is
generated due to the expression of the cai operon within its own genome. This
cofactor, crotonobetainyl-Cod, has been described as the cofactor required by the
biotransformation (Elssner et al., 2001, Canovas et al, 2003). The genetically
modified strain was therefore kanamycin and ampicillin resistant. The strains were
stored in glycerol (20%) at —20°C.

Batch and continuous cultures

The standard minimal medium contained (o/L): 13.6 KHaP Oy, 2 (NH4 1504, 0.5
casein hydrolysate, 8.8 glycerol, 1 D L-carmitine hydrochloride and 7.7 D{+ Fcamitine
inner salt. The complete medium contained (gAY 20 bacteriological peptone, 12 6
glycerol, 5 NaCl, 1 D L-camitine hydrochloride and 7.7 Di+-carnitine inner salt. In
both cases, the final pH of the medium was adjusted to 7.5 with KOH. Antibiotics
were added at the following standard concentrations: 50 ug/mL ampicillin and 25
HogfmL kanamycin, unless otherwise stated inthe text. £, coff Q4474 was grown in
a complex medium with the following composition (g/L) 8.5 crotonobetaine, 5
pancreatic peptone, 5 NalZl, and 50 mh fumarate. The pH was adjusted to 7.5 with
KOH. Anaerobic conditions were maintained to induce the enzymes involved in the
camitine metabolism, while DL-camitine mixture, Di+-carnitine or crotonobetaine

were Used as inducers.

Batch and continuous experiments in asrobic and anaerobic (under nitrogen
atmosphere) assays were performed in reactors equipped with temperature, pH,
and oxygen probes and pump controllers (Biostat B, Braun, Germany). A 1 L culture

vessel with 0.5-08 L working volume was used. In continuous as well as in batch
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processes the cells were fed on the growing media refemred to above (the
transformed £. coff strain on the minimal media while the wild E. coff strain were fed
on the complete medium) The media contained crotonobetaine or D+ }-camitine,
depending on expenment (see results section) as the bictransformation substrate.
Festing cell assays in batch were performed as follows: after cell batch growth, cells
were harvested and resuspended in the biotransformation medium, which contained
Di+)-camitine or crotonobetaine (25-100 mM) in phosphate buffer pH 7.5 and left for
15 and 24 hours for the transformed and wild strain, respectively.

Froduct

-

pH o pC;

F 3
Membrane system

TFeed

Figure 2. Schematic representation of the experimental set-up for cell recycle
culthvation: reactor vessel was connected to a membrane filtration module or
hollow fiber by means of a cell recycling pump. Control of the inlet and outlet
pumps was that of the Biostat B

In addition, continuous experiments with cell-recycle devices were also
carried out in the reactor system mentioned above adapted to continuous cell-
recycle operation by using a cross-flow filtration module (Minitan, Millipore, USA) or
a hollow fiber cartridge (Diaflo, Amicon, USA) (Fig. 20 The systems were equipped
in & different set of experiments with either four 0.1 wm hydrophilic polyvinylidene
difuonde (PVYDF) Durapore plates, or with cellulose membranes of 200 kDa nominal
cut-off, or with polysulphonated polysulphone membranes of 0.2 pm nominal cut-off
of B0 cm® area (Millipore, USA), orwith ceramic membranes of 30-60 cm® area, 0.1
pm nominal cut-off (Amicon, USA) The hollow fioer module was fitted with a
membrane system made of polysulphone with a total available surface of 0.03 me:

the inner diameter of the fiber wias 1.1 mm with a membrane nominal cut-off of 0.1
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pim. Cells were recycled through the lumen side back to the reactor vessel. Inlet and
filtration flows were fixed to keep a constant wolume. Continuous operation was
started after inoculation. Continuous reactors and high-cell density reactors (as a
result of the cell recycle systems used) were run at dilution rates (flow ratefreactor
volume ratio) ranging from 0.1 to 2.0 k', depending on the experiment and the

different membrane systems in use (see the result sections).

For the immobilization of £, coff K38 pT7-5KE32 in k-carrageenan gels, a
modification of the method of Takata et &, {1987 ) was used. Forthis pupose, 6 ml
of cells from a culture grown ovemight (approximately 14 hours) were mixed with 50
ml of @ 2.1% (wiv) x-camageenan solution (k-carrageenan C-1263, type [l from
Sigma) with continuous stiring and a constant temperature of 40°C to avoid
gelation. The carrageenan solution was previously sterilized by autoclaving. This
mixture was then added dropwise to the minimal medium, supplemented with 0.3
KCI, forming beads with bactera entrapped inside. Confinuous operation of the
reactor was performed as previously descrbed, but feeding with a culture medium
containing 0.1 M KCl to avoid disruption of the polymer. A filter in the medium outlet

prevented beads from leaving the reactor.

w-Carmragenan beads were collected from the reactor. Gel-entrapped cells
were released by washing three times with 0.9% MNaCl followed by a 10 minutes
incubation period at 37°%C. Cells were inmediately pelleted using a benchtop
centrifuge and used for further analysis. Biomass concentration was determined by
using optical density followed at 600 nm (Agpa) with a spectrophotometer (Movaspec

I, Fhammacia-LKE, Sweden) and correlated with dry cell weight.
Assays

Optical density (OD) was followed at 600 nm with a spectrophotometer
(Movaspec |, Fharmacia-LKE, Sweden) as a measure of cell concentration. Yiable
counts were performed on complete medium-agar plates without carnitine
supplementation (20 g/l of bacterological peptone, 126 g/l glycerol and o gL
MaCl) in the presence and absence of antibictics. The plates were incubated at
30°C for approximately 24 h. Segregational stability was estimated as the ratio
betwieen the number of colonies growing on the antibictic plates (50 pg/mL
ampicillin, 25 pgfmL kanamycin) and the number growing on the control plate

without antibicotics.

L{-Fcamitine concentration was determined by an enzymatic test, while DL-

camitine, crotonobetaine and yw-butyrobetaine were determined by HFLC {(Obdn et
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al., 1997) with a Tracer Sphernsorb-NH: column 3pm, 25 x 046 cm, supplied by

Teknokroma (Barcelona, Spain). The isocratic mobile phase was acetonitrile/H POy
0.05 mol/L pH 5.5 (B5/35) at a flow rate of 1 mL/min.

Enzyme activity

The L{-Fcamiting dehydratase assay was caried out according to Jung et al .,
{Jung et al., 1992), and the crotonobetaine reductase assay according to Freusser
et al., (Elssneret al., 2001}, both started by using crotonobetaineg as substrate. Di+ -
carnitine racemase activity was determined as described in Jung and Kleber {1991,
using D{+)-carnitine as the substrate. Enzyme activity was defined either as the total
mmaols of substrate consumed per hour (L) or as specific activity, mmol of substrate

consumed per hour and mg of protein (mUmag).
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RESULTS AND DISCUSSION

Batch experiments

Influence of electron acceptors: oxygen and fumarate

Resting cell experiments have previously shown the influence that electron
acceptors, such as oxygen and fumarate, have on the D+ }Fcamitine racemization
process carried out by wild E. colf strains (Fig 1) {(Jung and Kleber, 1991, Castellar
et al., 19938) Therefore, their effects on cell growth during D{+}camitine
racemization and crotonobetaine hydration were studied. Table 1 shows that higher
levels of biomass concentrations for £, coff K358 plT7-5KE32 were achieved with
increased movgen concentration. Anaerobic growth rendered y-butyrobetaine as a
by-product of the camiting metabolism, although its levels could be minimized in
aerohiosis since oxygen acts as an electron acceptor for cells. In fact, during
anaerobiosis, crotonobetaine acts as an electron acceptor and is transformed into
v-butyrobetaine (Fig. 1), moreover, the enzyme crotonobetaine reductase has been
shown to be inhibited by oxvgen in cell-free extracts (Kleber, 1997 Furthermmore, in
aerobiosis £, colf K38 pT7-5KES3Z presented a trimethylammonium metabolism in
which crotonobetaine reductase enzyme was not detected (0.5 mUfmg protein).
Thus, 15-320% oxygen saturation was fixed as the optimum concentration since L{-)-
camitine was obtained with no concomitant y-butyrobetaine production (Table 1)
Wiith respect to £ coff O44K74, batch studies in aerobiosis showed that the
metabolism of timethylammonium was hardly expressed, unlike in anaerobiosis,
since low levels of Li-Fcamitine dehydratase and D{+)-camitine racemase were
detected after growth in the presence of crotonobetaing or D+ Fcarnitine 4.8+ 1.2

mid/mg protein and 2.2+ 2.1 mlJ/mg protein, respectively).

Wiyhen the effect of fumarate on the bictransformation system was checked,
the growth of the strains, as well as the values of the bictransformation parameters,
showed that the process was improved by the addition of fumarate. Thus, only the
kinetic parameters, L{-)-carnitine vield and process conversion for growing £. coff
D44k T7d using crotonobetaine as the substrate, are presented in Table 2.
Farameters were calculated considernng different experiments at different glycerol
concentrations as the carbon and energy source and fumarate as the electron
acceptor (Kleber, 1997), and conventional mathematical techniques (Bailey and
Cllis, 1986). The use of resting cells of £. coff for D{+ }-carmiting bictransformation
has also been shown to improve when fumarate is added to the resting process

performed under asrobiosis (Castellar et al., 1998) However, the role of fumarate
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on the trimethylammonium metabolism of E. co¥ growing under anaerobiosis is not
totally understood. Fumarate might affect the crotonobetaine reductase enzyme,
inhikiting its activity, as has been reported previously in cell-free extracts (Seim and
Kleber, 1988, Obdn et al., 1997, Preusser ef al,, 19498} Furthermore, the effect of
fumarate on growth might also be at the level of energy production or the anapleratic

pathways expression.

Table 1. Effect of different cxygen concentrations on Li-)-carnitine production from
Di+l-camiting in batch growth of £ eof K38 pTT7-2KE3Z. Di+)-camitine
cancentration was 30 mh. Eesults were obtained after an experimentation time of
35 hours. Medium as in Materials and Methods.

Oxygen (%)

0 15 30 60

Biomass [Aegg) 1.2 35 45 40
L{- Fcamitine {Mm) 31 131 142 59
Butyrobetaing (mhd) 261 5.0 ] ]

Table 2. Kinetic parameters for anaerobic growth of £ eoff O44KT4 in batch
experiments using crotoncobetaine as the substrate. 50 mh fumarate was added

to the complex medium (Materials and Methods).

Complex Hmax Yield Conv
media (h'1} {Carmax qCrotma: carn. (%) (%)
Control 0.224 0.008 0.159 6.9 4010

With fumarate | 0431 0.343 0471 430 4585

Moreover, for both strains, experiments demonstrated that crotonobetaine was
the best substrate for L{-}-carnitine production from both crotonobetaine and Di+F
carnitine (Fig. 3B). This effect mav be due to enzyme activity expression or even to
the fact that membrane transporters forthe substrate and product have been said to
be the same (Jung et al., 2002), meaning that different transport affinities might

QCCuUr.
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Figure 3. A) Li-}-carnitine dehydratase (@) and Di+)-carmitine racemase (M)
gxpression during E. cofi 04474 growth. B) L{-}-camitine production from
crotonobetaine (@) and Di+)-carnitine (I, C) Biomass evolution (&) and L{-)-
carniting yield with respect to initial levels using crotonobetaine (@) and D{+)-
carnitine (Il as the substrates during batch culture. Experiments were made at 37
°C using complex medium  supplemented  with 50 mb fumarate  under

anasrobiosis.

Enzyme expression during growth and biotransformation

Additional batch experiments were camied out, checking the maximum
enzyme activity for both straing. In Figure 34, the evolution of the Li-}-carnitine
dehydratase and D{+)-carnitine racemase enzymes for £, cof O44K74 is shown.

According to the results, maximum enzyme activity was attained after 24 hours of
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cell growth, coinciding with the end of the exponential growth phase (Fig. 3C). It was
always observed that the level of Di+}camitine racemase was half that for L{-}
carnitine dehydratase, whereas the L{-}camitine vield at the same substrate
concentration was lower for D{+)-carniine than crotonobetaine (28% for Di+}
carnitine versus 45% for crotonobetaing). Besides this, it was obvious that enzyme
activity was lowerinthe case of Di+}-camitine racemase, and nearly no activity was
detected after six days, while biotransformation with respect to initial levels was
close to zero (Fig. 3C).

Li-lcarnitine production as a result of the L{-)-camitine dehydratase/0f +)-carmitine

racemase activity in E. colf.

In previous work (Castellar et al., 2001, Li-Fcamitine production using resting
cells of the recombinant strain Escherichia colf pT7-5KE32 was studied and
optimised with crotonobetaine and D+ }Fcarmitine as substrates. High biocatalytic
activity was obtained after growing the cells under anaerobic conditions at 37-41%C
and with crotonobetaine or L{-Fcamitine as inducer. The best biotransformation
conditions were: resting cells grown Uunder aerchiosis (15-30% oxygen saturation,
41°C and the minimal medium for proper induction of the enzymatic system), with 4
s L hiomass and 100 mM substrate concentration. In this work and using the same
reactor conditions, an L{-}-carmitine productivity of 015 o/L-h with a conversion of
22% were achieved with growing cells. In addition, no plasmid loss was observed
during batch experiments. In this strain, the batch experiments showed that
overexpressed protein (CaiD) presents a racemase activity (Kleber, 19397) capable
of transforming D{+}Fcamitine into Li-)-camitine, while ~butyrobetaine production
(Table 1) seems to be coupled to the inherent anaerobic metabolism of the non-
transformed E. eofi K38 This was confirmed by expenmental results obtained forthe
anaerobic growth of nondransformed £, coff K38, which rendered low levels of
whutyrobetaine (12 mh) as final product from Di+ )-carnitine {data not shown). Thus,
enzZyme expression (see Strains and plasmids, Materials and Methods ) would be as
follows: expression of protein CaiF enhances the expression of the chromosome-
coded E.coff K38 carnitine metabolism, while the protein CaiE stimulates the
inherent crotonobetaine reductase activity, the result being the formation of
v-butyrobetaine, as inthe wild strain (Fig. 1), due to the non reversible step. Besides
this, under aerobiosis, overexpressed CailD might show Li-)-camitine racemase
activity coupled to the L{-}-carnitine dehydratase activity. This hypothesis, with two

enzymes working in opposite directions but with net equilibnum  towards the
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hydration side, would explain the ability of E. coff K28 pT 7-5WE22 to transform D+ +

camiting into L{-}Fcamiting (Fig. 4) and this into crotonobetaine {as in Fig 1); in

addition, since the process was aerobic, no y-butyrobetaine was detected (see

Table 1) Therefore, the low levels of Di+ Fcamitine racemization obtained could be

related to the activity of the dehydration reaction to produce crotonobetaine. The

mechanism of D+ Fcamitine racemization is still unknown, although the existence of

a protein with different enzyme activities can be postulated. This would resemble the

recently described crotonobetaine reductase system, which consists of a multimeric

enzyme, codified by calAB, with twio different activities. crotonobetaine reductase

and an L-carnitine-Cod, transferase (Preusser et al., 1999). Furthermore, the

cofactor for camitine dehydratase and crotonobetaineg reductase has been shown to

be identical (Elssner et al, 2000). Taken together, these facts would explain the

levels of crotonobetaine detected during the batch and continuous studies of Di+ -

camitine racemisation (Fig. 4.
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Figure 4. Profiles of optical cell density (), Li-)-camitine production (@), D{+)-
carntine level (4&) and crotonobetaine production (W), determined during
continuous cell-recycle culture of £ coff K38 pTT-SKE3Z. Cell culture was
performed using minimal medium with a ghycerol concentration of 1.2 gfL, 25 mh
Di+)-carnitine, a 30% oxygen saturation and 41°C. The anfibictic concentration
used was 50 pg/mL ampicillin and 25 pg/mL kanamycin. Dilution rate was set at
nan
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Continuous biotransformation experiments: Cell-recycle reactor with

cross-flow modules and hollow fibers cartridges

The choice of appropriate biocatalysts, reaction media and reactor
configuration is of vital importance for L{-)}-carmiting formation {Lee and Chang,
1989, Obdn et al., 1929). In previous studies the bictransformation of crotonobetaine
into L{-Fcarnitine by a wild E. coff strain within packed bed and cross flow filtration
continuous reactors was studied and high productivities were attained (Oboan et al,
1997 and 1999). Howewer, the success and economic viabilty of the
biotechnological production of this fine chemical depends not only on the choice of
biocatalyst but also on the chemical and physical reaction environment. For a good
performance of biotransformations catalyzed by transformed strains in continuous
systems, there must exist some well-balanced reactor conditions, in which copy
number, transcrption, and translation efficiency are optimally balanced to maximize
productivity. Furthermore, bioreactor development represents the focal point for
interaction between the basic scientist and the process designer (Lidén, 2002).
Experiments need to be addressed to understanding the cellular physiology in
process conditions, using the same cells in the reactor described and subjecting
them to production conditions in order to ascertain their dvnamic responses. The
present study deals with the use of membrane continuous reactors to establish and
optimize the process of crotonobetaine and D+ }-camitine biotransformation into
Li-rcarnitine with cells of £, eofi as biocatalyst. Different membrane configurations
were checked as a means of retaining the catalyst within the systerm and obtaining a
clean agueous product. Culture techniques, such as cell-recycling using hollow
fibers and cross-flow filtration modules were used, to improve the retention of the
biomass compartmentalized in the reaction wvessel and thus determine the
productivity and stability of the process. Commercial non-biclogical membranes

made of different materals were used in this work,
Transformed E. coli strain

A confinUous process with the transformed strain was started with the
antibiotic concentrations used (50 pg/mL ampicillin and 2% pg/mL kanamycin, unless
otherwise stated in the text). The systems were equipped with four 0.1 pm PYVDF
Durapore plates. Figure 5, shows the reduction in L{-Fcamitine vield which occurred
after 48 hours, coinciding with an increase in the biomass content of the reactor.
This fact could be due to possible loss of the plasmids as a result of a segregation
process followed by faster cell growth. Thus, it was decided to study plasmid

stability dunng continuous  cultivation and to monitor changes in carnitine
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concentration and CalD with time. Expenments using different antibiotic
concentrations were then camed out to check whether these results might be due to
instability of the strain. Figure 524 shows that, with a low antibiotic concentration,
plasmid segregation started after 2 days of continuous operation. In the following
days, cells without plasmids colonized the reactor, and so the residual bacterial
iZail was still able to produce a lower level of L{-)-carnitine. Thus, the evolution of
Li-Fcamitine runs in parallel to the presence of plasmid-bearing cells and the rest of
cells in the reactor. When a higher antibiotic concentration was used (Figure 5B)
plasmid segregation started after 5 davys, after which a sharp decline in plasmid-
bearing cells as well as in the activity of the racemase was observed. It is interesting
to note that plasmid segregational instabilty occumed while the cells were
apparently not growing. The overexpression of plasmid-coded proteins could cause
a significant reduction in the specific growth rate of plasmid-bearing cells, while the
specific growth rate of plasmid-free cells would remain high. Furthemmore, when
operating in continuous cell recycle reactors, substrate limitations may become

more accused, because of the high cell density values obtained.
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Figure 5. (Pag. 52) Profiles of optical cell density (M), % plasmid-bearing cells
(@), L{-)-camitine concentration (&) and D{+)-carnitine racemase (W) determined
during continuous cell-recycle culture of E. coff K38 pT 7-5KE3Z2. Cell culture was
performed using minimal medium with a glycerol concentration of 1.3 g/L, 25 mi
Di+}-camitine, a 30% oxygen saturation, 41°C, and at 0.2 h™ dilution rate. Two
different antibiotic concentrations were tested: (A) S0 po/mbL ampicillin and 25
pgfml kanamycin, (B) 200 ug/mL ampicillin and 100 pgfmL kanamycin.

Thus, at the end of the run, £ coli K38 only contained the complete divergent
structural operons, eafTABCDE and fixABCXK, thus maintaining residual  Li-)-
carnitine  production  from the function of CaiD, Calk and CaF of the
trimethylammonium metabolism (Eichler et al., 1994 and 19961 Compared with
those from batch expenments, productivity was higher (1.25 gf/L-h) and L{-)-carnitine
conversian slightly lower (28%). The low conversion values could be due to: a) the
energy reguired for the camitine racemization process, b) the formation of inclusion
bodies (Schein, 1889), or ¢} the rearrangement of plasmid DMA sequences affecting
cloned genes [(Peretti et al., 1982). Thus, the recombinant microorganism was found
to be segregationally unstable under the conditions tested. Mevertheless, since
medium composition and reactor configuration might strongly affect cell stability,

new studies were performed in order to overcome this difficulty.

The instability of the strain was not dependent on the reactor configuration,
since experiments performed in a chemostat operating at a dilution rate of 0.15 '
(far below the maximum specific growth rate of the bacteria, 0.4 h‘1) showed that the
population of plasmid-bearing cells decreased after 4 days and virtually disappeared
from the reactor after 6 davs of operation (data not shown). Thus, it was shown that
the two-plasmid based expression system was highly unstable and inadequate for
continuous culture. By plating samples from the reactors in solid media with different
antibictics, it was shown that the first plasmid to disappear was the ampicillin
resistant and high-copy, pT7-5, while the pGP1-2, which is kanamycin resistant and
low-copy, was apparently more stable. It has been previously stated that the stability
of plasmids is dependent on both their copy number and resistance mechanisms. In
order to stabilize the two-plasmid expression system, it was decided to restrict the
strain growth rate by entrapping the cells in either Ca-alginate or x-camageenan
gels. Immobilization of E.coff K38 pT7-6KE32 in camageenan gels succeeded in
genetically stabilizing the strain, allowing for the continuous operation of the reactor

with immobilized cells at rates much higher than the specific growth rate with no
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plasmid loss. Mot only was high stability observed, but also a high increase in
productivity compared with the free cell chemostat reactor. After 140 hours of
continuous operation at a dilution rate of 0.2 h'1, the strain remained stable and both
plasmids were still present. An increase in the dilution rate to 0.5 h'and 1.0 17 did
not influence the stability of the strain, but increased the productivity, its value being

to an extent proportional to the dilution rate employved (Fig. 63

r 100

F B0

F &0

DCW (L)

L 40

% plasmid bearing cells
L-carnitine {mM )

- 20
D=0.50 0" o=1.0n" -

0 50 100 150 200 250
Time (h)

Figure 6. Frofiles of optical cell density (M), % plasmid-bearing cells (@) and Li{-)-
carniting concentration (&) determined during continuous culture of E. coff K38
pTT-5KE32 immobilized in carrageenan gels. Cell culture was performed using
minimal medium with 100 mi crotonobetaine, 30% oxygen saturation, 37 °C, and

at three different dilution rates.

In Table 3, biomass levels, and L{-}-carnitine production are shown for both
experiments at every working dilution rate. In the chemostat system, the
experiments were run at dilution rate values always below the maximum specific
growth rate (035 h'1), wihile in the immobilzed cells system, the dilution rates
ranged from 0.2 to 1.0 h™". As can be seen, although the dilution rates increased and
therefore the residence time decreased, the biomass content of the reactor
increased as a result of higher glvcerol content, which acts as the carbon and
energy source for cell growth availability (Bailey and Ollis, 1986). Productions
ranging from 0.20 to 071 o/L-h were attained depending on the working dilution

rate, while the chemostat with freely suspended cells showed a lower production of

34



Fartors affecting the production of L{-)-carnitine

0.0¢7 g/L-h. Furthermore, higher productivities could be obtained by increasing the
amount of immobilized biomass inside the reactor, thus modifying the beads to
culture medium ratio, since in our work a low ratio was used {1 bead volume/s
reactor working volumes) as only plasmid stability studies were the aim. Further

experiments should be performed to optimize this paint.

Tabhle 3. Effect of immobilization of E. coli K38 pT7-2KE32 in camageenan
gels. Biomass levels (/L) and L{-}Fcarnitine productivities (gL -h) with free cell
reactors (chemostat) and immobilized cells reactors, at different dilution rates.
Crotonobetaine was used as substrate at a concentration of 100 mM and

oxygen was set at 15-20%. Medium as in Materials and Methods.

i Maximum i :
Dilution rate productivity Maximum biomass
h e T
(h™) (gL h) (Gocw-L7)
Chemostat
015 007 332
(free cell reactor)
020 020 932
Carrageenan gel
immaohilized cell 040 0456 126
continuous reactor 100 071 15 7

Wild E. cofi strain

Eschenchia coli O44K74 cells were cultured anaerchically at 37°C . In order to
increase the biocatalyst concentration within the reactor, cells were retained by
means of a polysulfone microfiltration membrane of 0.1 pm cut-off and subjected to
recycling. The membranes were assembled in a flat-shest module. Table 4 shows
the biomass levels, Li{-rcamitine production, crotonobetaine conversion and the
productivity achieved within the system. L{-Fcamiting vield was considered as the
percentage of Li- Fcamitine produced from the crotonobetaing supplied (50 mi from
0.2to 1.5 1" and 100 mh at 2 h'1). Froductivity was determined after reaching the
steady state, unless specified otherwise. It was concluded that the continuous
production of L{-)-carnitine from crotoncbetaine by £ coff Q4474 cells in a cell-
recycle reactor can reach wvalues as high as 685 g/Lh, with conversions into Li-}-
carnitine of 35-46 % YWhen the system was in steady operation at a dilution rate of 1
h'1, and using a crotonobetaine concentration of 50 mk in the feed medium, the

concentration was switched to 100 mh and the dilution rate increased to 2 h'1, in
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orderto observe the evolution of this strain of £. coff in new conditions. In Fig 7, the
evolution of £, cofi O44K74 at different dilution rates is observed. Biomass
increased to a new steady value and biotransformation almost reached the same
Li-Fcamitine yield as in the previous steady operation, though with nearly double
the productivity (11.5 g/L-h L{-J-carniting ). Hoelks et al., (Hoeks et al | 1996) reported
that L{-)-carnitine productivity during the biotransformation of v-butyrobetaine was o
g/L-h. In previous studies of crotonobetaine bictransformation into Li-}-carmitine in
cell-recycle systems, productivities as high as 6 g/L-h at dilution rates of 2.0 ™ were
reported (Obdn et al., 1993). The results obtained in this work represent an
important improvement, principally due to the optimization of the cell physiology in
process conditions. Thus, the wild strain demonstrated that it was suitable for
process operation and even capable of being subjected to dynamic stress, which
may be useful for controlling and optimizing strategies (Lidén, 2002) Moreover, it
seems that there existed a maximum of Li-}-camitine dehydratase activity (Fig. 71,
since the increase in the biomass level was not matched by any increase in this
enzyme activity when the dilution rate was increased. Further, a certain amount of
cell debris within the reactor was apparent, which could be the result of the high
dilution rate and be partly responsible for the increased optical density. However,
although  the Li{-)-camitine dehydratase level did not increase, substrate
biotransformation did, as productivity was double the previous value, which means
the catalysis capability of the cells had been improved. This fact is important and
might imply cellular control of the biotransformation reaction catalysis, which, to our
knowledge, has not previously been detected in trimethwlammaonium metabolism

studies in E. coif.

In order to optimise the continuous production of Li-Fcamitine, the suitability
of using a cross-flow filtration module with flat-shests of different membrane
compositions and cut-offs was checked. Thus, systems equipped with three different
membrane types were studied: cellulose membranes of 300 KDa nominal cut-off,
polysulphonated polysulphone membranes of 0.2 ym nominal cut-off, and ceramic
membranes of 0.1 pm nominal cut-off. The continuous reactor system was identical
to that previously explained (Materials and Methods). In this case, the medium was
added at a 1.5-1.8 h" dilution rate, and pH and temperature were set at 7.5 and
370C, respectively. Table 5 presents the results of reactor performance obtained in
the expernmentation. Mo important differences were observed and it was concluded
that membrane composition and membrane cut-off had little influence on reactor

perfarmance since similar productivities were obtained.
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Table 4. £. coff 044K 74 biomass levels, Li-)-carnitine production, crotonobetaine

canversion, and productivity within the continuous membrane cell recycle reactor.

Crotonobetaine concentration was 50 mhd from 02 to 15 h™ and 100 mk at 2 b,

Medium as in materials and Methods,

Dilution rate (h™')

0.2 0.5 1.0 1.5 2.0

Biomass (g dry weight/L) 25 5.8 94 18.1 270
L-camitine production (%) 38 40 42 28 30
Crotonobetaine conversion (%a) 40 44 46 42 a5
Froductivity (g/lreactor.h) 0.45 175 a5 55 115
10 25 - 500

20 - 400

Craotanobetaine and L-carmitine me1u'1

0 25 ad 73 100

Figure 7. Frofiles of optical cell density (

125

Time (h}
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- a00
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100

L-camitine dehydratase (U, mmal/h}

@), Li-)-carnitine dehydratase, (W) and

Li-J-carnitine () and crotonobetaine (&) concentrations determined  during

cantinuous cellrecycle culture of B coff O44K74 . Cell culture was performed in

complex medium with 50 mM crotonobetaine from 0.2 to 1 h™ and 100 mh at 2 b

dilution rate, anaerobiosis and at 37 °C.
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Finally, in order to compare operational stability for different membrane
configurations, a new reactor set-up was used, based on cell recycling by means of
a hallow-fiber cartridge module with fibers made of polysulphone, with a total
surface area available of 0.03 m®. Throughout the set of experiments, the dilution
rate was kept constant at 1.8 h™'. The cells were fed, as previously mentioned, with a
biotransformation medium  containing 20 mi  crotonobetaine.  Under these
conditions, the results presented in Table & were obtained. Good stability and easy
cleaning up compared with the cross-flow systems were evident. However, the main
finding was the L{-)-carmitine dehydratase/biomass ratio obtained, since it showed a
lower value than that obtained with the other systems. This was probably a result of
cell debns accumulating, possibly due to the increased dilution rate, which could
involve a decrease in the active L{-J-carnitine dehydratase with respect to biomass
dry weight {Table 5). This was also seen in experiments run at a 2 ™ dilution rate
(Fig. 7). However, this system presented a slightly higher productivity, which also
meant that a slightly higher level of enzvme was present. Moreover, the stability of

the system was remankably robust throughout the experimental run.

Table 5. L{-J-carnitine production, L{-)-carnitine dehydratase/biomass ratio,
maximum productivity, biomass concentration and dilution rate achieved within the
continuous reactor operation with E. coff O44K74 retained by means of different
membrane systems. Crotonobetaine concentration in the studies was 20 mh.
Medium as in Materials and Methods.

Dilution Einnﬂlaaﬁ L-Car Max. Max.
rate ratio production | productivity | biomas
h o /L-h /L
Cellulose 15 18.18 42 5.29 16.5
(300 KDa)
Falysulphonated
(0.2 pm)
Ceramic 16 16 21 41 509 185
membranes
Hollow fiber 18 12.95 45 6.50 251
system
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CONCLUSIONS

A procedure for the production of Li-Fcamitine from crotonobetaine or Di+ -
carnitine, characterzed by the direct separation of the immobilized microorganisms
and the reaction mixture, and using £. coff recvcling with commercial cross-flow
filiration or hollow-fiber modules, allowed us to obtain a clean product. This
procedure provided a two-fold increase in L{-}-camitine productivity £11.% /L -h)with
respect to other reported systems, and enabled a stable continuous process to be
run, since perturbations did not affect steady operation. The physiclogy of £. coffin
production conditions is now better understood and different reactor configurations
for process optimization are also possible. More importantly, the metabolism of the
trimethylammonium compounds of the biocatalyst was found to exercise a certain
degree of cell control on the bictransformation reaction catalysis, which suggests the
possibility of applving metabolic engineering studies to improve the connection
betwieen primary and secondary metabolism  and the ftransport of the
bictransformation substrate.
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Analysis of Escherichia coli cell state by flow
cytometry during whole cell catalyzed
biotransformation for L-carnitine production.

L as contenidos de este capittita han sido publicados como:

Canovas M, Garcia V, Bernal V, Torroglosa T, Iborra JL. 2007. Analysis of
Fscherichia coli call state by flow cytometry during whole cell catalyzed

biotransformation for L-carnitine producticn. Process Biochem 42:25-33.






Escherichia cofi cell state

ABSTRACT

Flow cytometry was used to monitor Escherichia cofi cellular state during the
biotranstormation of crotonobetaine into L{-)-camiting using growing and resting
cells in batch and high-cell recycle continuous membiane reactors. The cell
physiological state and the DNA, BNA and protein cell content were analyzed during
the biopiocess. The cell growth cycle was followed by reference to cellular DNA
concentiation and the entiy in the stationary phase resulted in an increase in
intracellular protein. The biochemical activity of resting cells was assessed for the
first time at the molecular level, protein synthesis being observed despite the
absence of nutrients. Freely suspended growing, both in batch and continuous
cultures, and, more importantly, resting £. coff cells were seen to be made up of
subpopulations differing in reproductive ability, metabolic activity and membrane
integrity. In the case of growing cells, biotranstormation was mostly performed by
fully viable cells {68-759%) , while in a resting cell system, also dead cells (1-59%) and
cells with doubtful viability {60-70%) appeared to be involved in the piocess; in later
stages, a population made up of phantom cells, containing little or no cellular DNA,
was detected. In cell-recycle continuous reactors, the recording of DNA {40-80 fg),
HNA (50-120 tg) and protein {100-220 1g) levels per unit of cell, and the evolution of
cell population heterogeneity (three diffterent populations of cells) threw light on the
stress conditions imposed by high cell densities. The use of FCM allowed to follow
the recovery of cell catalytic activity for resting biotransformation batch processes,

thus showing its potential for the optimization of bioprocesses.
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INTRODUCTION

The optimization of bioprocesses for the production of high value compounds
using microbial cells depends on cell physiology and biochemistry since both
determine the performance of the developed production systems. The choice of
adequate vreactor configuration is a key step in the optimization of bioprocesses,
since multiple factors are involved in the complicated relationships at the bioreactor-
micioorganism interface. Biotransformations can be peiformed in an industrial
context using both giowing and resting cells as biocatalyst. In resting cell processes,
cell growth and biotransformation occur in two successive phases: once giown, the
cells are collected and placed in the buffered biotransformation substrate, thus
simplifying and reducing the cost of the purification {Gokhale et el., 19956 ; Wagner et
al.,, 18495). On the other hand, cell immohbilization has been used for increasing
biocatalyst concentration and improving stability. Recently, an inciease in the study
and development of membrane bioreactors has been assessed (Giorno and Driol,
2000). Membrane bairier at the veactor outlet retain cells, while allowing small
molecules to pass thiough. Knowledge on cell physiology is crucial for
biotransformations involving resting cells, since the process running time and the
best biochemical and physioclogical conditions affect the whole process if
optimization is the aim. However, no information has been available until now on the
cell physiology and molecular variables (ONA, RNA and protein per cell unit) of
resting cells performing biotransformation processes for use during modelling,
control and process optimization. Fuither, in membrane bioreactors, the cells may
be exposed to highly stiessing conditions, which will inevitably affect their
physiologic and metabolic states {Canovas et al., 2003) since the high cell density
achieved can affect nutrient fluxes, due 1o transpoit gradients and stress conditions

for cells, finally leading to different cell states.

Within this landscape, proper reactor design and operational conditions are
fundamental, while easy to implement monitoiing technigues are necessary 1o
control process performance in the steady-state and under perturbation (Cooney,
1883; Hewitt et al., 1989a). It is therefore crucial to monitor intracellular compounds
level and to control the cell physiology throughout the bioprocess by means of rapid
and easily applicable technigues. Such ability will help to characterize the cell
metabolism and physiology in the production-directed environment of the reactor
{basic research) so as to fully understand and optimize the processes involved

{applied research).
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Flow cytometry {FCM) is a poweiful technigue for the rapid characterization of
cell populations which, in recent years, has begun to be used to study prokaryotic
cells in different environments {Akerlund et al., 1885; Akermann et al., 18995; Gaicia-
Cchoa et al., 1898). Cells can be detected on the basis of their light scattering
properties in the forward (FALS) and the right {RALS) angle direction and, more
importantly, staining with fluorescent molecules allows to probe the intracellular
environment even with living cells. FCM has evolved as a leading tool due to its
growing role in bioprocess development and monitoring (Hewitt et al., 1998, 19599b,
2000; Looser et al., 2005).

|CH3 OH
CHN*—CH,—CH—CH,—CO0O" D-camitine
Hj

D-carnitine racemase
Hs
CHyN*—CH,—CH—CH,—CO00-  L-carnitine
CH-» H

L-carnitine dehydratase

‘CH3

CHy N*—CH,—CH=CH—CO0Q0Q" Crotonobetaine
H;

H l Crotonobetaine reductase
3

CHyN*—CH,;—CH3CH,—COO~ v Butyrobetaine
Hj

Figure 1. Biotranstormation of trimethylammonium compounds in £, cof cells.

L{-}-camitine, which is an essential cofactor for mitochondrial transport of lipids
in higher animals, has many clinical applications {Seim et al., 2001). Its chemical
production leads to a racemic mixture, which needs to be resolved to obtain the pure

biologically active L-isomer. D{+)-carnitine is a waste product, which can be
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chemically dehydrated to crotonobetaine and estereospecifically biotransformed into
Li{-)-carnitine by Escherichia coli (Kleber, 18%7; Castellar et al., 1898, Obon et al.,
1899}, £. cofiis able to catalyze both ciotonobetaine hydration and Di{+)-caritine
racemization into L{-}-carnitineg {Kleber 19%7), while crotonobetaine reduction into
v-butyrobetaine side-reaction (Figure 1) can be prevented by enzyme inhibition
{Canovas et al., 2002).

The aim of this work is 1o repoit on how FCM can be used to determine the cell
physiological state during the biotranstormation of crotonobetaine into L{-)-carniting
by E. coff cells, in batch reactors with both giowing and resting cells and in
continuous high-cell density membrane reactors 8o as to develop stiategies for
bioprocess optimization. Therefore, changes in cell viability and the evolution of
different cell populations within the reactors throughout the experimentation process
have also been studied. In this way, E. coff cells were characterized in the bioreactor
environment during the biotransformation process in stress situations, including
resting media, where only a biotransformation substrate and a buffer are present
and high-cell density membrane reactors with highly viscous media, where toxic

metabolites are produced and nutrient shortages are common duving the process.
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MATERIALS AND METHODS

Growth of the bacteria

Escherichia col O44K74 {DSM 8828) was grown under the different conditions
stated in the text. The cultures were inoculated with a 3% (v \.ﬂ) of a pre-culture
stored at -20°C in 20% (v u1j glycerol and grown at 37°C. The complex {CM) and
minimal {MM) media employed have been previously described (Obon et al., 1528,
Canovas et al., 2002). Glycerol was used as carbon source while crotonobetaine
was the substiate for the biotransformation; the pH of the media was adjusted to 7.5

with 1 M KOH prior to autoclaving.
Biotransformation experiments

Growing ceffz. The carnitine metabolism (Fig. 1) is principally related to growth
under anaerobic conditions {Castellar et al, 1898; Obon et al, 1999). Batch
biotransformation experiments in anaerobic assays {under nitrogen atmosphere)
were performed with either the CM or MM medium using crotonobetaine (50-100
mM) as the substrate. The reactors were equipped with temperature and pH
controllers {Biostat B, Braun, Germany). A 1L culture vessel with 0.5-0.8 L working

volume was used.

Resting celfs. Assays were performed as follows: cells were batch giown, and
at the end of the exponential growth phase were harvested by centrifugation,
washed and resuspended in the biotransformation medium, which contained
ciotonobetaine as the substrate {50-100 mM) in phosphate buffer 67 mM, pH 7.5

and transterred to the reactor vessel under sterile conditions.

Continuous high-cell density membrane reactor. The same reactor vessel used
for batch cultures was adapted to continuous cellvecycle operation by incorporating
the membrane cross-flow filtration module (Minitan, Millipore, USA) {Canovas et al.,
2002) (Fig. 2). The system was equipped with four hydrophilic polyvinylidene
difluoride {PYDF) Durapore plates of 0.1 ym pore size and a total area of 80 cm?
{Millipore, USA), which retained the biomass in the system, while clear cell-free
product was purged in the filtrate. The pump contrel was that of Braun Biostat B
{Germany): the medium inlet and filtraticn flow rates were contiolled to keep a

constant working velume.
Assays

Biomass and biotransformation variables. The optical density of the sample

was followed at 600 nm {Ag,) with a spectrophotometer {Novaspec |, Pharmacia-
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LKE, Sweden) and coirelated with dry cell weight. L{-)-camitine concentration was
determined by an enzymatic test, as previously described (Canovas et al., 2002),
while crotonobetaine was determined by HFLC, using a Tracer Spherisorb-NH;
column {3 pm, 25 cm x 0.46 cm) supplied by Teknokioma {Barcelona, Spain). The
isocratic mobile phase was acetonitrile/H,PO, 0.05 mol I pH 5.5 (85/35) at a flow

rate of 1 ml min .

pH pO2 Fresh

P n R s na medium
: i inlet
: 4 Call-racycle : £ ne
Modute 1

Fressure
Temperature

Bleeding

Product

Figure 2. Experimental set up for cell-recycle experiments. 1. Inlet and outlet
pumps. 2. Reactor vessel 3. Air/Na supply {aerobic or anaerobic system). 4.
Recycling pump. 5. Membrane filtration or hollow fiber module. The contioller
of the system was that of the Braun Biostat B. For batch experiments,

experimental set up was the same without the cell recycle module.

Flow Cytometry. The reactor samples were run in a Becton Dickinson FASort
model {San José, USA) equipped with an argon laser for excitation at 488 nm and
15 mW and equipped with filters at 530, 585 and 650 nm. Samples were analyzed in
the linear photomultiplier gains mode, a total of 10,000 cells being analyzed for each
sample at a rate of 800-2,000 cell s'. The FCM probes fluorescein isothyocyanate
{FITC), ethydium bromide (EB), propidium iodide {Pl} were purchased from Sigma-
Aldrich, while bis-{1,3-dibutylbaribituric acid) trimethine oxonol {DIBAC.{3) or BOX)
was puichased from Molecular Probes Inc. EB was used for DNA and BNA analysis

{after cell treatment with RNase and DNase) and FITC for protein analysis on fixed
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cells. Fl and BOX were used for viability studies on living cells. Stained cells were
diluted in PBS buffer pH 7.2 (g 1': NaCl 8.00, KCI 0.20, Na;HPO, 0.91 and KH:PO,
8) previously sterilized by 0.22 pm fiter. FALS and RALS values, allowed cell debiis

discrimination and a total of 10,000 events were used for statistical data analysis.

Calibration for DNA, RNA and proteins. For the quantification of the
intracellular content of nucleic acids and proteins, FITC and EB staining was
employed. The optimized staining protocol consisted on the fixation of cells with 39
(v v 1) glutaraldehyde for 30 min at 4*°C. The fixed cells were then stained with either
30 ug ml? FITC in 0.1 M Tris/HCI buffer, pH 7.4, 0.1 M NaCl, 1 mM EDTA for 5 h or
100 ug.ml1 EB in 0.1 M Tris/HCI bufter, pH 7.4, 0.1 M NaCl, for 15 min at room
temperature. To avoid non-specific fluorescence signal {background signal) the
samples were washed with buffer at least twice. EB stained cells were subseguently
treated with either BNase or DNase as follows: cells were suspended in 50 mM
Tris/CIH, pH 7.4 buffer in 5 mM MgClz with 1 mg ml"' BNase and 0.1 M Tris/CIH, pH
7.4 buffer in 0.1 M NaCl with 5 mM MgCly with 1 mg ml ' DNase, respectively. Both
treatments were performed in a volume of 50 pl and cells were incubated at 37°C for
1 hin the dark. Calibration curves for DNA, BNA and protein were obtained using a
fluorimeter {Floustar-BGM, Offenburg, Alemania). EB was excited at 485 mm and
recorded at 580 nm, while FITC was excited at 485 nm and recorded at 520-5356
nm. The cylometer outputs were correlated against the fluorimeter {see Gaicia-
Cchoa et al, 18998) employing six sets of independent experiments with £. coff
O44K74. The calibration cuives obtained for DNA, HNA and protein per cell unit
were: y= ax + b, DNA {a=14.8, b=484.8; *=0.958), ANA {a=6.8, b=423.3; *=0.969)
and protein {a=5.1, b=649.7; *=0.94%), where xis the cytometer mean fluorescence
intensity in relative units and y is the content in DNA, RNA or protein in fg-cell -10%

Samples were analyzed in triplicates.

Viability studies. To determine cell viability by FCM, double staining was
peiformed according to Hewitt et al. {1948, 1899a). Heat stiessed cells treated at
BO°C for 5 min and exponentially griowing cells were used as positive and negative
conticls respectively (Hewitt et al., 1888). The green fluorescence channel for BOX-
stained cells (X axis) was plotted versus the ved fluorescence channel for PI/BOX
stained cells (Y axis). Dot plot representations are in log scale, while data refer to
the channel mean fluorescence, with a resolution of 1,024 channels. The WinList
programme, supplied by the flow cytometer manufacturer was used for data

representation.
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RESULTS

Evolution of DNA, RNA and protein per cell unit

The macromolecular content of £. cok cells was followed in order 10 assess the
effect of different growth conditions and reactor configurations. Glutaraldehyde-fixed
cells were stained following optimized protocels and samples were vun in the flow

cytometer (see Malerial and Methods section).
Batch biotransformation: growing and resting celfs

In batch reactors with growing £. coli O44K74 in bictransformation medium,
protein concentrations increased up to values of 150 fg cell ' after & h of growth on
the CM and anaerobiosis {Fig. 3A). The slight increase in protein content between
30 and 70 h did not coincide with the measured decrease in Agpg (start of death
phase) nor with the decrease in HNA cell’, this latter reflecting the lower cell
biochemical activity as a result of cell death or deterioration. Regarding DNA cell’
and RNA cell’, both showed a maximum at the beginning of the exponential growth
phase {3-8 h). Levels decreased after 13 h, and still fuither from 45 h onwaids,
mirroring the biomass decay. During the early exponential giowth phase, the DNA
cell’ was nearly double that observed at the beginning of the experiment. Further,
levels fell again, due to cell division, increasing afterwards, at 13-30 h, when DNA
replication occurred, though both this and the cell division were far slower since cells
had entered the stationary phase. A similar behaviour was obseived for the HNA

cell ' during cell population growth.

Figure 3. (Pag. 76) A) {ll) Protein cell ¥, (W) DNA cell ', (A} RNA cell ' and (®)
hiomass evolution for £ coff O44K74 growing cells in batch reactors under
anaerobic conditions with CM at 37°C and pH 7.5 during the biotransformation of
50 mM crotonobetaine. BY {1 L{-)-carniting, {®) crotonobetaing and {®) biomass
and C) (M) Protein cell 7, {¥) DNA cell ' and (&) ANA cell ' evolution during the
hiotransformation of crotonobetaing into L{-)-carniting using resting cells of E. coff
O44K74. Assays using resting cells were performed with an Asqo of 2, 50 mM

crotonobetaine at 37°C and pH 7.5 in batch reactors.
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For the resting cells experiments, previously grown cells were haivested and
fed ontoc a biotransformation medium {Materials and Methods), and Li-)-carnitine
production, crotonobetaine consumption and cell evolution were followed at different
times of the process (Fig. 3C). While performing the biotransformation, the protein,

DNA and RNA per unit of cell were followed with time {Fig. 3B). At zero time, the
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cells, fiom a 15 h culture, were at the end of the exponential phase, replicating their
genetic content (Fig. 3B), thus being nearly diploid, while the prolein content
approached the maximum level. The most noticeable feature was that the protein
level of resting cells reached 200 fg cell ' after 20 h and then fell until the end of the
experimants. The maximum peak of piotein coincided with steady levels of HNA and
DNA (B0 and 110 g cell’ between zero and 25 h, respectively). From this moment
onwards there was a decrease in both HNA and DNA, parallel to the decrease in
Agna reaching levels below the technigue’s sensitivity limit. The recorded Agg, values
probably included large amounts of dead and broken cells since L{-)-carnitine
reached steady values from 15 h onwards (Fig. 3C). At the end of the process a
considerable number of cells should probably be vegarded as phantom cells as no

nucleic acids could be detected.

Biotransformation i continuous high-celf density membrane reactors.

Heactors were also run with & membrane retention system (Fig. 2), and the
evolution of DNA, HNA and protein per cell unit in the bacterial populations was
followed in order to assess: a) the effect of high-cell density on bacterial
biochemistry and physiclogy, and b) the effect of stress due to viscosity and nutrient
shotages imposed by the reactor environment on the bioprocess itsell. In Figure
4A, the evolution of total biomass and the consumption of crotonobetaine to produce
L{-)-carnitine (Fig. 1) are shown, while Figure 4B depicts the DNA, BRNA and protein
cell ! with time throughout the experimental uns. DNA levels weie of the order of
those found in batch reactors, although three different peaks for molecular variables
were observed. The time spacing these peaks incieased as cell density reached
higher values, meaning that replication and cell division were slower duving the early
steady state. Futhermore, DNA values were in accordance with the presence of
more than one copy of the chiomosome, 5o that cells seemed to be retained in a
state prior to cell division. BMA and protein levels were lower than maximum values
seen in batch systems, showing quite similar behaviouy to that of DNA. A maximum
in the content of all these three macromolecular components was observed to
coincide with the entrance into steady state, piobably as a result of stiess responses

and the beginning of nutrient shortages.
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Figure 4. A) (A} L{-}-camitine, () crotonobetaine and (@) biomass and B)
(H) Protein cell’, (&) BNA cell ' and {'¥) DNA cell’ evolution for growing £.
cofi O44K74 cells during the biotransformation of crotonobetaine into L{-)-
camiting in a high-density cell recycle continuous membrane reactor. Cells
were cultured under anaerobic conditions with CM at 37°C, pH 7.5 and 50 mM

crotonobetaine.
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Bacterial populations within the reactor

Changes in the different cell populations were followed during the
biotranstormation using the optimized multistaining technique to relate physiological
cell state with reactor performance (Materials and Methods section) in different

reactor scenarios.
Batch biotransformation: growing and resting celfls

A progressive change in the physiological state of £. cofi was observed within
the three main sub-populations of cells described by Hewitt et al. {Hewitt et al.,
1898, 1889a). In the dot plots presented, the lower left square represents non-
stained cells, the lower right rectangle the BOX-stained cells and the upper right
square the simultaneously FI/BOX-stained cells. Briefly, BOX-stained cells were
depolarized cells, while PI/BEOX-stained cells were permeabilized and dead cells;
non-stained cells were healthy viable cells {Hewitt et al., 1998, 1999a). Cell debris
was identified on the basis of the FALS and RALS values. After 15 h of baich growth
only a small portion of cells was BOX-stained (19%), simultaneously PI/BOX-stained
cells {dead cells) rose to 1.8%, the rest being non-stained fully viable reproductive
cells (Hewitt et al., 1898a; Nebe von Caron et al., 2000). After 30 h, the percentage
of depolarised cells increased to 2.5%, while the dead cells represented 4.29. At 48
h, cells stained with BOX reached £.0% and those stained with Pl and BOX 2.1%.
This coincided with the fall in Assa and DNA cell’ detected by FCM, indicating that
the diminution in biomass was a conseguence of cells disappeaiing through
degradation and death (Fig. 3A).

For the resting cells experiments, cells grown in CM under anaercbiosis and
expressing the metabolism of trimethylammonium compounds were collected by
centrifugation and placed in the biotransformation medium {see Materials and
Methods). Cell viability was followed at different stages of the bioprocess (Fig. &)
and the cell populations were seen to decline faster in these conditions. At zero
time, and during the first hours of operation viability was almost 1009 (Fig. SA).
After 15 h and especially after 24 h (Fig. 5B), 20% of the cell population was BOX-
stained, while the percentage of PI/BOX-stained cells (dead cells) was 5.9%.
Moreover, after 48 h (Fig. 5C) 68% of the population was stained with BOX, while
dead cells represented less than 1% of the total. This low percentage was clearly
not only due to cell disappearance {as a result of cell lysis), but also to the decrease
in the nucleic acid content {Fig. 3C), so that cells could not be stained by Pl. At the
end of the experiments (72 h), 68.4% of the population was BOX-stained while only
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1.3% was Fl-stained {Fig. 50). Dead cells could be underdetermined, since at this

point, hardly any DMNA was detected and RNA traces were observed (Fig 3C), most

of the population therefore consisting of phantom cells.

In this context, cell-reuse experiments were cairied out based on two different

schemes.

Cells divectly harvested from the biotransformation medium and

resuspended in fresh resting biotransformation medium could be used three times,

although there was a sharp decrease in the final Li{-)-carnitine yield, thus their

biocatalytic capability dramatically decieased. However, if following each 16 hours

biotransformation cycle cells were reenergized by incubation in fresh culture

medium for 8 hours, no decrease in final productivity was detected (Fig. 7).
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Biotransformation in continuous high-ceff density membrane reactors.

When studying the different cell populations of the yeactor during the
biotransformation process at high cell densities (10-40 g DCW 1), the cell
population evolved parallel with the biomass profile. Furthermore, a steep decrease
in viability was observed when steady state biomass values were reached at which
time a 149 of the population showed depolarized cell membranes and 15% of the
cells were dead (Fig. 6). Such a high accumulation of permeabilised and dead cells
was not observed with any of the other systems, probably reflecting the fact that the

death rate was much higher than that of disappearance in this system.
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Figure 6. Viahilty of £. coffi O44K74 growing cells performing the
biotransformation of crotonobetaine into Li{-)-carnitine in a high-density cell
recycle continuous reactor, operated at a dilution rate of 0.15 h'. Green
fluorescence of cells {FL1, axis X) due to BOX is plotted versus red
fluorescence {FL3, axis Y) due to Pl. Samples were taken from the reactor at
A) 14, B) 38, C) 60, and D) 72 h. Simultaneous PI/BOX staining was

performed as explained in the coresponding Materials and Methods section.
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To determine whether changes in the dilution rate affected the composition of
the cell population, multisteady-state reactor experiments were fun. In Table 1 the
retained biomass and the amount of depolarized and dead cells observed at each
dilution rate are shown. There was no increase in depolarized cells which remained
almost constant and sven decreased fiom 15 to 8% of the total cell population.
Dead cells became more apparent as the experiment progressed, increasing from

initial values of 5% to final 156-18% as a result of accumulation.

Table 1. Viabilty of growing £ cofi 0O44K74 cells performing the
hiotransformation of crotonobetaing into L{-)-camitine within a high-density cell
recycle reactor under anaerobic conditions. Samples were withdrawn throughout
the experiment; the results shown correspond to steady values in the stationary
phase. The study was performed using BOX and P, as explained in the
correspanding Materials and Methods section.

Dilution rate (h™") D15 03 0.6
Sampling time {h) 80 140 220
Dry Weight (g 1) g.4{0.7) 15.8(0.2) 34.6(3.3)
Non stained cells (%) 71.1{2.1) 69.0{0.6) 74.2{1.31)
BOX stained cells {%) 13.7 {1.5) 12.0{0.99) 8.1(1.2)
PI/BOX stained cells (%4) 14.6(0.5) 18.4(1.8) 16.4{0.99)

Standard deviation is presented in parentheses.
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DISCUSSION

An important finding was that at the end of the eaily statiohary phase of batch
cell griowth biotransformation, the quantified DNA cell' was very high due to the
slow-down in the cell division rate caused by nutiient limitation {(Fig. 3A). When
studying £. cofi growth using FCM, without DNA guantification Akerlund et al. {1595)
obsefved that cells tended to increase their DNA content as a result of substrate
limitation. Further, by running the cells to substiate limitation, it has been seen that
cells complete the DNA replication cycle, resulting in distinct multiple genome copies
{Akermann et al., 1995; Hewitt et al., 2000). Similarly, in this work a high DNA cell !
level was also found at the end of the stait up of the high-cell density membrane
reactor {early steady state, Fig. 4B), which could also be due to the slow down in the
cell division rate, caused by nutrient limitation or the metabolically stressing

environment imposed by high-cell density.

In addition, when using resting cells, the BNA and DNA contents per cell
throughout the process pointed 1o a decreasing trend. Using staived E£. coff cells,
Foter et al. {1955) suggested that less than one entire chromosome was present pey
cell, indicating that the starvation stiess would mediate changes in the DNA
stiucture, such as the degree of supeicoiling and more intimate contact with
protecting proteins. This would indicate that in our work DNA would be less available
for staining as time was progressing. Moreover, in the first 24 h of the bioprocess,
the protein cell ' content in resting cells increased with respect to the basal content
(value at zero time of the biotransformation), probably due 1o the synthesis of
trimethylammonium compound metabolism enzymes which are involved in the
biotranstormation {Kleber, 1997; Canovas et al., 2003), as well as to the response to
the absence of nutrients. The subsequent decrease in protein level ran parallel to
that of BNA (Fig. 3C). At this point, the registered fluorescence of EB-stained cells
was below the technique’s detection limit. Biomass decreased (Fig. 3B) as a vesult
of cell decay, but at a much lower rate than intracellular nucleic acids. Therefore, the
higher protein levels or even its nearly steady value compaied with the initial state,
and the decreasing trend shown by DNA and RNA cell ' may also have been due to
the production of cell stress proteins and even to the tiiggering of death. These
observations coincide with the findings obtained by other authors concerming the
production of stress pioteins in £. coff (Poter et al., 1995) and S. aureus {Diaper and

Edwards, 1994) placed in sterile water and measured by bicchemical methods.

During operation of the continuous cellvrecycle membrane reactor, the

variation in DNA and RNA cell! reflected cell divisions within the reactor. The
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protein cell levels compared to those in baich biotransformation indicated that the
membiane reactor conlained a cell population with very high biochemical and
metabolic activity throughout the reactor start up, while the decrease in the levels
after the steady state had been reached implies a cerntain slow down as a result of
nutrient limitation. Futhermore, the build up of dead or permeabilised cells would
also explain the overall decrease in the “average valug" of these variables. The
evolution of ANA cell’ and protein cell! followed similar trends, whereas the DNA
cell showed the different doublings of cell population within the system (Fig. 4B).
The increase in the time spacing peaks pointed to the gradually slower replication
rate and/or cell division rate in the early steady state, veflecting the cell behaviour

also observed in balch systems when appioaching the stationary phase.

Although guantification was the aim, the absolute values obtained for DNA and
HNA must be carefully considered, since it has previously been stated that DNA and
HNA staining can be affected not only by the interaction with proteins but also by
their tridimensional folding (Poter et al, 1%9%) which could lead to an
underestimation of the actual concentrations. However, the results here presented
are an approach 1o cell behaviour under the tested conditions and mainly represent

useful information for bioprocess control and optimization.

On the basis of cell viability, the cell populations within a growing cell process
have been classified into viable, viable but non-culturable (those that do not form
colonies in a plate) and dead cells {(Foter et al., 1995; Davey and Kell, 1896; Nebe
von Caron et al., 1998). Moreover, depending on the cellular metabolic activity and
physiclogical state, cells can have a depolarized and/or permeabilized membrane
and cell wall {Hewitt et al., 1998; Nebe von Caron et al,, 2000). These different
states can be distinguished on the basis of differential degiees of permeability to
fluorescent molecules. Briefly, DNA-intercalating dyes, such as Pl and EB bind
nucleic acids, although the former can only cioss the cell membrane if the cell is
permeabilized {uncertain viability or dead cell), while the latter can cross the cell
membiane alkthough it is pumped out in reproductive viable cells (Hewitt et al.,
1888b; Looser et al, 2005). In addition, bis-{1,3-dibutylbarbituric acid) trimethine
oxohol (BOX or DIBAC(3)) is a lipophilic compound, insensitive to the existence of
efflux pump systems (Davey and Kell, 1995) which acts as a slow-response
potentiometiic probe. Therefore, in this work the use of these probes demonstrated
that the amount of damaged (mainly depolarized cells) or dead cells was higher with
resting cell systems (Fig. & and B), despite the fact that biotransformation levels

were high in these conditions (Fig. 3B). As cells become stressed, the metabolic
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membrane pumps are gradually inactivated as a result of energy depletion while
fransmembriane potential is eventually dissipated, finally resulting in  cell
permeabilisation and death. However, after 72 h, part of the cell population was still
viable and reproductive {(or vital) despite the substantial degree of stress resulting
from the lack of nutrient and the accumulation of toxic by-products {Fig. 50). At the
end of the experiments with resting cells, very low levels of DNA were detected and
only traces of BNA could be observed, most of the population consisting of phantom
cells {Figs. 3C and 50). There is no information on continuously operated reactors in
the literature, since most research efforts have been devoted to batch and fed-batch
systems. In these systems, the build up of over-flow metabolites, which might be
loxic for the cells, has been proposed as the most likely reason for the loss in
viability. The amount of damaged cells detected did not exceed 15% (Hewitt &t al.,
18%8a) using £. cofi, 10% {Lu Chau et al., 2001) with 5. cerevisiae and 35 % with F.
pastons (Hohenblum et al., 2003). In our case, since the medium was continuously
purged from the fermentation vessel, the accumulation of toxics was lower and the
loss in viability was presumably mainly the result of nutrient limitation. In a cell-
recycle membrane reactor alsoc the build up of bacterial debris greatly increases
viscosity which might affect cells. Further, the increase in dilution rates did not
involve an increase in depolarized cells levels {Table 1), supporting that during
operation cells were not exposed 1o further stress. The percentages of depolarised
and dead cells indicated that cells were weakened and eventually died, while
B5-75% remained healthy and viable. Other authors have previously shown that
starvation does not lead to cell death (Looser et al., 2008). Further, in our
experiments, low peicentages of depolarized cells were detected. Moreover,
preliminary experiments showed that when cells were kept in resting medium
{phosphate buffer) in the absence of substiate, the cell decay rate was much higher
and populations evolved much faster towards depolarization and death (data not

shown).

Methods based on measuring biomass are intrinsically eroneous, since
heterogeneity in the growth and evolution of bacterial populations is the norm
{Lopez-Amoios et al., 1885, Nebe von Caron et al., 1895; Hewitt et al., 2000; Looser
et al., 2005). From the biotransformation point of view, the sequential steps from
polarised to depolaiised membrane and then to permeabilised cell have a
detrimental effect on the bioprocess performance. The results presented tfurther
suppert the idea that cell depolarisation indicates a decline in cell functionality,

because of energy depletion, but does not imply cell death. In our laboratories,
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oplimization studies with resting cells showed that cells could be fully reactivated for
biotransformation i following a biotransformation cycle (16 h), they were
reenergized in fresh culture medium for another 8 h (Fig. 7). The catalytic properties
of reused cells were practically the same as those of fresh cells, suggesting that the
loss in viability associated to this initial period of the experimantation can be readily
recovered and no iiveversible genetic damage occurs. These results indicate that
the biotransformation process run time could be lengthened by controlling cell state
and pulsing fresh medium when needed. This is why this technigue gives useful
information for process optimization. Further, in general, damaged cells catalytical
capacity is lower than that of fully viable ones and FCM might also help in the
screening of media and conditions for increasing cell stability, and in identifying
agents to improve cell stiuctural stabilty and viabilty and/or the internal
biotransforming enzyme environment, such as polyethyleneglycol or the energetic
substrates tumarate and citrate {Castellar et al., 1898). This is important since the
state of each cell contributes to the overall rate and efficiency of the metabolic
activity of the cell population as a whole, and the guantification of heterogeneity

during biotransformation constitutes an impoitant achievement for process control
and optimization.
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Figure 7. {Pag. 87) Reuse of rasting calls in successive hiotransformation cycles.
L{-j-carnitine productivity versus the number of reuse cycles of no-reactivated cells
{controly and re-energized cells. Re-energization consisted of 8 h incubation in

fresh culture medium following the 16 h hiotranstormation cycle.
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CONCLUSIONS

E. cofi physiclogical stabilty was checked during the production of L{-)-
camitine within three different reactor systems. Taken together, the data indicate
that the end of the biotransformation is linked to the build-up of damaged cells in the
reactor. However, with resting cells, a considerable number of damaged cells
appeared during the first 24 h, paralleling the biotransformation, and much higher
yields in L{-}-camitine than growing cell systems were assessed even though cell
decline was faster and the occurrence of damaged cells higher, probably as a result
of cell permeabilization. As regaids the cell-reuse experiments, it can be concluded
that the integrity of the cellular membrane potential must be maintained for a
sufticient biocatalytic activity, together with a proper intracellular energy and
coenzyme pools. Classical optical density and dry weight methods for the
measurement of biomass content, or even cell counts, such as total or CFUs, are
not accurate and do not provide on site information about the bioprocess or the
biochemistiy, molecular biology and physiology of the cells. Fuither stabilization
studies should be also caried out 1o increase the stability of cells for process
optimization. Finally, FCM is an important and valuable instiument in bioprocess
control for the study of cell molecular processes {DNA, BNA and protein production),
the cell proteomic machinery, the starting point of cell death, the real
biotransforming state of a cell biocatalyst in bioproduction, the processes governing
cell population evolution at the reaction site and the factors that must be controlled

for process optimization.
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LIST OF ABEEREVIATIONS

BOX: DIBAC4{3) or bis-{1,3-dibutylbarbituric acid) tiimethine oxonol
DW: dry weight

EE: ethidium bromide

FALS: forward angle light scatter {also, FSC forward scatter)

FCM: flow cytometiy

FITC: fluorescein isothyocyanate

MBI minimal medium

Fl: propidium iodide

RALS: right angle light scatter {also, S5C side scatter)

Tris: tris{hydroxymethyl)-aminomethane
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Plasmid maintenance and physiclogical
adaptations of a genetically engineered
Escherichia coli strain during continuous

L{-)-carnitine production.

Los contenidos de este capitulo han sido enviados para su publicacion

como!

Bernal V, Gonzalez M, Canovas M, |borra JL. Plasmid maintenance and
physiological adaptations of a genetically engineered Escherichia coli strain

during continuous L{-)-carnitine production. Process Biochem. (submitted).






Plrysiological adapmations of immobilized E. coli

ABSTRACT

Zell immaobilization is a general strategy to avoid plasmid loss, which is one of
the major drawbacks in the application of genstically engineered cells in
bioprocesses. Flow cviometry was applied for the first time to assess the
physiological effects of plasmid maintenance in freely-suspended and immaobilized
genetically engineered cells. The genetic stability of the strain could be assessed,
regardless of cell growth on selective media based methods, from the intracellular
DMA levels measured. DNA, RMA and protein levels were analyzed in batch and
continuous reactors and physiological adaptations resulting from immobilization
were observed. Immobilized cells showed increased protein, whereas the RMNA
concentration was seen to be tightly controlled by the cellular machinery, remaining
almost constant during continuous processes. Continuous operation was followed
by a decrease in the DMNA content, even inimmobilized cells. The observed changes
in macromolecule synthesis rates were related to genetic stabilization of the strain,
since lessened metabolic burden.
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INTRODUCTION

The genetic engineenng of microorganisms has become a fundamental tool in
biochemical engineering science. In applied biocatalysis genetic engineering has
improved strain performance and permitted the development of new bioprocesses,
greatly increasing vields and allowing the synthesis of new products not obtainable

through chemical synthesis.

Though technigues for chromosomal gene  insertion, deletion  and
recombination are available, plasmids are still the most frequently used vehicles for
gene expression. However, the application of transformed cells in bioreactors has
often been hampered by the loss of plasmid-coded genetic material, especially in
continuous  processes. Genetic instability of transformed straing arises  from
segregational effects (due to failure in plasmid distrbution during successive cell
divisions] or structural instability ({implying sequence modification). Segregational
instability has been related to multiple factors, such as plasmid size, plasmid copy
number, plasmid-coded antibiotic resistance gene, gene-expression levels, cell
gencotype, cell growth rate in continuous processes and nutrient limitation (WWalls and
zainer, 1988, Gonzalez-Vara et al., 2003). Thus, environmental factors, such as
temperature, pH and nutnent limitations, can enomously affect cell physiology and
the cell response to segregational stability (Kumar et al., 19971, Chaves et al., 1999).
Further, when the growth rate is lower, plasmid stability is higher {Caulcott et al,
1987, Jones and Keasling, 1998). Process performance is also affected by other
factors, such as metabolic burden (effected by plasmid maintenance and protein
overexpression), cell density and varying substrate availability, as well as variations
in the micro-environment of non-ideal bioreactors (Looser et al., 2005, With the aim
of genetically engineering bacterna in a stable way, transformation systems have
been improved. However, cell immobilization is still the most widely used technigue

to overcome biocatalyst instability (Masri et al., 1987

Since the early 19805, its multiple advantages have rapidly extended the use
of cell immobilization. Among these advantages, the genetic stabilization of
transformed cells, the lower risks of contamination, higher specificity  of
biotransformation environments and easier downstream processing may be
mentioned. Improved resistance to erwironmental stresses is a charactenstic of
immobilized cells (Doleyres et al., 20047 In many cases, immobilization decreases
division rates, minimizing the differences in the growth rate between transformed
and non-transformed cells, allowing the occurrence of plasmid replication and

lowering segregational effects.
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Crot 'ﬂm Crat m‘* Crot-CeA —Ep v-BB-CaA

\ aiD || CaiB
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L-Cor =2 L-Car === |-Car-CoA
’m Crot y-BR

Figure 1. Anaerobic camitine metabolism in £, coff (after Elssner et al., 2001).
i_rot, crotonobetaing; L-Car, Li-)-carniting; BB, w-butyrobetaing; Crot-CoA,
crotonobetainyl-Cof, L-Car-Coh, L{-)-camitingl-Cob, v-BE-Co#h, w-butyrobetainyl-
iZoA, ZaiT, carnitine crotonobetainey-butyrobetaine antiporter; Caih,
cronotonobetainyl-Coh reductase; CaiB, betainyl CoA transferase; CaiC, betainyl-

oA ligase (putative);, Cail, enoyl-CoA hydratase.

Howiever, the effect of immobilization on cell growth, biocatalvtical efficiency
and microbial physiology can still not be predicted and the physiclogical behaviourin
the immobilized cell state remains paradoxically uncharactenzed. Very little is known
on the effects at the molecular level and even when considenng macroscopic
vanables, contradictory responses have been observed. Physiological analysis of
the effect of immobilization on cells is a current research topic which is showing that
immobilized bacteria are physiologically different from the freely suspended

organism (Junter and Jouenne, 200473

To obtain a deeper knowledge of the physiological state of cells, flow
cytometry is a technigue capable of providing potentially unlimited information,
independently of cell culturability (Davey and Kell, 1998, Hewitt et al., 1999, MNebe
von Caron et al, 2000). By adequately selecting fluorophores, neardy i wvivo
intracellular conditions can be probed. Cell populations in the bioreactor have been
shown to depend on the environment imposed by operational conditions {Canovas
et al, 2007) In addition, the study of intracellular compounds has shown their
applicability to mathematical modelling of growth and biotransformation processes
(Garcia-Ochoa et al., 1998, Canovas et al., 2007).

In this study, the production of the nutraceutical and phamaceutical L{-)-

camitine by a recombinant £. coff strain was taken as model system. The divergent
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caf operon is involved in Li-Fcamitine metabolism in Escherfchia coli (Eichler et al,
1994 Functions for the proteins in ecaf operon have been described elsewhere
(Elssner et al, 2001, Canovas et al_, 2003). L{-}Fcamitine biotransformation occurs
at the CoA level (Eichler et al., 1996) by the joint action of two proteins (Fig 1) CaiB
(carmitine crotonobetaine Coldransferase) and CaiD (enoyl-Cod hydratase). The
side reaction catalvzed by Caid (crotonobetainy-CoAireductase) leads to the
formation of y-butyrobetaine, although the addition of fumarate to the growth
medium can prevent this reaction (Canovas et al., 2003) Further, caff is a specific
transcriptional  activator for eaifix operons and s expressed from its own
promoterfoperator region (Eichler et al,, 19967 The E. colf K38 pGP1-2 pT7-2KE3Z
strain used in this work has previously been shown to be capable of producing high
vields of L{-}Fcarnitine (Castellar et al ., 2001; Canovas et al., 2003 and 2005).

our aim was to determing the physiological changes that take place in a
transformed E. coff strain in the face of different cultivation strategies. Plasmid
stability and L{-}carnitine production were analvzed, while the effect of plasmid
maintenance and gene expression on cell physiology was followed using flow
cytometry. Therefore, the performance of batch and continuous systems with freely-
suspended cells and that of continuous systems with immobilized cells were
compared. & deeper insight into the effects of continuous feeding and immobilization

on cell physiology for process monitoring and design was pursued.
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MATERIALS AND METHODS

Strain, plasmids and media.

E. coff K38 pT7-5KE32 was used throughout this study. This strain contains
the complete structural ecar operon and two plasmids: pGR1-2 (HanRj and
pT7-5kEZ? (AmpR) (Eichler et al, 1994, which carmies eatl), calE and caiF from E.
cofi. Therefore, this denvative overexpresses camitine racemase and Li-Fcamitine
dehydratase activities (CaiB:CaiD) and the transcriptional activator CaiF (Eichler et
al., 1996; Elssneret al., 2001). The expression of eafF anses from its own promoter
sequence. The rest of the genes were expressed from chromosomal €af operon.

The strains were stored in glycerol (20%) at =20 =C.
Biotransformation experiments
Bacterial Batch Cultivation.

Batch biotransformations with £, coff K38 pT7-5KE32 were performed under
the different conditions stated in the text. The media employved have been previously
described (Canovas et al., 2003) Glycerol was used as the carbon source for
sustaining growth. Both the complex (CWM) and the minimal (MM) media were
supplemented with 100 mM crotonobetaine as inducer and substrate for the
biotransformation. The pH of the media was adjusted to 7.5 with 1 WM KOH prior to
autoclaving. With the transformed strain, ampicillin and kanamycin were employed
at 100 and 50 pug/mL working concentrations, respectively. Cultures were inoculated
with a 3% (v -v'1) of pre-cultures stored at -20°C in 20% (v-v'1) glycerol and grown at
37%C unless otherwise stated. A 05 L culture wessel with 0.2 to 0.3 L working
volume was Used. Reactors were equipped with temperature, pH, oxygen and pump
controllers (Biostat B, Braun, Melsungen, Germany). Oxygen saturation was kept
below 30%.

Chemostat reactor.

Continuous  biotransformation experiments were cared out in the same
reactor vessel used for batch cultures using Biostat B pumps for medium feeding
and purge. Mo cell retention was performed and flow rates were fixed in order to
keep the working volume constant. Continuous  operation was  started after

inoculation. Experiments were run at a dilution rate of 0.15 h™ to avoid cell wash.
Continuous reactor with immohilized celis.

Cell immobilization in k-carrageenan gels was performed using a modification
of the method descrbed by Chibata et al. (1987). For this purpose, 6 mL of cells
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from an overnight grown culture were mixed with 50 mL of a 2.1% (wh)
k-carrageenan solution (k-carrageenan C-1263 type [l from Sigma, St Louis, MO,
LISA) with continuous stiring and a constant temperature of 40°C to avoid gelation.
The carrageenan solution was previously sterilized by autoclaving. This mixture was
then added drop-wise to the reactor using cultivation media supplemented with 0.3

M KClin order to stabilize the gel beads.

Continuous reactors with immobilized cells were run at dilution rates (flow
rate/reactor volume ratio) ranging from 015 to 1.0 h ' The culture medium was
supplemented with 0.1 M KCl to avoid disruption of the polymer. A filter in the

medium outlet prevented beads from leaving the reactor

For cell de-immobilization, beads were collected from the reactor and gel-
entrapped cells were released by washing three times with 0.9% NaCl followed by a
10 min incubation at 37°C. Cells were immediately pelleted using a benchiop

centrifuge and used for further analysis.
Analytical assays
Biomass and biotransformation varnables.

The absorbance of the sample was followed at 600 nm  with a
spectrophotometer (Movaspec |, Fharmacia-LKE, Uppsala, Sweden) and correlated
with dry  cell weight. L{-}Fcamitine and crotonobetaine concentrations were
determined by an enzymatic test and HPLC respectively, as already described
(Canovas et al., 2003).

Flow Cytometry.

Feactor samples were run in a Becton Dickinson FASort model cyvtometer
(San Josée, CA USA), equipped with an argon laser with excitation at 488 nm at 15
myy and FL1 (530 nm), FL2 (585 nm) and FL3 (650 nm) filters. Samples were
analysed with photomultiplier gains linear, a total of 10,000 cells being analysed in

each sample at a rate of 800-2000 cell s,

1. Cafibration for intracelfular DNA, BNA and protein. Ethidium bromide (EB) was
used for DMNA and RMNA analyses after RNase and DMNase cell treatment, while
fluorescein iscthiocyanate (FITC) was used in the case of protein. The staining and

calibration procedures used have already been described (Canovas et al., 2007,
2. Viability studfes. Double fluorescent staining was performed, using 5 |Jg-m|'1
propidium iodide (FI, 1 mg-ml'1 in water) and 10 pg-ml'1 bis-{1,3-dibutylbarbitunc

acid] timethine oxonol (BOX, 2 mg-ml'1 in dimethylsulfoxide) (Canovas et al, 2007
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Staining was performed at room temperature for 10 min in the darkness and
samples were run in an Epics XL analyser cytometer from Beckman Coulter
(Fullerton, CA, USA), equipped with an argon laser of 12 myy for the excitation of
the fluorophores at a wavelengh of 4588 nm. Fluorescence detection was carmed out
using filters of 525 nm (for BOX) and 675 nm (for Pl), and spectral overlap was
comected by using a numercal compensation. Fositive (heat treated cells) and
negative controls (either non-stained cells or cells stained with aonly one of the
fluorophores and exponentially growing £. coff cells) were undertalken to avoid false
positives. The BOX and Pl fluorescence compensation was according to Hewitt et
al. {1999, 2000) using heat treated cells (60°C for 5 min).

Scanning electron microscopy.

Beads with immobilized bacteria were washed twice in 87 mM phosphate
buffer (pH 74 and fixed for two hours in 2.5% glutaraldehyde . After washing,
samples were continuously dehydrated in ethanol-water mixtures with increasing
ethanol concentrations. Samples were dried by critical point after substitution of
ethanol by liguid carbon dioxide Samples were observed at 15 KV ina JEOL 6100

(Tolkyo, Japan) scanning electron microscope.
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RESULTS

Continuous L(-)-carnitine production with a genetically engineered

strain plasmid stabilization

Li-)-Carnitine production with the transformed Escherichia colf K38 strain: aerobic

expression of carnitine metabofism.

Freliminary batch experiments were performed in order to determine the
optimum cultivation conditions for L{-}camitine production with £, cofi pT7-5KE32.
Crotonobetaine (dehydrated camitine) was employed as substrate and growth
media were supplemented with 2 /L fumarate to be used as altemative electron
acceptor and inhibitor of crotonobetaine reductase activity (Canovas et al., 2003).
Aeration was controlled to keep oxygen saturation below 30%, since higher
productivity has been assessed (Canowvas et al., 2005). The effect of medium
composition and cultivation temperature were also analyzed (results not shown).
The optimal conditions selected included the use of MMM and 37°C [see Materials
and Methods section). Batch L{-J-camitine biotransformation assays were performed
under the aptimal conditions, using 100 mh crotonobetaine as the substrate. The
transformed E. coff K35 was compared with the isogenic wild-type strain. Yield and
specific productivities for both strains are outlined in Table 1. Under the tested
conditions, L{-Fcamiting production was three-fold higher with the transformed
strain. The combined effect of fumarate and oxygen allowed the inhibition of
crotonobetaine reductase, thus improving the final yield of Li-}camitine. Mote that
the optimal expression of TV RMA polymerase from the temperature-dependent
phage & promoter should occur at higher temperature . However, leaky expression of
plasmid-coded ecafl) and cafE from the T7 promoter and, especially, expression of
catF from its own promoter region, led to the overexpraession of camitineg metabolism

at 37°C under aerobic conditions.

Continuous L{-)-carnitine production with freely suspended cells: genetic stability of

the sirain.

Continuous processes are desirable in industrially-onented projects, since the
aim is the minimization of production costs and the maximization of process
productivity. In our case, the Escherichia colf K35 pT7-SKE32 was cultured in
chemostat reactors and the oxygen supply was controlled as stated (see Materials
and Methods section). The Li-}-camitine productivities obtained are summarized in

Table 2. Good Li{-Fcamitine productivities were observed under steady state
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conditions, though maximal specific productivity was obtained during the earlier

stages of the biotransformation, when cells were exponentially growing.

Table 1. L{-)-camitine yield during biotransformation batch assays. The wild type
and transformed with pT -SkE32 F coff K38 strains are compared. Li-)-camitine
productivities are related to intracellular DNA, RNA and protein concentrations as

determined by FCM. Productivities measured after 24 h of culture.

: Y Qicar Qpua Lo TP 4 protein
ok {ex Quicar ) (oo o 03 | Gearmgoe B | e Mrna ) | (G MGe H)
E. calikK33 3.402 0.146 1.768 0616 1.176
E. caffi kK38
7870 0328 3273 1.288 2 563
pT7-aKE3Z

Table 2. Specific L{-}-carnitine productivity and macromolecules (ONA, ENA and
protein) synthesis rates of £ coff K38 pGR1-2 pT 7-5KE32 in continuous cultivation
systems. Rates were calculated once the steady state had been reached for each
dilution rate and before plasmid loss occurred. In the case of free cells, the results
are presented for both the transformed strain (GMW, E coff K38 pGP1-2
pT7-5KEZ2) and the control strain (W, B coff k338)

Cells Strain Qicar pna Qrna Qprot
D {h" {tear oam " H {fg.cell'.h) {fgcell" .k ffgcell’ b
E1]
015 B 0178 g.804 2B 508 124323
Freely :
suspended WT
015 p 0113 9085 25 B840 10679
1]
090 K 0430 0404 1.338 0.831
. G
[mmahilized 0.50 b 0.801 0.3a97 1.277 1.014
1]
100 K 1.020 0362 1224 1015
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The genetic stability of the transformed strain in batch and continuous
fermentations was studied, since this is considered a limiting factor in the
development of continuous bioprocesses with engineered cells. Samples were
withdrawn from the fermentor and plated into selective and non-selective media as
stated in Materials and Methods section. In batch cultures, the strains were shown
to be genetically stable, and the number of colonies counted in LB and LERA plates
was the same (100%). Further, growth limitation as a result of nutnent shortages or
substrate consumption occurmred before the plasmids became unstable. However,
when the strain was cultured in continuous, a decrease in the number of antibiotic-
resistant colonies was observed. After 140 h of operation, a sharp decrease in
plasmid bearing cells was observed, after which, only ten per cent of the cells were
transformed. By culturing in LEA and LERK plates, it was shown that the first plasmid
to be lost, and thus the most unstable, was the high copy number pT7-5KEZ2 which
carries the ampicillin resistance gene. Increasing the antibiotic concentration was
not a useful strategy, since plasmid loss was only delayed, but not prevented

(results not shown).
Genetic stabilization of the strain upon celf immobilization in carrageenan gels.

zenetic stabilization was attempted by decreasing cell growth rate. An
immaobilization-based  strategy  was followed, also aiming at improving  the
performance of this strain in continuous cultures. Cells were entrapped in
k-carrageenan gel beads using the method of Chibata et al. {1987), as described in
Materials and Methods section. Immobilized cells were cuUltured in the same
conditions as in the chemostat, and Li-Fcamitine production and genetic stability
were studied. Figure 2 shows E. colf K28 pT7-SKE22 cells immobilized in
carrageenan beads. High cell densities were reached inside the beads. Flating onto
antibictic-containing media showed that plasmids were not lost dunng continuous
operation for a period longer than 150 b In order to determine if the strain was
stable when operating at higher dilution rates, the medium addition rate was altered.
Mo plasmid loss was assessed even though dilution rates three times higher than
the maximum specific growth rate determined for free cells were reached. Thus, the

pursued objective of genetic stabilization was considered to be reached.

Fegarding Li-rcamitine production (see Table 1 for batch studies), higher
volumetric productivity was attained by increasing the dilution rate (Table 2)
Specific productivity was also substantially increased upon immabilization, indicating

the high catalytical capacity of the strain.
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Figure 2. £ coff K38 pGF1-2 pTT7-5KE32 cells entrapped in carrageenan gel

beads. Photographs were taken after 65 (A) and 100 (B} hours of continuous
cultivation. High cell densities were reached inside the beads. Size bars are

shown in the pictures.

Flow cytometrical study of the Impact of immobilization on the

presence of plasmids and physiology of Escherichia coli cells.

In the rational design of biotechnological processes, the effect of reactor
operation on microbial physiology has to be considered, and for this, new
methodologies for assessing the cell state would help (Veal et al., 2000}, The use of
suitable fiuorochromes allows us to probe nearly 1 vive intracellular conditions with
flow cytometry. Bearing in mind the objective of analysing the effect of cultivation
conditions on the physiology and plasmid maintenance in £, cof, this technigue was

Lsed.

Fhysiological impact of the presence of plasmids in E. coli celfs: comparison of

ONA, RNA and protein levels in transformed and non-transformed strains.

Freliminary experiments were performed to determine whether flow cyvtometry
was a suitable technigue for detecting differences between transformed and non-
transformed £, coff strains. For this, wildtvpe and transformed (pGR1-2,
PT7-5WE3Z2) E. colf K38 cells were culiured in batch and intracellular levels of DRA,
REMA and protein were analvzed following previously optimized protocols {(Canovas
et al., 2007). As regards differences between strains, protein and DMNA levels were
higher for the transformed strain throughout the expernmentation time [(Fig. 3). The
difference in DMNA and protein intracellular concentrations between the two strains
was around 10 and 26 fg-oell”, respectively, depending on the cultivation time. The

presence of the plasmid within the strain was readily detectable from the amount of
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cellular DA, In addition, protein levels were increased as a result of the expression
of the cloned genes (around 20-30 fg-cell'1 higher in the transformed strain).
Mevertheless, RMNA levels were very similar for both strains dunng the exponential
growth phase, only being slightly higher (<10 fg-cell'1) for the transformed strain at
24 h, while once the stationary growth phase had begun, the RMA levels decreased
more shamly in this strain. ENA levels were similar for the transformed and control
strain during the exponential growth phase, when substrate limitation does not occur
and cellular energy is still available for RWA and protein synthesis. This suggests
strong cellular control over total RMA levels while the decreased level observed in
the transformed strain after the medium had been consumed could have been due
to higher energy depletion ar lower energy storage. It is worthy noting at this point
that tumover is much faster for RMNA than for other cellular components due to the

FEMase activity

OW&, RMA and prate n
[rmg 10" ce ")

Bamass [giL)

0.0 % . . . . . . .
I 1 au Bl B 100 120 140

S 1}]
Figure 3. (A) Intracellular DMA (W), BNA (&) and praotein (m) content and (B)
biomass evolution () for wild type (solid symbols) and transformed (open
symbols) E. coff K38 cells. Bacteria were grown in batch in MW at 37C. Oxygen
saturation was kept below 30%.
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Table 1 presents productivity values for transformed and nor-transformed
strains referring to biomass and also to the intracellular macromolecule content, as
determined by flow cytometry. These data provide further information about the
limiting factors of genetically engineered strains: gene copy number or transcription

and translation rates.
ONA, RNA and protein levels during continuous L{-)-carnitine production.
A. Free cells

Transformed E. coff cells were cultured in a continuous reactor without cell
retention and the intracellular macromolecule content was monitored throughout the
experimentation time (Fig. 4). Coinciding with plasmid loss, a maximum of DA el
was observed after 140 h of operation, meaning an increase in the duplication rate
of cell genetic matenal. From that moment on, cell DMA decreased rapidly, possibly
as a result of the increase in the cell division rate. EMNA and protein profiles ran
almost parallel, with their levels increasing during the pre-steady state and
remaining constant after the reactor had reached the steady state. Mo change in
these wvariables was correlated with plasmid loss. The maximum observed
intracellular macromolecule concentration remained almost constant after reaching
the steady state. The cellular macromolecule synthesis rates for freely suspended
cells were calculated as stated in Stephancpoulos et al. (Stephanopoulos et al .,
1998). Steady-state walues are shown in Table 2. L{-Fcamitine productivities
refernng to the intracellular content of DNA, EMNA and protein in the steady state are

shown in Fig. 6.
B. Immobifization in carrageenan gef beads.

To assess the physiological effects of continuous operation and immobilization
on £, coff cells, intracellular levels of DMNA, RMA and protein were followed during
the time course of the experiments (Fig. 5). The DMNA and RMNA profiles behaved in a
similar way to that seen for the continuous reactor with freely suspended cells (Fig.
41 The RMA levels determined were seen to be almost constant independently of
the working dilution rate. Surprisingly, the intracellular protein concentration
increased steadily during the bioprocess until an apparent maximum at around 140
fogfcell was attained after 180 h of operation. Continuous operation, together with
immaobilization, seemed to favour protein production, which could be of interest in
certain applications. L{-Fcamitine productivities referring to the intracellular content
of DMA, EMNA and protein for each of the three steady states are shown in Figure

B4 In addition, cellular macromolecule synthesis rates for immobilized cells were
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also calculated the steady state values being shown in Table 2 (Stephanopoulos et

al., 1998).
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Figure 5. Evolution of biomass (o) and intracellular DNA (W), RNA (&) and
protein (m) in £ coff K38 pT 7-5KE32 immobilized cells grown in continuous in ki
at 37°C. Ceeygen saturation was kept below 30%  The reactor was operated at
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Table 3. Viability of growing £ coff K38 pGR1-2 pT7-5KE32 cells immobilized in
carrageenan cells. Samples were withdrawn throughout the experiment once that

steady states had been reached for each dilution rate. The study was perfarmed

using BOX. and FI,

corresponding Materials and MWethods section.

and cells were de-immobilized as explained in the

D (h) Yo Dead. cells %% Depnlariz?.d Cells % Living.CeIIs
(Pl stained) (BOX stained) (non stained)
0.20 6.50 8534 5.05
0.50 0.26 9107 857
1.00 0.94 87 .00 1179

Celf state in carrageenarn gel beads.

To further understand how immobilization affects the E. eoff cell state, double-
staining with propidium iodide and bis-oxonol was performed (Table 2). A decrease
in the viability of carrageenan gel immobilized E. epff cells with expernmentation time
was observed (from the initial 95% to 8-12% at each of the steady states). Most of
the cells (=80%) were BOX-stained and thus, depolarized. Nevertheless, the build
up of a large amount of depolarized cells was not followed by a decrease in the
biotransformation capacity. From the catalytic point of view, depolanzed cells were
still active and the biotransformation continued with no sign of decrease. However,
the addition of fresh medium led to a recovery in the number of viable cells and,
once more, an increase in biomass, meaning that these cells still conserved, at least
partly, their reproductive ability (Fig. 2) A decrease in the amount of depolarized
and dead cells was assessed upon change in dilution rate. BOX-stained
(depolarized) cells decreased from 91% to 62% and PI-BOX stained ({dead) cells
from 15% to 1%. Mevertheless, the physiological state of the cells was comelated
with the bictransforming capacity, and maximum wvalues in L{-)-camitine
productivities were always obtained with exponentially growing cells, coinciding with
the "healthier" cell state. This point was observed for both freely suspended and
immaobilized cells and is easily explainable from the point of view of the energy-
dependence of the transport and activation of timethylammonium compounds in
oA derivatives (CaiC) (Canovas et al, 2003). This makes the biotransformation

more likely to operate in exponentially growing cells.
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L-Car specific productivity
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Figure 6. [A) Relationship between L-Car productivities referred to intracellular
components DMNA (), RMA (&) and protein (m) and biomass (a) with dilution rate
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components DNA (), RNA (&) and protein (m) with specific L-Car productivity .
Results refer to freely suspended and immobilized £, coff K35 pT 7-5KE3? cells in
continuous cultures in M at 37°C.
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DISCUSSION

Though in the wildtvpe £ coff O44K7Y4  strain the metabolism  of
timethylammonium compounds (Fig. 1)1is principally related to anasrobic conditions
(Eichler et al., 1994, Elssner et al.,, 2001), L{-Fcamitine can also be produced in
aerobiosis (Canovas et al, 2003). High productivities of Li-Fcamitine have been
observed when using £, coff K38 pT7-5KE 32 strain (Castellar et al ., 2001).

When comparing the transformed and non-dtransformed {control) strains in
terms of L{-Fcarnitine production in asrobic conditions, a nearly three-fold increase
in L{-Fcarmitine production was ascertained (Table 1). The expression of camitine
metabolism enzymes, coded by the caf operon, is differently regulated by oxygen in
Enterobacternaceas (Canovas et al.,, 20033 Further, leaky expression has been
described for this expression system, even at 37°C (Castellar et al., 2001} and the
expression level achieved was sufficient to allow the oversxpression of camitine
metabolism. In addition, the expression of the plasmid-coded ecaiF arose from its
own promoter region (Eichler et al., 19968) As a result of the joint effect of oxygen
and fumarate as electron acceptors (Canovas et al., 2005), high productivities were

attained, since the formation of y-butyrobetaine was prevented (see Fig. 11

High productivities at industrial scale can be obtained in E. coff cultures by
minimizing the accumulation of metaboliies and achieving high cell densities,
however, genetic stability is a major drawback when employing recombinant
microorganisms. Itis important that the vector can be kept stable by the transformed
cell, even in the absence of selective pressure. In our work, batch cultured cells did
not lose plasmids since cell growth stopped as substrate depletion occurred . In the
case of continuous cultures, cells grew at a constant rate once the steady state had
been reached. In steadily-growing freely suspended cells, plasmid loss occurned;
nevertheless, though immobilized cells were also growing steadily the plasmids
were not lost, Some authors have stated that phosphate andfor carbon limitation
provoke an increase in plasmid instability (Caulcott et al., 1987). To analyze
operational effects on cell stability, dilution rates even three times higher than the
maximum specific growth rate of free cells were checked and no plasmid loss was
observed (Fig. 5) Thus, the pursued objective of genetic stabilization was
considered to be reached by cell immaobilization. In addition, not only volumetric but
also specific productivity of the strain was increased (Table 2). Thus, the
transformed strain showed itself to be suitable for continuous process operation and
even capable of being subjected to dynamic stress, which may be useful for control

and optimization strategies.
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Little is known about the physiological changes effected by cell immobilization
during bioprocesses (Junter and Jouenne, 2004). The lack of information is a major
inconvenience for the cormrect development of bioprocesses. Application of flow
cytometry in microbiology has shown itself to be capable of providing highly valuable
information (Davey and Kell, 1986, Nebe von Caron et al, 2000) since neady i vivo
intracellular conditions can be studied, independently of cell culturability (Hewitt et
al., 19293, Flow ovometry allowed the comparative analysis of macromolecule
levels in the transformed and nontransformed strains. IE must be noted that the
technigue gives a quantitative picture of the intracellular DMNA, which allows the
effect of experimental constraints on plasmid content to be investigated. Application
of FCM greatly reduces analysis time compared with classical plating-based
methods to assess plasmid loss. Preliminary expernments showed that the presence
of the plasmid was readily detectable by flow cwvtometry in batch growing cells (Fig.
3. In addition, increased protein levels resulted from the expression of the cloned
genes. Interestingly, RMNA levels were similar for both strains durng exponential
growth, reflecting the tight control on cellular RMA levels (Fig 3) The slightly
decreased RMNA levels after consumption of the media in the case of the
transformed strain could be explained by higher energy depletion or lower cell
energy storage . Differences observed in the levels of DMNA and proteins between the
two strains were significant, while, RMA levels were almost the same for both strains
and the slight differences assessed remained within the emor interval of the

technigue (Fig. 3.

With the aim of analyzing cell physiology in a production-driven environment,
the levels of macromolecules were also followed in continuous cultures. Continuous
reactors with freely suspended and immobilized cells were studied and plasmid
maintenance was followed in parallel. The genetically modified £. coff strain was far
more stable when immobilized in k-carrageenan gels than when used as freely
suspended cells. Maoreover, physiological responses to confinuous operation and
immobilization could be assessed. Thus, high RMNA and protein levels were
observed, pointing to the high activity of the transcriptional and translational
machinery (Figs. 4 and 5). Forimmobilized cells particularly, protein levels showed a
constant increase until an apparent maximum walue was achieved (Fig. ). In
addition, RMNA levels were slightly higher than those found in exponentially growing
batch cultured cells. Further, steady state concentrations were mostly constant,
independently of the medium addition rate. This, together with the observation that

REMA levels weare almost the same in batch cultures for the transformed and non-
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transformed strains, lends weight to the idea that the RNA pool is subjected to tight
contral in the cellular metabolic bulk. However, it has been long known that BMNA
turnover is much higher than the tumover of proteins. Since most cellular RNA
comprises transference and ribosamal RMNA, the increased levels point to an
increased translational activity dunng continuous cultivation, reflecting a more active

cell metabolic state.

Anincrease in DMNA levels has previously been assessed for batch stationary
phase cells [Akerlund et al., 1995, Akermann et al., 1995; Hewitt et al,, 2000).
However, medium addition dunng continuous cultivation keeps cells in exponential
growth and the steady-state DMNA levels of freely suspended and, particularly,
immobilized cells (Fig. 4 and Fig. %) were much lower than those observed for
batch-grown stationary phase £, coff cells (Fig. 3). This would indicate that batch
stationary phase cells were not actively dividing and that multiple copies of the
cellular genome were present, while continuously-cultured cells were dividing and
the DMNA content per unit of cell was lower. Moreover, no comelation of DNA levels
with growth rate was observed, since the specific growth rate for freely suspended
cells was 20 to 25-fold higher than that of immobilized cells (0150 vs. 0.007 h'1).
Thus, not only a decrease in the genome copy-number but also in plasmid copy-
number seems a feasible fact, espedally considering the assessed instability of the

strain.

Metabolic burden imposed by plasmid maintenance and the expression of
plasmid-coded proteins has been considered as an important factor favouring
plasmid segregational loss (Jones and Keasling, 1998, Flores et al., 2004) In fact,
flux limitation through the oxidative branch of the pentose phosphate pathway (PFP)
is related to the observed changes in the growth rate of cells harbounng plasmids,
because of the limiting availability of building blocks for the biosynthesis of
nuclectides, recombinant proteins or aromatic metabolites. When flux through this
pathway was increased, at least partial recovery of the cell growth rate occumed
(Flores et al, 2004). This indicates that the availability of building blocks synthesized
through the PFP has a positive effect on the biosynthesis of multicopy plasmid DA,
mREMA and encoded proteins and helps in cell stability. Moreowver, metabolic burden
is greatly increased in induction conditions, espedially when cells are steadily
growing. Further, when the overexpressed proteins are enzymes or regulatary
proteins, the cell physiclogy may also have to cope with a higher metabolic demand
due to the alteration of metabolic fluxes Though this is not usually considered when

defining metabolic burden, it should be taken into account, especially when the final
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aim is the production of metabolites in bioreactors. In this work, the guantification of
the metabolic burden during a bioprocess is attempted for the first time. Flow
cytometry  allowed Us to gquantify the alteration in the synthesis rate of
macromolecules. An estimation of cellular DMNA, EMNA and protein synthesis rates
can be worked out, since, in continuous cultures, the macromolecule synthesis rate
is directly proportional to the specific growth rate (Stephanopoulos et al, 1998).
Zonsequently, low specific growth rates in immobilized cells comelated with low
specifiic DNA, RMA and protein synthesis rates (Table 2), which throw further light
on the stabilization of the strain. As a conseguence of continuous operation, the
DMA cellular content decreased in both freely-suspended and immobilized cells.
This fact, together with the higher growth rate of the freely suspended cells,
increased the segregational instability of the strain, while the lowered
macromolecules synthesis rate of the immobilized cells meant a much lower

metabolic burden.

Modifications to the overall DMNA and RNA contents in immobilized cells have
previously been reported (Doran and Bailey, 1986, Kiy and Tiedtke, 1993 Lynghberg
et al., 1999), though almost no data exist for E. cof In the case of T. thermophila,
the macronucleus doubled its size and DMA content upon immobilization in Ca-
alginate, an effect probably related with cell immobilization (Kiy and Tiedtke, 1993,
The stabilization of RMA levels in latex-immobilized £. coff cells has also been
reported, even when kept in phosphate buffered media (Lyngberg et al , 1999) Thus
immabilization may stabilize the protein synthesis capacity of bactera, as reflected
by the total EMA content, but also by the increased protein content. The high
intracellular protein concentration might also be a result of the low cell division rate
(Fig. 5).

Although the Li-rcamitine yvield durng the biotransformation was higher in the
case aof batch operation, higher volumetnc productivities were obtained with
continuous  systems (Table 2. Furthemmore, both volumetic and specific
productiviies were increased with the feed rate for immobilized cells (Fig. 68A). Data
obtained through FCM could also provide desper knowledge of the link between cell
physiology and process performance. Li-l-carnitine productivity was calculated by
reference to the intracellular macromolecules content (DMA, RMNA and proteing for
each ofthe reactor configurations studied (Fig. 64). The productivity values referred
to the macromolecule content did not allow us to futher clanfy the limitations
involved, although ENA and protein levels are the most feasible limiting factors. In

addition, although specific productivity increased with the dilution rate, no lingar
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relationship could be established (Fig 84A). This meant that with increasing dilution
rates, the production machinery kinetics became saturated. In addition, when these
productivities were plotted against specific productivity refernng to biomass, a lingar
relationship was shown. This demaonstrated two things: first, the goodness of the
data obtained and, second, that an equivalent cellular physiological state was

attained at the different dilution rates.

Double staining studies with Pl and BOX pointed to a decrease in cell viability
in immobilized cells (Table 3). Though heterogeneity in the growth and evolution of
bacterial populations is the norm (Hewitt et al., 2000; Nebe von Caron et al., 2000;
Looser et al., 200%), the performance of bioprocesses is largely determined by the
cell state. The amount of damaged or dead cells within camageenan gel beads was
high, despite the fact that bictransformation levels remained high (Table 2). As cells
become stressed as a conseguence of energy depletion the cytoplasmic membrane
loses its transmembrane potential, finally resulting in cell permmeabilisation and
death. From the bictransformation point of view, the sequential steps from polarised
to depolarised membrane and then to permeabilised cell have a detrimental effect
on reactor performance. In addition, as has previously been suggested, a cell with
no membrane potential is difficult to understand (Hewitt et al., 1999) and it is
thought that this intermediate state is guite ephemeral with cells progressing
towards membrane permeabilisation and death or even re-polanzation in the
presence of a fresh energy source. In our case, as a result of substrate limitations,
cells lost their membrane potential. Membrane depolarization was a reversible
phenomenaon, since the numbers of non-stained cells recovered upon the addition of
fresh medium. The results here presented further support the idea that cell
depolarisation indicates a decline in cell functionality, because of energy depletion,
but does not imply cell death. Using multicolour FCM and cell sorting, Mebe von
Caron et al. (2000 also demonstrated the ability of BOX-stained sorted cells to grow
when transferred to fresh media. The potential of £, coff cells to recover their
biotransformation capacity upon re-energization has been demonstrated (Canovas
et al, 2007)

sSummarizing, many factors affect plasmid maintenance and the stability of
genstically engineered immobilized cells. The importance of lower growth rate, the
limitation in maximum retained biomass, and lower metabolic burden in immobilized
cells have been undedined by this work., “When the continuous production of
metabolites with growing cells is the goal, a compromise solution between adequate

gene expression, induction and cell physiology must be achieved. This means that
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the choice of an adequate expression system is of crucial importance for the design
and application of living, genstically engineered cells as catalysts in bioprocesses.
Thus, stable expression systems, together with the optimization of media for the
growth and induction, allowing lower metabaolic burden and a suitable environment
for cells, would allow an improvement and optimization of bioprocesses employing

recombinant microorganisms.
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CONCLUSIONS

Flow cytometry was used to study a bioprocess using genetically-engineered
cells, extending the technigue to the analysis of immobilized cells for the first time.
This work provides a gquantitative picture of the metabolic burden caused by plasmid
maintenance and protein overexpression in Escherichia cofi, which should be
considered for the optimization of bioprocesses. Further work should be carmed out
to obtain a comprehensive understanding of the adaptations undertaken by the
immobilized cell populations. State-ofthe-art technigues for "omics” analysis, in
relationship with the information provided by FCM analysis, should provide highly
valuable information as regards the physiological adaptations suffered by microbial
cells. Thus, a multidisciplinary approach is required to further our knowledge of the

suitability of cell biocatalysts for any given bioprocess.
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Link between primary and secondary
metabolism in the biotransformation of
trimethylammonium compounds by
Escherichia coli.

Los contenidos de este capittito han sido publicados como:

Canovas M, Bernal ¥, Torroglosa T, Ramirez JL, Iborra JL. 2003. Link
between primary and secondary metabolism in the biotransformation of

trimethylammonium compounds by Escherichia coli. Biotechnol Bioeng
84:688-699.






Model of metabolism imeraction in E. coli

ABSTRACT

The aim of this wank was to understand the steps controlling the process of
the biotransformation of timethylammonium compounds into L{-}carnitine by
Escherichia colff and the link between the central carbon or primary and the
secondary metabolism expressed. Thus, the enzyme activities involved in the
biotransformation process of crotonobetaine into Li-}camiting (crotonobetaine
hydration reaction and crotonobetaine reduction reaction), in the synthesis of acetyl-
Cof (pyruvate  dehydrogenase,  acetyl-Cof  synthetase  and  ATPacetate
phosphotransferase) and in the distribution of metabolites  for the tricarboxylic acid
{isocitrate dehydrogenase) and glyoxylate (isocitrate lyvase) cycles were followed in
batch with both growing and resting cells and during continuous cell growth in stirred
tank and high-cell density membrane reactors. Further, the levels of camitine,
crotonabetaine, wbutyrobetaine, ATR, MNADHMAD" and acetyl-CoA/CoA ratios were
measured in order to know how metabolic fluxes were distributed in the catabolic
system. The results provided the first expenmental evidence to demonstrate the
important role of the glyoxylate shunt dunng resting cells biotransformation and the
need for high levels of ATF to maintain metabolite transport and biotransformation
(2. 1-18.0 mmol-L s uamMmMolare Liease D). Moreover, the results obtained for the pool
of acetyl-CoA/Cod, indicated that it is comelated with the biotransformation process
too. The main metabolic pathway operating during cell growth in the high-cell
density membrane reactor was that related to isocitrate dehvdrogenase (during start
up)  and  isocitrate  Iyvase  (during steady  operation), together  with
phosphotransacetylase and acety-CoA  synthetase. More important, the link
between the central carbon and L{-}carnitine metabolism at the level of the ATP

poolwas also confimmed.
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INTRODUCTION

In order to optimize the bioprocesses performed by whole cells, it is necessary
to decipher and quantify the kinetic and regulatory structure of the metabolic
pathways involved. In the past, this type of expenmental data was seldom available
and stoichiometric analysis of the bioprocess was considered a valuable substitute
(Varma et al., 1993) Attempts have been made to optimize metabolic dynamics but
progress appears to have been hampered by the lack of kinetic and regulatory
information regarding the functioning of all the enzymes in a particular cell.
However, it is now possible to identify the optimal redirection of metabolic fluxes by
means of mathematical tools (See et al., 1996, Tomres et al., 1997, Stephanopoulos
1998; Stephanopoulos et al., 19898), while analytical tools have allowed the
development of methodologies to reveal active metabaolic pathwavs (Sauer et al
19989, Chassagnole et al, 2002, Yoon et al, 2003) MNowadays, modemn
experimental methods of genomics, proteomics and metabolic profiling are rapidly
changing the “plaving field" (Voit 2002), and comprehensive quality data are being
made available for integrative analysis and optimization. Although genes and
proteins in simple organisms such as Escherichia coff have been identified, it is still
impossible to predict how this microorganism will respond in untested environments
and how its metabolism related to energy production, growth and maintenance is
linked to its secondary metabolism in certain biotechnological applications.
Therefore, if whole cell bioprocess optimization is one of the aims, biocatalyst
metabolism in different scenarios (reactor configurations, media and physical
conditions) must be understood before undertaking optimization  strategies.
Moreover if increasing productivity in continuous processes by retaining cell
catalysts is another aim, a reactor outlet membrane barrier or any other cell
immabilization method should be used (Droli and Giorno, 2000 Canovas et al.,
2002). However, this latter method will strongly affect cell biochemistry and
physiology not only in the steady-state but also under perturbations {Canovas et al

2003a), which complicates the matter.

Li-1-camitine (R{-)-3-hydroxy-d-trimethylaminobutyrate) transports long-chain
fatty acids through the inner mitochondrial membrane, which is why several clinical
applications for Li-}-camitine have been identified. Conseguently, the demand for
Li-rcarnitine has increased worddwide (Seim et al, 2001) and chemical and
biological processes have been developed for its production (Cavazza, 1981, Kulla,
1991, Hoeks et al, 1896, Kleber, 1997 Strains belonging to the genera

Escherichia, Proteus and Safmonelffa racemice Di+)-camitine, a waste product and
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an ervironmental problem resulting from the Li-}camitine chemical synthesis,
andfor bictransform crotonobetaine (dehydrated Di+}-camiting) to produce L{-)-
camitine (Kleber, 1997, Castellar et al., 1998, Obon et al, 1999, Canovas et al.,
2002). However, there is a need for the bioprocesses involved to be further studied
and optimised. In £, coff, the protective caritine or trimethylammonium compounds
metabolism has been studied, since this allows cells to withstand osmotic up-
shocks, although it is still not totally understood (Eichler et al, 1994a, 19840 Kleber,
1997 Elssner et al., 2001). This secondary metabolism has been used for Li-)-
camitine production with £. colf cells in growing and resting state (Canovas et al.,
2002). In brief, crotonobetaine is transformed into L{-)-carnitine by the involvement
of CoA esters and two new enzymes, an enoyl-CoA hydratase and a Cob-
transferase, while it is reduced to wbutyrobetaine by a crotonobetaine reductase
and a CoA-transferase (Preusser et al., 1999 Elssner et al., 2001} which are
induced anaerobically in the presence of D L-carmitine mixture andfor
crotonobetaine (see Central and Carnitine Metabolisms in E. coff section). Genetic
studies have been conducted to elucidate carnitine metabolism in £, coff O44K74
(Kleber, 1997 Two divergent structural operons, eaiTABCDE and #xABCH, are
coexpressed, the former being responsible for the enzymes of carnitineg metabolism
and the latter being required to provide electrons for camitine reduction (Eichler et
al., 1996; Walt and Kahn, 2002} Although the pathway/genome data base of £, coff
is available (Karp et al., 2002} if the cell biochemistry and physiology to optimize
this bioprocess is to be understood, it will be necessary to decipher the links,
guantify the kinetics and determine the regulatory structure of the metabolic
pathways involved in the different scenarios, such as reactor type used and the cell
either in growing or resting state. Resting cell processes are also impaortant since
biotransformation occurs in a simple medium containing only the substrate dissolved
in buffer, thus lowering production costs and simplifving product purification

compared with growing cell processes.

The present work represents a first approach to understanding the link
betvieen the central carbon or primary metabolism and the metabolism of the
secondary trimethylammonium  compounds involved in the production of L{-F+
camitine by E. eoff in growing and resting states. The choice of appropriate
biocatalyst state and reactor configuration is of prime importance for Li-}-carmitine
formation and process optimization. Therefore, the bioprocess was camried out in
batch and continuous stimed tank and high-cell density membrane reactors. To gain

insight into the kinetics of the whole bioprocess and to ascertain the connection
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betwieen both metabolisms, the activity of certain enzymes involved in the central
metabolism, such as isocitrate dehydrogenase (Krebs cycle) isocitrate |vase
(glyoxylate shunt) and pyruvate dehydrogenase, acetyl-CoA synthetase, ATF:
acetate phosphotransferase and the levels of acetyl-Cof and Cod (acetyl-Cob
metabolism), were followed and the cellular energy was determined as cell ATF and
reducing power level (NADHMNAD® ratio), throughout the bioreactor runs. In addition,
since the L{-lcarmitine metabolism activity to biotransform the exogenously added
substrate  crotonobetaine is mainly induced under anaerchic conditions, the
metabolism of E. coff was followed by determining the levels of acetate, formate,
lactate, pyruvate and fumarate. Furthermore, we also charactenze the metabolism
of the tnmethrlammonium compounds in £, coff by following the enzyme activities
involved in the production of Li-}camitine in different growing and resting

conditions.
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MATERIALS AND METHODS

Bacterial strain and culture media

The bacterial strain used, E. coff O44K74 (DEM 8328), contained the complete
cai and fix operons and was stored in a minimal medium containing glyceral (20%)
at —20°"C. The minimal medium (MM} was that described by Obon et al {1999
Complex medium (CW) contained (gl ) bacteriological peptone, 20; Mall, &;
glycerol (carbon source), 12.6; and crotonobetaine, 4. The pH of both media was

adjusted to 7.5 with 1 MKOH priorto autoclaving.
Reactor operation
Growth of the bactena

Batch and continuous experiments were performed in reactors equipped with
temperature, pH, oxvgen and pump controllers (Biostat B, Braun Biotech
International GMEH, Melsungen, Germany). A 1 L culture vessel with 0.5-08 L
working volume was used. Escherchia cofi O44K74 was grown under different
conditions, in order to optimise the induction of the carnitine metabolism enzymes.
The culture was inoculated with a 3% (v/&) of the liguid culture stored at -20°C in
20% [viv) glycerol, while the medium employved was the Ch mentioned above. The
cells were grown in batch or continuous feeding under both aerobic and anaerobic
conditions at 37°C. Anaerchic conditions were maintained to induce the enzymes
involved in the camiting metabolism, while D L-carniting mixture, D{+}Fcamitine or
crotonobetaine were supplied as inducers. Air and nitrogen was Used to maintain a

non-limiting oxygen concentration or to ensure anasrobiosis dunng the expenments.
Resting celfs experiments

Forthe resting cell experiments, aerobic or anaerchic culiures were harvested
at the end of the exponential growth phase, centrifuged at 16,000 x g for 10 min and
washed twice with 79 mM phosphate buffer, pH 7.5, The final pellet was re-
suspended in the same initial volume but containing 50-5200 mAM crotonobetaine in
50 mM phosphate buffer, pH 7.5 at 37°C and left in the reactor system for 15-24
hours. All expenments were performed at least in triplicate and under sterile

conditions. The values reported are the means of the assays performed.
Membrane reactor operation

The reactor vessel was also coupled to a cross-flow filiration module {(Minitan,
Millipore, USA) equipped with four 0.1 wm hydrophilic polyvinylidene difuorde
Durapore plates of 60 cm? area (Millipore, USA) (Canovas et al., 2002). The cell
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broth was recycled into the reactor with a peristaltic pump adjusted to a high flow
rate (Y0 mL/min) to minimise membrane fouling. £. codi cells for the inoculum were
grown as explained previously and transferred to the fermenter Continuous
operation was set at 37 °C and started by feeding with the Ch medium
{anaerobically by bubbling nitrogen or aerobically by feeding air previously passed

through a watertrap).
Enzyme assays

The crotonobetaine hydration reaction (CHR ) assay was camied out according
to Jung et al, (1989), and the crotonobetaine reduction reaction (CRR) assay
according to Preusser et al, (1999), both started by using crotonobetaine as
substrate. Enzyme activity was defined either as the total umols of substrate
consumed per minute (U} or specific activity, wmal of substrate consumed per
minute and mg of protein (U/mg). In certain experiments fumarate was used to

inhibit the CRRE activity and then increase the Li-)-camitine production.

The enzyme activity assays were optimized for the conditions and media. In
each case, reactor bulk liguid samples were withdrawn and centrifuged at 16 ,000x g
at 4 °C. The supernatant was removed and cells were re-suspended within the
corresponding extraction buffer, depending on enzyme. Cells were sonicated for 8
cycles (10 s each), at 10 pm amplitude, with a probe of 1 cm diameter and below 20
"C. The extract was centrifuged for 15 min at 16,000xg and 4°C to remove cell

debns. Protein content was determined by the method of Lowry et al, {1951
lzocitrate dehydrogenase (ICDH)

The method was that of Bennet and Holms (1875). The extraction buffer was
B4 5 mA potassium phosphate, pH 7.5 and 64% mM MoCl. The increase in
MNADPH absorbance at 340 nm (Enappn=6.220 M1cm'1) was followed ina GBC 918
UM [Australia) spectrophotometer at 37 °C. One unit of enzyme activity was that

required for the generation of Tpmol of NADPH per min.
lzocitrate fyase (IGL)

The assay was that of Dixon and Komberg (19%9) Using the same extraction
buffer as above. The increase in absorbance due to the complex formed from the
glyoxylate produced and the fenylhydracine added at 324 nm (Scompex=17.000
M1om'1), was followed in a spectrophotometer GBC 918 UMY {Australia) at 37°C.

one unit of enzyme activity was that required to generate Tumol of complex permin.
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Acetyl-CoA synthetase (ACS)

The method used was that established by Brown et al. (1977) The extraction
buffer was 645 mM potassium phosphate, pH 7.5 with 1 mM Fmercaptosthanal.
The Acetyl-Cod synthetase activity was followed as the increment in the NADH
absorbance at 340 nm (Eyappy=6,220 M1om'1) and 45 °C. Enzyme activity unit was

the enzyme required for the generation of Tpmol of NADH per min.
Fhosphotransacetylase (FTA)

The assay was camied out as in Lundie and Ferry (1988). The extraction
buffer was S0 mM HEPES, pH 7.5 with 1 mM pP-mercaptoethanal. The enzyme
activity was followed as the increment in MNADH absorbance at 340 nm
(Enaopn=6,220 M1cm'1) and 37 °C, one unit being taken as the enzyme required for

the generation of Tpmol of NADH per min.
Fyruvate dehydrogenase complex (PLH)

The method was that of De Graef et al., (1999) The extraction buffer was 50
mM potassium phosphate, pH 7.5, EDTA 0.1 mM, P-mercaptoethanol 5 mhd and
MaCles 3 mM. The enzyme activity was followed as the decrease in potassium
ferricyanide absorbance at 430 nm (Zreqcange=1,030 M1Cm'1]| and 37 "C. Enzyme
activity unit was the enzyme required for the generation of 2 pmol of ferricyanide per

min.
Substrate consumption for growth and biotransformation processes

L{-Fcamitine concentration was determined enzymatically with the carnitine
acetyl transferase method (Jung et al, 1989). Glycerol, crotonobetaine and
v-butyrobetaine were analysed by HPLC with a Tracer Sphersorb-NH, column,
3um, 25 ¥ 046 cm, supplied by Teknokroma (Barcelona, Spain) as reported (Oban
et al., 1999). The isocratic mobile phase was 0.05 mol/L acetonitrile/H P Oy (62735)
pH 545 at a flow rate of 1 mbL/min. Bactenal growth was followed
spectrophotometrically at 600 nm, using a MNovaspec |l from Pharmacia-LKE,

(Uppsala, Sweden), and converted to dry weight accordingly.
Determination of central metabolite concentration

ATFP comtent and NADH/NALY ratip. The energy content per unit of cell was
determined as the ATF level and NADH/MAD® ratio throughout the experments. For
ATFP  measurement, the HS |l bicluminescence assay kit from Boshringer
(Mannhein, Germmany), based on the luciferase enzyme using a FluoStar fluorimeter

(BGPF, Germany)in the conditions stated and after cell DMSO lysis, was used.
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Reducing power as NADHMAD® ratio was calculated as in Snoep et al.,
(1990). The measuremeants were made Using an enzymatic method based on the
alcohol dehydrogenase enzyme. The extraction of NADH and MAD" was carried out
by two different methods, involving alkali or acid extraction depending on whether
the reduced or the oxidized form was obtained. The cell content was determined
after biomass optical density transformation as dry weight and assuming either an
intra-cellular volume of 1.63 pL/mg (Emmerling et al., 2000 or 1.72 mLx 10 cell
fworked out by flow cytometry in this work. ).

Acetyl-CoA and CoA cefl conternt. The cell level of both metabolites was
determined by HPLC using the method described by De Buysere and Olson (1983,
The system was that used in Section 4, equipped with a p-Bondapak™ C18
(Millipore), 45 mm ¥ 25 cm column. The mobile phase was as follows: phase A
(65%), 120 mM phosphate buffer, pH 4 and 0.05% F-mercaptosthanol and phase B
(15%), 28% methanol with 2%clorophorm eluted at 0.8 mbL/min. Acetyl-CoA and
ZoA were detected at 254 nm.

E. coli anaerobic metabolite prodiusction

The acetate, umarate, lactate, formate and pyruvate contents of the bulk
ligquid reactor were determined by HFLC using the same system as in Section 4. A
Tracer Sphersorb-RNH. Bpm, 25 x 046 cm) column supplied by Teknokroma
(Barcelona, Spain) was used. The isocratic mobile phase was 0.0% maol/L
acetonitrleM POy (85735 pH 4.7 at a flow rate of 0.5 mL/min. The effluent was
monitored at 207 nm. Samples were withdrawn from the reactor and centrifuged at

12,000 % g for 10 min at 4 °C. The supernatant was used for analyses.
Transport assays

The uptake of camitine in £. cofi O44K74 was measured using L[AN-methy!
14C]carr|itine (56 mCi/mmaol) as substrate. Cell samples were re-suspended in the
L{-}-carnitine uptake assay at an A" of approximately 0.5, containing 10-20 pM
LIN-methy! 14Iii]oe:urnitine (5.6 mCifmmaol) in a total reaction volume of 3 mL. Samples
(0.3 mL)were taken at various times and filtered through 045 pum-pore-size filters of
25 mm diameter. The filters were then washed with 20 mL of isotonic minimal salts
and the radioactivity retained was determined with 2.5 mL of scintillation liquid in a
Liquid Scintillation Counter (Wallak 1409, USA). All the experiments and assays

were performed in triplicate at least.
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CENTRAL AND CARNITINE METABOLISMS IN E. coli

Since carnitine metabolism in £, cofi is repressed by glucose, we will consider
as the central carbon or primary metabolism that arising from glyceral as the carbon
source [Matenals and Methods). Furthermore, although this secondary metabaolism
in £, coli is repressed in the presence of high levels of oxygen (Kleber 1997,
Zanovas et al., 2002), aerobic conditions will also be considered to gain deeper

insight into its link with the central metabolism.

Central carbon metabolism of E. cofl

Glycerol, an intermediary product resulting from lipid metabolism, enters in the
glycolvtic pathway, where it is transformed into glyceraldehyde-3-phosphate.
Fyruvate is converted into acetyl-Cob, which enters the Krebs cycle (TCA],
producing reducing power which will be transformed into ATP within the electron
transport chain during aerobiosis. The glyoxylate shunt is associated to the TCA,
short-cutting the metabolic flow and forming oxaloacetate from acetyl-Coa (Fig. 1,
EcoCyoc-MetaCye, Karp et al, 2002). However, when £, eoff grows under
anasrobiosis or under a limiting oxygen supply, the reducing power comes from the
mixed-acid fermentation for ATF formation, reducing pyruvate to acid metabolites
such as lactate, succinate and formate, which will render CO, and Ha, while acetyl-
Cod will be reduced to acetate and ethanol (neutral) (Varmma et al., 1993). These
reducing paths also allow the production of ATP, although at lower levels than
durng aerchbiosis. From the central (pnmary) metabolism, cells obtain energy and
intermediates for cell growth and turm-over. Moreover, when camitine metabaolism is
expressed, certain intermediates would also be addressed to this (generally termed)
secondary metabolism. In fact £, cofi cells do not need this metabolism for their life
cycle unless they are under osmotic up-shocks andfor in anasrobiosis, in which

case crotonobetaine acts as an electron acceptor.

E. colf carnitine metabolism

Different entercbacteriaceas, such as Escherichia coli, FProteus vulgars and
Froteus mirabhits, are able to corwert L{-}carnitineg wia crotonobetaine  into
v-hbutyrobetaine in the presence of carbon and nitrogen sources under anasrobic

andfor aerobic conditions (Kleber, 1997
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Figure 1. Central metabolism of E. cofi

ACK: Acetate kinase, ACS. Acetyl-CoA synthetase, C5; Citrate synthetase, ETC:
Electron transport chain, |CDH: Isocitrate dehydrogenase, |CL: [socitrate lyase,
LCH:  Lactate dehydrogenase, PEP:. Phosphoenclpyruvate, PEPCK. PEP
carboxykinase, PEPCX. PEP carboxylase, PFL: Pyruvate formate lyase: P
Pyruvate kinase and FTA: Phosphaotransacetylase. (EcoCyc-WetaCyc-2002, LUSA,
Karp et al. 2002)
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Figure 2. Anaerobic metabolism of L{-}-carnitine in E cofi CaiB: acetyl-CoAfCoh
transferase, Cailr enoyl-Cob hydratase (previoushy known as L{-)-camiting
dehydratase). After Elssner et al., (2001).

In E. cofi operons calTABCDE and fixABCX are modulated positively by
general regulators, such as the AMPC receptor protein (CREF) or the transcrptional
regulator responsible for anaesrobic induction (FNR), and negatively by the DNA-
binding protein H-MS, glucose or nitrate (Unden and Trageser 1981, Eichler et al.,
1994a). In addition, it has been proposed that a positively controlled caiF gene, 3
adjacent region to the eaf operon, acts as a spedific transcriptional regulator for
camitine metabolism (Eichler et al., 1936}, This pathway is detectable not only in
cells previously grown anaerobically but also in some species, such as £, coff ATCC
25922 and DSM 8828, P. vufgarts and P. mirabilis, grown under aerobiosis in the
presence of inducers such as D L-carmitine mixture or crotonobetaine (Kleber, 1997,
Dhdn et al., 1989, Elssner et al., 2000; Canovas et al., 2002} It was first postulated

that L{-}Fcamitine dehydratase reversibly catalyzed L{-Fcamitine into crotonobetaine
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and that crotonobetaine reductase non-reversibly transformed crotonobetaine into
whutyrobetaine as an electron sink (Jung et al., 1989, Roth et al., 1994, Kleber,
19977, even though this latter in E. colf can be inhibited by fumarate addition as
another electron sink {Obdn et al, 1999). Mow that functions have been assigned to
each putative protein of the caf operon, it is known that CaiT is an exchanger
(antiporter) for L{-J-camitine and y-butyrobetaine in E. eoff (Jung et al. 2002, which
also transport crotonobetaine, reguiring ATF (Canovas et al, 2002, Canovas et al
2003b) The enoyl-Cod hydratase (CaiD) is composed of two identical subunits,
requiring a CoA-transferase activity (CaiB) (Fig2), while the crotonobetaine
reductase activity requires two proteins: CaiB (one dimer) and Caid [one tetramer).
It has been verified that the hydration reaction of crotonobetaine to L{-)-carnitine
(CHR proceeds at the Cos-level in two steps: the protein CaiD-catalyzed hydration
of crotonobetainyl-Cof to L-camitinyl-Cod, followed by Cof-ransfer from
L-carnitinyl-CoA to crotonobetaine, catalyzed by CaiB (Elssner et al., 2001 (Fig. 2).
Thus, CaiD and CalB from E. cof have been found to catalyze the reversible
biotransformation of crotonobetaine to L{-}Fcamitine in the presence of a co-
substrate, either y-butyrobetainyl-CoA or crotonobetainyl-CoA (Elssner et al., 2001).
iZail was also postulated to be involved in racemisation of D{+ camitine (Eichler et
al., 1996) Further, CaiC has been suggested as a Coldrimethylammonium ligase
(Eichler et al., 1996), activating crotonobetainef-butyrobetaine/L(-}-carnitine when
they reach the cell. The function of protein Caik is not totally understood and further
studies must be undertaken. \With all this information, we have proposed a model to
describe the whole aclivity of E. coff able to produce Li{-}carniting from
crotonobetaine under both anasrobic and aerobic conditions in bioreactors (Figure
3

Biotransformation with resting cells in batch reactors.

In resting cell processes no carbon-growing substrate is fed to the reactor, and
therefore the cell-stored matenal is the only carbon source for the synthesis of the
enzymes irnvolved in cell tum-overimaintenance and the biotransformation of
crotonobetaine (Castellar et al,, 1998, Obon et al, 19899). Therefore, the model
presented above (Fig. 3) also depicts the biotransformation of the externally added

crotonobetaine by resting cells, using their energy-storage material.
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Biotransformation in continuous stirred tank and high-cell density membrane

reactors.

The E. colf central carbon and camitine metabolism can be affected by cell
growth in continuous high-cell density membrane reactors, as a result of cell
metabolism stress due to high bulk liguid viscosity and nutient shortages (Lee,
1998, Canovas et al., 2002). Therefore, for comparison, biotransformation studies
also were camied out with both continuous stimed tank and high-cell density

membrane reactors.

@ ATP?
ADP
{ oA \

v=butyrobetaine Y-butyrobetainyl-CoA

butyrobetaine

L{=»carniting L{-Fcarnitine

crotobetaine

ybutyrobetaine y-butyrobetaine pLE? -butyrobetainyl-CoA
EXTRACELULAR INTRACELLULAR

Figure 3. Anaerobic metabolism of Li-)-camitine in E. cof. CalT, L{-}-
carntinefy-butyrobetainefcrotonobetaine  protein transporter;  Caid, CaiE,
crotonobetaine reduction reaction; CaiB, acetyl-CoA/CoA transferase; CailZ, L{-)-
carnitingfy-butyrobetaine/crotonobetaine CoA ligase; CaiD, enoyl-CoA hydratase
or D{+)-camitine racemase activity
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Link between the cenitral metabolism and the L{-)-carnitine metabolism in E.

cofi.

It is of prime importance to find the link between the central carbon (primary)
and the camitine (secondary) metabolisms of E. coff, if the bictransformation
process is to be optimized. Bearing in mind the described metabolisms in £, coff
(Figs. 1 and 3}, the link between both is postulated at the level of the pool of ATP
and the pool of Acety-CofAS/Cob,.

141



Capindo 4

RESULTS

Biotransformation with growing cells of E. coli in batch reactors
Central metabolism during ceff growtfy

Cells were fed on the CM, containing crotonobetaine as biotransformation
substrate. When the ICL enzyme activity was studied, the importance of the
glyoxylate shunt was clear (Fig. 1) from its high activity, which doubled from 15.8 to
34 9 mUfmg protein in 15 h before to decreasing to 9.0 mUSmg protein after 72 h
(Fig. 4C) It was also shown that the enzyme |COH, producing o-ketoglutarate and
MNADPH, did not significantly vary during the experiments, with levels of 43 9-53 2
mid/mg protein (Fig. 4C).

The acetyl-Cod metabolism showed that the pyrovate dehydrogenase
complex (FDOH) did nat present any activity (Fig. 48 and Table 1). In fact the acetate
would have been produced fram the activity of the enzyme pyruvate-formate lyase
(PFLY, which in anaerobiosis gives acetyl-Cod and formate (Knappe and Sawers,
19807, A high concentration of formate was observed (15 g/L) five hours into the
experiments decreasing to levels of 1.2 g/L after 72 h (Fig. 2A) Table 1 shows the
level of the PDH complex for aerobic and anaerobic conditions. The decrease in
formate must have been the result of formate metabolization to CO, and Hz by the
inducible enzyme formate-hydrogen lyase, expressed in anaerobiosis and regulated
by the system FPhtla (Unden and Trageser, 1991} The results also showed that
under anaerobiosis the PTA enzyme presented a higher level during the first 24 h (a
specific activity of 41.7 mlU/mg protein) and then decreased to levels of 5.3 mU/mg
protein during the last 48 h (Fig. 4B}, while was not expressed in aerobiosis (Table
1) This pathway renders ATF, which reached the highest level (087 mi) within the
first 15 h, decreasing to half this level after 72 h (Fig. 5C). The activity of the ACS
enzyme catalysing the production of acetyl-CoA, form acetate fell four-fold between
1% and 24 h, before increasing to 6010 mUd/mg protein during the last 458 h (Fig.
4B ). This was accompanied by an increase in acetate levels at the beginning of the
biotransformation, decreasing after 15 h to a level that was maintained until the end
(72 h). The level of acety-CoA, related to the ACS, PTA and the PFL enzyme
activities, showed an increase from 40 to 100 mh between 5 and 15 h to decrease
to 40 mh after 48 h (Fig. 5E). The increase in acetyl-Cob also coincided with a fall
in ACS activity, which is subject to a negative regulation by feedback of acetyl-Cod

as enzyme product (Kumari et al, 2000).
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Figure 4. Evolution of £ cofi O44K74 metabolism on a complex medium in
anaerchic conditions and batch systems. A) (®) Biomass (A™™) () CRR
{crotonobetaine reduction reaction), (&) CHRE (crotonobetaine hydration reaction)
inmUimg prot and (%) L(-)-carnitine in m&f, B) (<) Glycerol, (V) crotonobetaine,
() ACS (acetyl-CoA synthase), (@) PTA (phosphotransacetylase) and () FDH
(pyruvate dehydrogenase) in mUimg prot and <) (A ICDH  (isocitrate
dehydrogenase) and () [CL {isocitrate lyase) in ml/mg prot.
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However, the Cof levels remained nearly constant (320 mi) throughout the
experiment, its production being in equilibrium with consumption. One important fact
is that the ACS activity was very low under aerobiosis (Table 1], indicating the
preferred Krebs cycle carbon flow. Besides, results showed that dunng the first 145 h,
lactate concentration was 1.2 g/, decreasing to 0.3 g/L until the end of the culture
(Fig. 5A). Finally it can be seen that the cell reducing power, as reflected by the
MNADHMAD® ratio, was lower during the first 15 b (0.48) and progressively increasad
during the experiment to 0.80, while cellular ATP level decreased (Fig. 5C).

Secondary metabolism during the biotransformation of crotonobelaine o L{-)-

camitine

The results obtained for the secondary metabolism showed that L{-Fcamitine
was produced durnng the first 15 h. Moreover, it was during this period that the
enzymes  involved,  enoyl-Cod hydratase Cod transferase (CaiDCaiB,
crotonobetaine  hydration reaction, CHR) and crotonobetaine reductase:Cob,
transferase (CaiACaiB, crotonobetaine reduction reaction, CRRE) reached their
maximum wvalues of 265 and 27.0 mU/mg protein, respectively, to gradually
decrease during the last 48 h (Figs. 3, 4£4). Table 1 shows the differences observed

betweaen anaerohic and aerobic conditions for the biotransformation.

Table. 1. Specific activities for the enzymes under aesrobiosis and anaerobiosis
after 15 h of culture in batch reactors. Activity is expressed as in mlimg protein.
Values are the mean of three measurements.

Batch reactor
Enzyme Anaerobiosis Aerobiosis
CHR 224415 B4+14
CRR 203121 MO
ICL 289431 208425
ICOH 49 9+4 1 59 7+3 8
FDOH MO 1838451
FTA 41 6+3.2 MO
ACS B8 0+4 .1 137431

HD. Mot detected. ICDH. Isocitrate dehydrogenase, [CL. Isocitrate lyase, PTA
Fhosphotransacetylase, CHE (crotonobetaine hydration reaction, CaiDCaiEB), CRE
{crotonobetaine reduction reaction, CaiA CaiB), ACS (acetyl-CoA synthase) and FDH
(pyruvate dehydrogenase) in mimg prot.
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Biotransformation with resting cells in batch reactors

Central metabolism during resting ceffs

E. colf O44K74 cells were grown as described previously in anaerabic
conditions to allow maximum camiting metabolism induction, then centrifuged and
fed in the reactor on a biotransformation medium, composed of crotonobetaine in
phosphate buffer (Fig. 840 In this way, cell metabolism was only devoted to cell
maintenance, performing the parallel biotransformation. From 5 to 24 h, the ICL
activity doubled reaching levels as high as 12.9 mU/mg protein (Fig. YB). With
respect to the Krebs cycle, atter a slight increase of the |COH to 90.3 mU/mg protein
durng the first 5 h, decreased to 19 8 mU/mg protein at 35-48 h (Fig. 7B} Further,
the energetic status of the cells showed that the ATF concentration decreased from
0.7 to 0.31 mM after 24 h, decreasing slowly afterwards (Fig. 8B). Moreover, the
activities FTA and ACS decreased throughout the biotransformation, PTA not being
detected after 5 h, while the ACS was five-fold lower ater 24 h and not detected at
T2 h(Fig 7A) \With respect to the PDH complex, it doubled its levels during the first
24 h to reach 19 60 mU/mg protein, and then fell to 1% 6 mUdmg protein during the
last 48 h (Fig. 7A). This was accompanied by a two fold increase in acetyl-CoA at 24
h, decreasing to the initial levels towards the end of the process. Furthermore, CoA
paralleled the acetyl-CoA behaviour, the acety-CoASCob ratio increasing from 1.1 to

1.7 to decrease to the previous level at the end of the biotransformation (Fig. 82
Secondary metabolism during the biotransformation with resting cells

The biotransformation studies in these conditions showed that the CRE
activity (CalA CalB) decreased from 180 to 3.0 mU/mg protein, while the CHRE
activity [(CalD CaiB) decreased sharply during the first 2-10 h from 484 to 9.0
md/mg protein, remaining close to 10.0 mUfmg protein durng the rest of the
process (Fig. 6B) As regards L{-Fcarnitine production (Fig. 84), the vield reached
high levels after the first 24 h, paralleling the consumption of crotonobetaine. The
vield (50 %a), was higher than that obtained in growing conditions (40%) (Fig.d44).
The reducing power slightly increased, though to a lesser extent than in growing
cells (Fig. 8A). One important fact seen rom studies performed on the transporter
CaiT during biotransformation, using N(mea‘hyf—”ﬂ)—oamitine to determine the Li{-F+
camitineg transport in cells sampled from the biotransformation reactor bulk, is that
throughout the biotransformation time the rate of transport decreased parallel to the
ATF cell level (Figs. 8B and 8C), which would affect the production of L{-}Fcamitine

(Fig 64 from crotonobetaine.
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carried out at 374,
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Biotransformation in continuous reactors

Central metabolism during growth and biotransformation in continuous systems

In order to characterize the metabolism of the cell population in continuous
processes, expenments were carried out in stimed tank and membrane high-cell
density reactors at different dilution rates under anaerobiosis using CM and
fumarate to inhibit the CER activity (Kleber 1997). Figure 9 shows the activity levels
for ICDH, ICL, ACS, PTA, CHR and PDH in a continuous reactor with and without
cell retention, and in batch systems using either growing or resting cells. The results
were obtained durng the period that the L{-}Fcamiting concentration did not change
in batch [growing and resting conditions) and during steady operation for the
continuous systems. [CDH was slightly higher in the continuous systems, while [CL
activity was slightly higher in both the batch (growing and resting cells) and the high-
cell density membrane systems. With respect to enzymes FTA and ACS, which are
connected with acetate metabolism, the continuous processes resulted in higher
activity than the batch systems, indicating high production of acetate and as a result

acetyl-Coh,

In Figure 108, the [CDH/ACL ratio is depicted throughout the expenmental
pernod. The ratio increased until the steady state was reached, then the glyoodate
shunt 1CL increased with respect to the Krebs ICDH decreasing the ratio. More
importantly, the ATF per unit of cell increased during the reactor start up and
decreased as the steady state was reached (Fig. 10B). Table 2 shows that the
activity levels of the enzymes related with acetate and acetyl-Cof synthesis
increased substantially with respect to the corresponding activities in batch reactors.
This indicates that the bulk accumulated acetate is being transformed into acetyl-
iZoA, to be used for cell metabolism. Howewer, during the steady state, 1CL

expression increased in cells in the high-density cell recycle reactor,
Secondary metabolism during biotransformation in cominuous systems

The level of vbutyrobetaine was close to zero when the CRR activity was
inhibited by fumarate addition to the CM, while L{-}-carmitine production reached
values ranging from 18-22 mM within the outstream of the reactor due to the CHR
activity (Fig. 104).
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Figure 9. Specific activities of the following enzymes in batch, cantinuous stirred
tank and membrane reactors are shown: 1) 1CDH (isocitrate dehydrogenase) and
21 1CL (isocitrate lase), 3) CHR (crotonobetaine hydration reaction), 4) FDH
(pyruvate dehydrogenase), 91 PTA (phosphotransacetylase) and 6) ACS (acetyl-
Cof synthase). Experiments were performed with 75 mAM glycerol, 50 mAf
crotonobetaine, 25 mM fumarate, an initial biomass 0.02 A" at 37 °C and a
dilution rate of 0.4 h™ for the continuous reactors while 50 mhd glycerol, 50 mhd
crotoncbetaine, 25 mh fumarate and the same initial biomass and temperature for
batch growing and only 75 mhd crotonobetaine in 50 mhd phosphate buffer pH 7.5
at 37 °C and 2.0 A" initial biomass for resting experiments. Results were

obtained at steady state for continuous systems and at L{-)-camitine steady value
for batch systems.
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Table. 2. Specific activities for the enzymes under anaerobic conditions and

steacty L(-)-carnitine level in the batch with growing and resting cells (without
keeping strict anaerchic conditions) and membrane reactor. Activity is expressed

as in mlimg protein. Values are the mean of three measurements.

Batch system

Continuous high=

Enzyme Growing Resting .
FTA 421432 2.2£12 785.2+10.3
ACS 88023 50.3+5.0 394.1+9 2
FDH ND 20827 10.0£2 1
ICDH 505253 80451 110.2£8.8
ICL 29,2423 12,3211 52223
CHR 22151 151221 18.0+4 3

MD: not detected. ICDOH: Isocitrate dehvwdrogenase, ICL: Isocitrate |lyvase, FTA:

Fhosphotransacetylase, CHR [crotonobetaine hydration reaction, CaiD:CaiB), ACS

{acetyl-CoA synthase) and POH { pyruvate dehydrogenase) in mU/mg prot.
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DISCUSSION

The ICL and ICDH levels observed during the bioprocess in anaerobic batch
growing cells emphasised the importance of the glyoxylate shunt compared with the
kKrebs cycle (Figs. 1 and 4C), since both compete for the same substrate.
Competition was also mentioned by Cronan and La Porte (1996), who described the
existence of an aceBAK operon, codifying for the glyoxylate enzymes (ICL: aced,
and M5 aceB) and a third enzyme (ICDH-kynase/phosphatase: acelk), which
performs a transcriptional modification of ICDH, inactivating it and improving

opportunities for ICL.

Wiith respect to PTA, acetyl-Cod was transformed into Cod and acetyl-
phosphate, rendering acetate and ATP (Figs. 4B and %) by the acetate kynase
enzyme (ACK) (Kleman and Strohl, 1994). Acetate can be used by ACS to produce
acetyl-CoA and this pathway is considered to be repressed by catabolites, which are
induced by acetate and a high affinity system acting at low concentrations of acetate
(Brown et al., 1977 In fact, the changes in acetate level suggest it is produced
through the FTA-ACK pathway durnng £, coff growth and consumed at the beginning
of the transition towands the stationary phase, being activated to acetyl-CoA by the
ACS enzyme (Kuman et al, 2000), rendenng energy and biosynthetic compounds.
Therefore, after 20 h the metabolism adjusts to the nutrient shorntages and acetate
starts to be consumed (Fig. 54) Further, the evolution of acetyl-CoA and Cob
provided information on the expression of the PTA-ACK and ACS metabolisms in
anasrobiosis (Fig. 1), The level of acetyl-Cod was related to ACS, PTA (Figs. 4B
and 5B and possibly PFL enzyme activities, the two former showing an increase
during the first perod of growth. The acetyl-Col increase also coincided with a
lowering of the ACS aclivity, which is subjected to a negative regulation by feed-
back of the acetyl-CoA as the enzyme product (Kumari et al., 2000 However, the
oA levels remained almost constant (30 mAd), with a slight increase and decrease,
since production was nearly in equilibium with consumption. The rest of the
metabolites studied provides information on reducing power, since lactate, which is
produced from pyruvate by the lactate dehvydrogenase (LDH) enzyme, consumes
NADH to produce NAD®Y, while the glyoxylate shunt generates reducing power (Figs.
1and 2C).

Escherichia colf is Uunable to assimilate the carbon or the nitrogen from L{-)-
camitine {(kleber, 1997) Results conceming the production of L{-}-carnitineg and the
levels of CHR [Cail:.CaiB)and CER (Cal& CalB) activities and those concerning the
central metabolism (ATF and acety-CoAfCoA pools) strongly suggest the points of
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both metabolisms connection (Figs. 1 and 2). Thus, the results show that the best
biotransformation conditions were associated with the growth phase, where higher
production of energy from the reducing power and higher levels of acetyl-CoA were
evident {(Fig 5} Durng this time, the acetyl-ZoA/CoA ratio increased from 1.1 to 3.3,
declining at the end of the exponential growth (Fig. 5B). Furthermore, ATF is
necessary for the transport protein Cail (Canovas et al., 2003b) and since energy is
reqguired for the action of other ligases (Vessey and Kelley, 2001), energy wolld be
also necessary for the action of the enzyme crotonobetaine/butyrobetaine-Cob
ligase (CaiC) that synthesizes the crotonobetainyl-Cof or yw-butyrobetaingl-Cob
required for the activation of the trimethylammonium compounds (Elssner et al.,
20007 (see Figs. 2and 3.

Besides, the CHRE activity was always high because the caf operon
(responsible for the expression of carmiting metabolism) was controlled by proteins
regulators such as FMNRE (transcrptional regulator under anaerobic conditions),
catabolic repression via protein receptor (CRP) of AMPC, histones (H-MS) and the
transcriptional factor o (RpoS), which is expressed when the cell reaches the
stationary phase of growth and inhibits camitine metabolism (Eichler et al., 1996,
All these factors would have a negative effect under aerobiosis (Table 1) Further,
the enzyme ACS is positively regulated by CRF (generating acetyl-CoA), high levels
of AMFC and FMNRE (at low oxygen partial pressure), while it is negatively by the o
factor (Kumarni et al , 2000). Also, the glyoxylate shunt has been related with acetate
metabolism, a protein, IClR, repressing the expression of the ICL and the ACS [(Shin
et al., 1997 However the presence of FEF from glvcerol metabolisation and the
neoglucogenic pathway (Fig. 1) would prevent the binding of the 1R protein to the
promoter region of the glyoxylate shunt aceBAK operon (Cortay et al., 1991). Other
factors too, such as ArcAB (regulator of the anaerobic and aerobic metabolism,
inhibiting the krebs cycle, the electron transport chain and the PDH activity in
anaerobic conditions ) activate the PFL enzyme (De Graefet al., 1999), which is also
regulated by FNR . Furthermore, the NADHMAD™ ratio (Fig 5C) regulates the POH
(Fig. 4B) and PFL enzymes. A low ratio means low levels of reducing power and
higher FDH enzyme activity, while high ratios inactivate the PDOH and activate PFL
(De Graef et al., 1999). Our study confimns that the NADH/MNADT ratio was higher in
anasrobiosis than in asrobiosis, and that the PDH activity was inhibited (Table 1).
Therefore, results demonstrate the relationship between the central carbon and the

carnitine metabolism both under anaercbiosis and aerchiosis, also showing the
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importance of the glyvoxylate and acetate metabolism during the biotransformation in

anaerobiosis.

The biotransformation in batch with resting cells (crotonobetaine only in
phosphate buffer medium) also showed the importance of the glyoxylate shunt,
since the |CL activity doubled (Fig. 7B), using the cell stored materal. Further, the
cell energetic status (ATP level) decreased since it is used in cell maintenance and
in the bictransformation (Canovas et al., 2003k} (Fig. 8B). Besides, the activities
FTA and ACS decreased throughout the bictransformation process, partly due to
the lack of carbon source and partly because these enzymes belong to the £. coff
anasrobic metabolism; the biotransformation with resting cells was performed in the
absence of aeration, since the process does not require it, although strict
anasrobiosis was not maintained. Furthermore, natice the importance of the pools of
ATP . since the decrease of this variable coincided with the cessation of Li{-)-
camitine production and a sharmp decrease in CHR activity (CaiD:CaiB, Figs. 2, 3
and BB) at 15-18 h. Ancther fact is the correlation between the acety-CoA/LC ol ratio
and camitine metabolism, which might indicate its importance in camitine
metabolism since enzyme trimethylammonium: Cod, transferase reguires Cod from

the pool.

Moreover, a very important observation when Lsing N(mea‘hyf—”ﬂ)—camitine to
study the CaiT transporter during bictransformation was the decrease in the
transport rate throughout the biotransformation process, paralleling the ATP cell
content (Fig. 8C, r: 0.983). This confirms that, as a result of ATP cell content
shortages, the transport of both the substrate {crotonobetaine ) and the product (Li-)-
camitine) decreased. In fact we calculated a production rate of 2.1 mmol Li-}-
camitine-L cellular volume/L reactormmaol ATF-h, with a higher rate dunng the first
10 b, 16 mmal L{-camitine L cellular volume/L reactor-mmaol ATF-h. Assuming that
at the beginning ATF is only used for transport, a rate of 0 .04 fmol Li- Fecamitine/fmol
ATP min can be stated. Frevious results {Jung et al, 1990; Canovas et al., 2003b)
indicated that trimethylammonium compounds transporter, CaiT, requires ATF.
Furthemore, during resting processes the importance of the cell stored maternal was
also obvious, since the level of acetyl-CoA was maintained, with even high activities
of the enzymes ICL and PDH (Fig. ¥ and 8) which might point to the synthesis of
cel-maintenance compounds and energy. In fact, an acetyl-CoA/Cob ratio ranging
from 1.0 to 1.7 was observed throughout the biotransformation process in resting
cells, the maximum ratio coinciding with the maximum biotransformation rate (Figs.

3, B4 and 84) Besides this, cell metabolism was not devoted to the production of
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new cells, since the Agpp decreased slowly (1.8 to 1.2) during the 72 h of
biotransformation, and the cell ATP levels went down quickly from the start. These
facts give a possible explanation for the high wvield of L{-Fcamitine, since during the
first 22 h the energy and matenal stored within the cell was devoted to the
biotransformation in resting state. The ATF level decrease may be the possible
limiting step of the biotransformation. Maoreover, it is also possible that the enzyme
crotonobetainyliy-butyrobetaingl-Cod  ligase (CaiC) reguired ATFP to  activate
crotonobetaine or yw-butyrobetaine (Fig. 2 and 3), which are necessary for the
enzymes involved in L{-Fcamitine synthesis (Elssner et al., 2001). This suggestion
arises from the similanties with other Cofdigases (Vessey and Kelley, 20071),

although confirmation is required.

When comparing the £, colff metabolism in the different systems used (Fig. 87,
the ICL was expressed at higher levels in the high-cell density reactor and even
higher in batch systems with growing and resting cells. This indicates that the
glyoxylate shunt is important in systems where high-cell density stress andfor
possible stress due to nutrient shortages and cell metabolite accumulation is
observed. However, in the steady state the acetate metabolism enzymes, FTA and
ACE, presented higher activities in the continuous systems. This would imply high
steady levels of reactor bulk acetate (Kleman and Strohl, 1994 Lee, 1996) produced
from acetyl-Col (FTA-ACK pathway, producing ATF) and the parallel production of
acetyl-CoA from acetate (ACS pathway, consuming ATF and producing Ppi, which
is hydrolyvsed by a pyrophosphatase, generating energy) for the glyoxylate shunt

and/for other pathwaws.

Moreover, in order to compare the relative importance of the Krebs cycle with
respect to the glyoxylate shunt during the high-cell density membrane reactor
operation, the ICOHACL ratio was determined. The results showed that the
glyoxylate shunt was less important at the beginning of cell growth than when
biomass achieved its maximum level in the steady state stressing conditions due to
high-density cell population. Furthermore, the ATF per unit of cell increased during
the start Up of the reactor and decreased as cell population reached a steady state,
in which less energy is reguired to keep metabolism at a lower rate. These results
demonstrate that the glyvoxylate shunt was as important as in batch systems when
the steady state was being approached. Therefore, when the membrane reactor
enzyme specific activities of the central metabolism are compared with the
corresponding activities in batch, the glyoxylate shunt activity was lower;, secondly,

the activity through the TCA cycle increased and, thirdly, there was an increase in
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acetate metabolism enzyme aclivities such as the PTA and ACS, probably induced
by the anaerobic conditions andfor the acetate level. Finally, as shown in Fig. 104,
when fumarate is used to supplement the Ch no y-butyrobetaine is produced since
the CRRE activity (CaiA CaiB) is inhibited (Kleber, 1997, Obon et al., 19939)
Therefore, under these conditions the model presented in Figure 2 would work by a
Li-}Foarnitine/crotonobetaine antiport with - CailB and CaiC  being  the
biotransformation motion force to keep CalD producing  Li-Fcamitine  from

crotonobetaine
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CONCLUSIONS

The model sketched hergin shows for the first time in £, colf the link between
cell metabolic production of a secondary metabolite, such as L{-Fcamiting, and the
primary or central carbon metabolism, providing the basis for further work to
optimise its production. This study also substantiates, for the first time, that the ATP
level is a critical variable for the biotransformation, not only due to the transporter,
CaiT, but for the postulated trimethylammonium-Co& ligase activity (CaiC, Eichler et
al., 19967 horeowver, in resting studias, it SEeMs that the
gluconeogenesis/consumption of stored matenal plays an important role, since the
activity of the glyoxylate shunt was seen to increase and there was a correlation
betwieen the intra-cellular acety-CoA/Cof ratio and the biotransformation of
crotonobetaine . Further, we also hypothesize that another limiting step for the
biotransformation might be the acetyl-CoA/CoA ratio at the level of the transferase
enzyme, CaiB, and the enzyme crotonobetaine/butyrobetaine-CoA ligase (Caill),
which would also use ATF as substrate. The connection of both metabolisms
sketched in Figure 1 and 3 suggests the existence of control points where it would
be possible to act to redirect the metabolic fluxes. However, analysis of the different
fermentations flux analysis with respect to the primary carbon metabolism and the
carnitine metabolism, as well as a study of the still kinetically unknown enzymes
(CaiC and CaiB), is essential to draw precise conclusions. This work is being
undertaken by our group to fully understand the biotransformation within the £. coff
metabolism. Therefore, future studies to optimize the biotransformation should be
also addressed at redirecting the metabolic fluxes towards an increase in enengy
levels and the levels of metabolites required for the biotransformation, and then
over-express activities associated to the biotransformation (CHE, 1CL, FDH, CoA-
ligase CaiC and transport protein CaiT ), with the help of strain selection and the use

of the recombinant technologies.
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NOMENCLATURE

aceBAk Operon acetate formation,

ACK: acetate kinase,

ACS: acetyl-Coh synthetase,

AMPC Cyclic AMP,

ArcABE. Regulation of the anaerobiciaerobic metabolism that in anaerobic inhibits Krebs,

electron transport chain and FDH and activate PFL,

ZHR: Crotonobetaine hydration reaction (CaiD: CaiB),

CRR: Crotonobetaine reduction reaction (Caif CaiB),

CRP: Catabolic repression via protein receptor AP,

5 Citrate synthetase,

ETC: Electron transpaort chain,

FMRE: Transcriptional regulator of the caf operon under anaerobiosis,

H-MNS: Histone protein,

[COH: Isocitrate debydrogenase,

ICL: Isocitrate lyase,

lclR: Represor of ICL and activator of ACS,

LDH: Lactate dehydrogenase,

M5 Malate synthetase,

FEF: Phosphoenolpyruvate,

FEPCK. PEF carboxykinase,

FEPCX. PEF carboxylase,

FFL: Pyruvate formate lyase,

FK Pyruvate kinase,

FTA: Phosphotransacetylase,

a RpoS: Transcriptional regulator expressed when cells get into stationary phase,
inhibiting carniting metabolism,

caliTABCDE : Carnitine operon,

iZalT: Li{-)-camitine protein transporter,

Zaif Crotonobetaine reductase,

CallB: Acetyl-CoAHSCoA transferase,

iZallZ: Crotonobetaing, Li-)-carniting or y-butyrobetaine: acetyl-CoA/HS-CoA ligase,

Zall: Enoyl-CoA hydratase activity,

iZak: Frotein related to cofactors: crotonobetainy-CoAfL-carnitiny-

Coflebutyrobetainyl- Cof,

CakF. caiTABCDE activator in presence of L{-)carnitine/D-carnitine  mixiure or

crotonobetaine.
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ABSTRACT

The aim was to understand how interaction of the central carbon and the
secondary carnitine metabolisms is affected under salt stress and its effect on the
production  of Li-}camitine by  Escherichia coli. The biotransformation  of
crotonobetaine into L{-l-carniting by resting cells of £, eoff O44K7 4 was improved by
salt stress, a yield of neary two-fold that for the control being obtained with 0.5 W
MaCl. Crotonobetaine and the Li-}-camnitine formed acted as an osmoprotectant
during cell growth and biotransformation in the presence of MaCl. The enzyme
activities involved in the biotransformation process (crotonobetaine hydration
reaction and crotonobetaine reduction reaction), in the synthesis of acetyl-
CofAfacetate (pyruvate dehydrogenase, acetyl-CoA synthetase and ATP:acetate
phosphotransferase) and in the distribution of metabolites for the tricarboxylic acid
cycle (isocitrate dehydrogenase) and glyoxylate shunt (isocitrate lvase) were
followed in batch with resting cells both in the presence and absence of NaCl and in
perturbation experiments performed on growing cells in a high density cell recycle
membrane reactor. Further, the levels of carnitine, crotonobetaine, wbutyrobetaine
and ATP and the NADHMAD® ratio were measured in order to know how the
metabolic state was modified and coenzyme pools redistributed as a result of MNaCl's
effect aon the energy content of the cell. The results provided the first experimental
evidence of the important role plaved by salt stress during resting and growing cell
biotransformation (0.5 M MNall increased the L{-Fcamitine production in nearly
85%), and the need for high levels of ATF to maintain metabolite transport and
biotransformation. Moreover, the main metabolic pathways and carbon flow
operating during cell bictransformation was that controlled by the isocitrate
dehydrogenasefisocitrate lyase ratio, which decreased from 5.0 to 25, and the
phosphotransferasefacetyl-Cod synthetase ratio, which increased from 2.1 to 5.2,
after a MaCl pulse five-fold the steady state level Resting £, coff cells were seen to
be made up of heterogensous populations consisting of seweral types of
subpopulation (intact, depolarized and pemmeabilized cells) differing in viability and
metabolic activity as biotransformation run-time  and the MNall concentration
increased. The results are discussed in relation with the general stress response of
E. coff which alters the NADH/MNAD™ ratio, ATP content and central carbon enzyme

activities.
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INTRODUCTION

The occurrence of stress conditions during fermentation processes is an
important issue for the design and optimization of bioprocesses. As fermentations
proceed, one of the problems that microorganisms undergo is the progressive
modification of the environment. The accumulation of low and high molecular weight
molecules as a result of cell metabolic activity not only affects cells due to the build
up of inhibitory levels but also due to osmotic changes. Stress responses are of
fundamental interest as they often have a determining effect on process
performance (Lindley, 2003 since the triggering of molecular response mechanisms

(Hengge-Aronis, 1999) will affect the cell physiology and metabolism.

General stress response is tiggered when Escherichia colf is exposed to a
variety of stress conditions affecting the erwironment, being mainly determined by
the upregulation of Rpos, a sigma RMApolymerase subunit which is assodated with
entry into stationary phase, starvation and stress conditions {Loewen and Hengge-
Aronis, 19594 Hengge-Aronis, 20020 all of which strongly modify cell physiology. In
E. colf when the osmolarity of the growth medium is increased, osmoadaptation
occurs, the phases of which have been summanzed previously (Myood, 1998). To
avoid dehydration, the osmotic pressure inside the cells is increased (Le Rudulier et
al., 19843 certain solutes being accumulated at high cytosolic levels, either by
uptake from the medium or through de nove synthesis (Csonka 1991, Verheul et al,
1998). These osmoregulatory solutes include K¥, amino acids {e.g. glutamate,
proline), polyalcohols (e.g. trehalose, glycerol) and other zwitterionic organic solutes
(e.g. betaines such as glycinebetaine, crotonobetaine and D L-camitine) (Kappes
and Bremer, 1993) Two transporters, ProP and Prold, have been mentioned as
being prnmarily responsible for the uptake of osmoprotectant betaines in enteric
bactena under conditions of hyperosmolarity {(Verheul et al, 1888) ProP is a
H*-antiporter, and its activity is K dependent {Macmillan et al., 19988, while ProU
belongs to the ATP-binding cassette (ABC) family of transport systems, and the
mediated betaine transport is highly osmofically stimulated at the level of gene
expression (Csonka 1991). Additionally, CaiT is an exchanger (antiporter) for Li-)-
carnitine and y-butyrobetaine in £, coff (Jung et al., 2002), although it does not play
a significant role in osmoregulation (Verhieul et al, 1998). Despite the research effort
devoted to unravelling the responses displaved by Escherichia colf when exposed to
osmotic stress conditions (Hengge-Aronis, 19968 and 2002}, the mechanisms
through which the central and energetic metabolism of the bactena is adapted to

such  conditions  remain  unstudied.  In Corynebacterium  gltamicum,  a
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rearrangement of energetic metabolism has been shown to take place in response
to increasing csmolality (Varela et al, 2003, 2004) reflecting the increase in cell
energy needs. In £ cofi the protective role of camitine {trimethylammonium
compound) metabolism has been studied, since this allows cells to withstand
osmotic up-shocks, although it is still not totally understood (Eichler et al., 1994 a,
198940 Kleber, 1997; Elssner et al., 2000, 2001). This secondary metabolism has
been used for L{-Fcamitine production from crotonobetaine or D+ Fcamitine with £,
coli cells in growing and resting state (Castellar et al., 1998, Obdn et al., 19399,
Canovas et al., 2002). In bref, the camitine pathway enzymes are induced in
anasrobiosis in the presence of D L-carnitine andfor crotonobetaine i(see the
"Central and camitine metabolism in E. coff section, Matenals and Methods and Fig.
1) Canovas et al (2003c) observed that salt stress improved the production of L{-+
camitine from crotonobetaine (dehydrated Di{+)-camitine) by resting cells and
characterized the transport of Li-Jcaritine in £ coff O44K74. Resting cell
processes are also important since biotransformation occurs in a simple medium
containing only the substrate dissolved in buffer, thus lowering production costs and
simplifying product punfication compared with growing cell processes. Howewver, to
optimize this bioprocess is necessary to determing the regulatory structure of the
metabolic pathways involved in the bictransformation camied out by cells in growing
or resting state and in the presence or absence of NaCl. Moreover, little information
is available conceming the effect of salt stress on the central and camitine
metabolism of resting and growing £. coff cells performing biotransformations.
Further, since both substrates (crotonobetaine and Di+)-camiting) and products
(Li-}carnitine  and y-butyrobetaine) of the bictransformation (Fig. 1) are
osmoprotectants, a deeper insight into metabolic adaptations andfor modifications
under osmotic stress conditions becomes more necessary for improving strains to

be used in bictechnological processes before undertaking optimization strategies.

The aim of this work is to report a first approach to understanding the
metabolism of the secondary camitine and the primary or central carbon metabolism
involved in the biotransformation of crotonobetaine into Li-}camitine under salt
stress conditions, since no information s available conceming the effect of salt
stress on resting and growing cells metabolism when substrates and products are
osmoprotectants. To gain insight into the kinetics of the whole bioprocess in the
presence of MaCl, the activity of certain enzymes involved in the central metabolism,
such as isocitrate dehydrogenase (Krebs cyde), isocitrate Ivase (glvoxylate shunt)

and pyruvate  dehydrogenase,  acetyl-Cof synthetase,  ATP.  acetate
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phosphotransferase  and the levels of acetyl-Cof and Cof  (acetyl-Cob
metabolism), were followed and the cellular energy was determined as cell ATF and
reducing power levels (NADH/MAD® ratio), throughout the bioreactor runs in batch
and a high density cell recycle membrane reactor. The latter was also studied after
the perturbation of the MNaCl bioreactor level as well as the perturbation of the
crotonobetaine bioreactor level inthe presence of a steady state NaCl concentration
during the continuous  biotransformation  process.  Furthermore,  we  also
characterized the metabolism of the trimethylammonium compounds in E. coff by
following the enzyme activities involved in the production of L{-}-camitine and the
cell population heterogeneity in different resting conditions, such as the presence or

absence of NaCl within the reactor.

Figure 1. Central metabolism of E. cofi. ACK. Acetate kinase, ACS Acetyl-Coh
synthetase, ©5 Citrate synthetase; ETC Electron transport chain, [CDH:
Isocitrate dehydrogenase, |CL Isocitrate lyase, LDH Lactate dehydrogenase,
PEF: Phosphoenolpyruvate, PEPCK: PEP  carboxykinase, PEFPCH. PEP
carboxylase, PFL: Pyruvate formate lyase: P Pyruvate kinase and PTA
Phosphotransacetylase. (EcoCyo-MetaCyc-2002, USA, Keseler et al., 2004)
Anaerobic  metabolism  of  L{-}-camitine in & cof  Cail.  Li-)-
camitinefy-butyrobetaineg/crotonobetaine  protein transporter,  Caidl CaiB
crotonobetaine reduction reaction, CabB: acetyl-CoA/Coh transferase, CaiC
crotonobetaine, Li-l-camitine or yw-butyrobetaine CoA ligase, Cal: enoyl-CoA

hydratase or D{+)-camitine racemase activity .
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MATERIALS AND METHODS

Bacterial strain and culture media

The strain E. cok O74KT74 (DSM 8828) was used. This strain contains the
complete cafand fix operons. The strain was stored in a minimal medium containing
crotonobetaine 50 mi and 20 % glycerol at —20°C. The minimal medium (MM ) was
that described by Obdn et al. (1928), while the standard complex medium [{Ch)
used contained (g/L): bacterological peptone, 20; NaCl, 5; glycerol (carbon source],
12.6; crotonobetaine, 4; and fumarate, 2 (to inhibit crotonobetaine reductase, Kleber
(1997, The MaCl concentration was varied as stated in the text. The pH of media

was adjusted to 7.5 with 1 M KOH priorto autoclaving.
Batch and continuous reactor operation
Growih of the bacteria.

Batch experiments were performed in reactors equipped with temperature, pH
and oxygen probes. For continuous operation, pump controls of Biostat B (BEraun
EBiotech Intemational GMEH, Melsungen, Germany) were employved. A 1 L culture
vessel with 0.5-0.8 L working volume was used. Egcherichia colf O44K74 was grown
under the different conditions stated in the text. The culture was inoculated with a
3% (v of the liguid culture stored at -20%C in 20% (w/v) glycerol, while the medium
employed was the ChM mentioned above unless stated otherwise. The cells were
grawn in batch at 37°C, under anaerobic conditions, while O L-camitine mixture,
Di+)-camitine or crotonobetaine were supplied as inducers of the enzymes involved
in the camitine metabolism. Mitrogen was used to ensure anaercbiosis dunng the

experiments.
Resting celfs experiments.

The strain was grown either in a minimal (MM or complex medium (Ch)in
anaerobiosis, as in Castellar et al. (1298). Li-)-carnitine metabolism (eafFABCDE
operon) was always induced in anasrobiosis in the presence of crotonobetaineg. For
the resting cell biotransformations, cultures were harvested at the end of the
exponential growth phase, centrifuged at 18,000 x g for 10 min and washed twice
with 75 mM phosphate buffer, pH 7.5, The cell pellet was resuspended in 50 mh
phosphate buffer, containing $0-500 mi crotonobetaine (depending on expernment)
at pH 7.5 at 37°C and left in the reactor system for 24-72 h without aeration.

Therefore, microaerophilic conditions were maintained since non strict anasrobiosis
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was kept. All experiments were performed at least in tnplicate and under sterile

conditions. The values reported are the means of the assays performed.
Continuous membrane reactor operation.

For continuous operation, the reactor vessel was coupled to a cross-flow
filtration module (Minitan, Millipore, Billerica, MA, USA) equipped with four 0.1 pm
hydrophilic polywinylidene difluoride Durapore plates of 80 cm? area (Millipore, USA)
(Canovas et al., 2003g, 2003b). WWe used this type of bioreactor, since it is the one
that is cumently used for L{-}camitine production in the bioprocess we are
optimizing. YWe believe that results present both academic and industnal interest.
The cell broth was recycled into the reactor with a penstaltic pump adjusted to a
high flow rate (V0 mL/min) to minimise membrane fouling. £. coff cells for the
inoculum were grown as explained previously and transferred to the fermenter.
Continuous operation was set at 37 °C and started by feeding with the Ch medium.
Anaerobiosis was maintained through the expermentation by bubbling nitrogen
previously passed through a water trap. The reactor was run at a dilution rate of 0.3
R until steady state was reached at a biomass dry weight of 6 g/ . For the pulse
experiments, an additional injection pump was employed to supply the concentrated
component to be perturbed. The perturbation was performed when the culture was
around the steady state and the pulse supplied a small volume (20-25 mLY in less
than 3 5 (¥ to 9 m|_5'1). Samples of 2 mL for metabolites and 5 mL for enzyme
activities were withdrawn from the high cell density reactor at different times after
the pulse. In order to ensure that the reactor runs were strictly under anaerobic
conditions, especially during the pulse additions, we decided to maintain strict
anasrobiosis not only with respect to the camitine metabolism (Kleber, 19971 which
is expressed under anaercbiosis but also to avoid misleading results. Thus, the
reactor was continuously purged with nitrogen, while the pulsed metabolite was
similarly purged before the perturbation. A sampling valve with a minimal dead
volume was adjusted to the reactor vessel. The sampling time was less than 5 s,
and the complete procedure was computer controlled. The valve was flushed with
water to clean the tubing. The reactor was left to recover and, after 20 to 30 reactor
residence times (50 as to ensure that a new steady state was reached), a new
perturbation experiment was carmed out. Samples were collected in test tubes kept
at -20 °C and immediately centrifuged at 16,000 x g at 4 °C. The rotor was
precooled at -20 °C. Supernatant was used for extemal metabolites, whereas pellets
were used for enzyme activity and ATP cell content and NADHMNADY ratio

measurements.
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Enzyme assays

The enzyme activity assavs were optimized for the conditions and media.
Enzyme activity was defined as pmol of substrate consumed per minute and mg of
protein (LYmg). In each case, reactor bulk liguid samples were withdrawn and
centrifuged at 16,000 x g at 4 °C. The supernatant was removed and cells were
resuspended with the cormresponding extraction buffer. Cells were sonicated on ice
for 8 cycles (10 5 each), at 10 um amplitude, with a probe of 1 cm diameter. The
extract was centrifuged for 15 min at 16,000 x g and 4 °C to remove cell debris and
the supernatant was used for subsequent activity measurements. Protein content

was determined by the method of Lowry et al, (1951
Isocitrate defydrogenase (ICDH)

The method was that of Bennet and Holms {(1975). The extraction buffer was
645 mhd potassium phosphate, pH 7.5, and 645 miM MgCla. The increase in
MNADPH absorbance at 340 nm (Eyappn=6,220 M1Cm'1) was followed in a GBC 918
UM (Melboume, Australia) spectrophotometer at 37 °C. One unit of enzyme activity

was that required for the generation of Tpmal of NADPH permin.
Isocitrate fyase (fCL)

The assay was that described by Dixon and Konberg (1959), using the same
extraction buffer as above. The increase in absorbance at 324 nm due to the
reaction of the glyoxylate produced with phenyihydracing (Sqgmpe="17,000 M'1cm'1),
was followed in a spectrophotometer GBC 918 UMY (Melbourne, Australia) at 37 °C.
e unit of enzyme activity was taken as that needed to generate Tpmol of adduct

per min.
Acetyl-CoA synthelase (ACS)

The method used was that established by Brown et al. (1977 ). The extraction
buffer was 64 5 mh potassium phosphate, pH 7.5 with 1 mM E-mercaptosthanal.
The acety-Cod synthetase activity was followed as the increment in NADH
absorbance at 340 nm (Enappn=6 220 M ey and 45 °C. Enzyme activity unit was

defined as the enzyme required forthe generation of Tumal of NADH permin.
Fhosphotransacetyfase (PTA)

The assay was camed out as in Lundie and Ferry (1983) The extraction
buffer was 50 mM HEFPES, pH 7.2 with 1 mM Fmercaptoethanal. The enzyme

activity was followed as the increment in MNADH absorbance at 340 nm
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(Enaopy=6,220 M'1cm'1) and 37 °C, one unit being taken as the enzyme required for

the generation of Tpmol of NADH per min.
Fyruvate dehydrogenase complex (FLH)

The method was that of De Graef et al., (1999) The extraction buffer was 50
mh! potassium phosphate, pH 7.5, EDTA 0.1 mi, p-mercaptoethanol 5 mhd and
MaCla 3 mM. The enzyme activity was followed as the decrease in potassium
ferricyanide absorbance at 430 M (Sreqeyange=1,030 M'cm™) and 37 °C. One
enzyme activity unit was taken to be the enzyme required to generate 2 pmol of

ferrcyanide permin.
Enzymes of L{-)-carmitine metabolism (CHR and CRRA)

The crotonobetaine hydration reaction (CHR ) assay was carmed out according
to Jung et al., {(1989), and the crotonobetaine reduction reaction (CRR) assay
according to Preusser et al., (19599) Crotonobetaine was employed as substrate in

both cases.
Substrate consumption for growth and biotransformation processes

L{-Fcamitine concentration was determined enzymatically with the carmitine
acetyl transferase method (Jung et al, 1888) Glvcerol, crotonobetaine and
v-butyrobetaine were analysed by HFLC with a Tracer Sphersorb-NH. column,
aum, 25 x 046 om, supplied by Teknokroma (Barcelona, Spain) as previously
reported (Obdn et al, 1988} The isocratic mobile phase was acetonitrile/50 mh
phosphate buffer pH 2.5 (65/35) at a flow rate of 1 mL/min. Bactenal growth was
followed spectrophotometrically at 600 nm, using a MNovaspec |l from Fhammacia-

LKE, (Uppsala, Sweden), and converted to dry weight accordingly.
E. cofi anaerobic metabolite production.

The acetate, fumarate, lactate and ethancol contents of the bullk liguid reactor
were determined by HPLC. A cation exchange Aminex HPX-87H column, supplied
by BioRad Labs (Hercules, CA, USA) was used. The isocratic mobile phase was 5
mh! H.,504 at a flow rate of 0.5 mLfmin. The efuent was monitored using a

refractive index detector,
Determination of ATP content and NADH/NAD* ratio

The energy content per unit of cell was determined as the ATP level and
MADHMNADT ratio throughout the experiments. For ATP measurement, the HS I

bioluminescence assay kit from Boéhnnger {(Mannhein, Gemmany), based on the
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luciferase enzyme using a FluoStar fluorimeter from BMG LAETECH (Offenburg,

Zermany ) in the conditions stated and after cell DMSO Iysis, was used.

Reducing power, considered as the NADH/MNAD® ratio, was calculated as in
Snoep et al, (1990) The measurements were made Using an enzymatic method
based on the alcohol dehydrogenase enzyme. The extraction of the reduced or the
oxidized forms was camied out by two different methods, involking alkali or acid
extraction. The cell content was determined after biomass optical density
transformation as dry weight and assuming either an intra-cellular volume of 1.63
pL/mg (Emmering et al., 2000) or 1.72 mL- 10" cell fworked out by flow cvtometry
in this work].

Flow-cytometric determination of cell viability

To determine cell viability by FCM, double staining was performed, using %
ug-ml'1 propidium iodide (P (from a 1 mgml-1 stock solution) and 10 ug-ml'1 bis-
oxonol (BOX) (from a 2 mg-ml'1 stock solution in dimethylsulfoxide). Staining was
performed in the dark at room temperature for 10 min. Samples were run in an
Analyzer cytometer mod. Epics xL from Beckman Coulter i(Fullerton, CA, US54,
equipped with an argon laser of 15 mVWW for the excitation of the fluorophores at a
wavelengh of 488 nm. Fluorescence detection was carried out at 525 nm for BOX
and 675 nm for IF, and spectral overlap was corrected by using a numercal
compensation. Fositive (heat-treated £, eoff cells) and negative (either non-stained
or stained exponentially growing £. coff cells) controls were undertaken in order to
avoid false positives. The BOX and FI fluorescence was compensated according to
Hewitt et al., (1999, 2000}, using heat stressed cells treated at 60 °C for 5 min as
positive stained control. The green fluorescence channel (FL1) for BO X stained cells
was plotted versus the red fluorescence channel (FL3) for PIBOX stained cells.

FesuUlts are presented as the percentage of stained population.
Transport assays

The uptake of camnitine in £. coff 04474 was measured using LIN-methy!
“Clearnitine (56 mCi/mmol) as substrate. Cell samples were re—suspended in the
L{-}+carnitine uptake assay at an A™™ of approximately 0.5, containing 10-20 mh
L[N-metfnd 14C]Camitine (56 mCifmmaol) in a total reaction volume of 3 mL. Samples
{03 mLYwere taken at vanous times and filtered through 0 4% pum pore size filters of
25 mi diameter. The filters were then wiashed with 20 mL of isotonic minimal salts

and the radioactivity retained was determined with 2.5 mL of scintillation liquid in a
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Liquid Scintillation Counter mod. VWallac 1409 (Ferkin Elmer, Wellesley, MA, USA].

All the expenments and assays were performed in triplicate at least.

Central and carnitine metabolisms in E. coli

Since camitine secondary metabolism in E. colf is repressed by glucose, and
in the presence of high levels of oxygen (Kleber 1997, Canovas et al., 2002,
Canovas et al, 2003a), we chose glycerol as the carbon source and maintained
anasrobic or microaerophilic conditions for this study. Glycerol enters in the
glycolysis as glyceraldehyde-3-phosphate, before conversion to pyruvate. This is
converted into acetyl-Col, which enters the Krebs cycle (TCA), producing reducing
powier, which will be transformed into ATF within the electron transport chain during
aerobiosis, and metabolic intermediates through anaplerotic reactions. The
glyoxylate shunt is associated to the TCA, short-cutting the metabolic flow and
forming oxaloacetate from acetyl-Coa (Fig. 1, EcoCyo-MetaCye, Keseler et al.,
2004). However, when £, colf grows under anaercbiosis or under a limiting oxygen
supply, the reducing power comes from the mixed-acid fermentation for ATP
formation, reducing pyruvate to acid metabolites such as lactate, succinate and
formate and acety-Cohf, which will be further reduced to acetate and ethanol
(Warma et al., 19893). These reducing paths also allow the production of ATP,
although at lower levels than during aerobiosis. In the presence of alternative
electron acceptors, such as fumarate, anaerobic respiration allows more effective
cell redox cofactor regeneration and provides a higher energetic vield, which is
finally manifested as higher biomass levels. Moreover, when camitine metabaolism is
expressed, certain intermediates, such as ATF and the pool of acety-ColA/Col are
addressed to this (generally termed) secondary metabolism {(Canovas et al., 2003a),
linking it with the central metabolism. The physiological role of Li-Fcamitine and
related trimethylammonium compounds in £ coff is involved in the protection
against various stress conditions, since protectant behaviour has been observed
upon  uptake and  cviosolic  accumulation  (Kleber,  1997).  Further,
timethylammonium compounds can be metabolized, in which case crotonobetaine
acts as an alternative electron acceptor [Fig.1). The camitine metabolization
pathway depends on the expression of the caTABCE operon which is induced
when cells are grown in the presence of some compounds, such as D, L-camitine
mixtures or crotonobetaine, not only in anaerobiosis but, in some species, such as
E. coli ATCC 25922 and DSM 8828, P. vulgaris and P. mirabifis, also when grown

under asrobiosis (Kleber, 1997, Obdn et al., 1999 Elssner et al., 2000, Canovas et
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al., 2002). Li-Fcamitine metabolism is repressed in growing cells subjected to
osmofic stress (Jung et al., 1990), since it does not provide any advantage for the
cell and its uptake depends on the activation of genes other than the caf operon.
Mowadays, it is known that CailT is an exchanger {antiporter) for L{-)l-camitine and
v-hutyrobetaine in £, coff (Jung et al., 2002}, which also transports crotonobetaine
(Canovas et al., 2002, 2003a). The enoyvli-CoA hydratase (CaiD) requires a CoA-
transferase activity (CaiB), CaiB and Cail both being dimers (Fig.1), while the
crotonobetaine reductase activity requires two proteins: CaiB (one dimer) and CaiA
{one tetramer). It has been vernfied that the hydration reaction of crotonobetaine into
Li-rcarnitine (CHR) proceeds at the CoAdevel in two steps: the protein CaiD-
catalyzed hydration of crotonobetainyl-Cod [Crot-CoA) to L-camitinyl-CoA (L-Car-
iZoA), followed by Cofdransfer from L-camitiny-CoA to crotonobetaine, catalyz ed
by CaiB (Elssner et al |, 2001, Canovas et al., 2003a). Thus, Cail and CaiB from E.
coff have been found to jointly catalyze the reversible biotransformation of
crotonobetaine to L{-)-carnitine. Further, it has been suggested that caiC codifies a
CoAdtrimethylammonium  ligase  (Eichler et al, 1984a), which activates
crotonobetaine-butyrobetaine/L (- }camitine when they reach the cell. The function
of protein CaiE is not totally understood and further studies must be undertaken.
Zanovas et al |, (2003a) have proposed a maodel to describe the whole activity of £,
coff able in producing L{-)-carnitine from crotonobetaine under both anaerobic and
aerobic conditions in bioreactors (Fig. 1) In resting cell processes, no carbon source
is fed to the reactor and so the cell-stored matenal is the only carbon source for the
synthesis of the enzymes involved in cell turnover/maintenance and the

biotransformation of crotonobetaine (Castellar et al., 1998, Obdn et al, 19949
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RESULTS

Growth of E. coli in the presence and absence of NaCl and using

crotonobetaine as osmoprotectant

Cells were grown on the MM and Ch media in anaerobiosis either in the
presence or absence of 0.5 M MNaCl and in the presence or the absence of
crotonobetaine as an osmoprotectant. As can be observed for both media, the final
biomass concentration was lower in the presence of salt (Fig. 2), an effect that was
overcome by the addition of crotonobetaine which acted as an osmoprotectant. The
best conditions for £. cofi growth were observed when only crotonobetaine was

added to the system.
Biotransformation with resting cells

After growth in anaerobic conditions and to allow maximum induction of the
camitine metabolism in the presence and absence (control) of MaCl, cells were
resuspended in the biotransformation medium, composed of crotonobetaine in
phosphate buffer. Cell incubation was performed in microaerophilic conditions, since
the reactor was kept as an open system with agitation, while neither air nor nitrogen
was supplied to the reactor. Biotransformation assays were performed in the
presence and absence (control} of NaCl {see Materials and Methods). As shown in
Figure 34 the addition of MaCl to the culture medium used for cell growth prior to
the collection of cells for the bictransformation process, reduced  the
biotransformation yield with respect to those grown in its absence. In fact, salt
adaptation studies showed that the growth of cells under salt stress provoked a
decrease in the bictransformation capacity of resting cell processes carried out both
with and without added NaCl. Mevertheless, cells subjected only to salt shock during
the biotransformation process increased Li-Fcamitine production with respect to
unshocked cells (Fig. 3A). Control resting cells achieved maximum Li-}-carmitine
vields in the range of 20-40%, depending on the substrate employed and its
concentration {Castellar et al., 1998, In this worl, when Nall was increased to 0.5
M, L{-}Fcamitine production from crotonobetaine with resting cells reached a vield of
B5-70%, while high salt concentrations had a deleterious effect. In Table 1,
biotransformation variables and specific growth rate at different concentrations of

Mall are depicted.
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Figure 2. Effect of salt stress on the E. coff growith with (Il O} and without (@ 03
MaCl (0.5 M), and in the presence (O,0) and absence (@ W) of crotonobetaine
(50 mhd), respectively in A) MM and B) CM media.
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Figure 3. A} Effect of salt stress on the biotransformation of crotonobetaine (500
mhd) into L{-}-camitine with cells grown with (O 0 and without (@ W) NaCl (0.5
M), and during the resting process in the presence (,0O) and absence (@ O] of
MaCl (0.5 M), respectively. BY E. coff L{-)-camitine production under different MaCl
concentrations, (@) control, W) 025, &) 035 W05 #) 0585 and @) 185 M.
Assays were carried out with 4.3 g-l'1 biomass at pH 7.5 and 37°C.



Model of salt stress in E. coli

Table. 1. Eiotransformation wariables and specific growth rates obtained at

different concentrations of MNaCl. Values are the mean of three measurements.

NaCl (M)
Control 025 025 05 085 15

CO”E’DESS'O” 40+12 | 45415 | 55221 | 685813 | 524215 [ 224419

Productivity o 1y 5 | qoe12 | 12¢08 | 14211 | 123221 | 5207

(mi/h)

Specific

growth rate | 52+03 | 42+02 | 28+02 | 23+03 | 15+01 | 08+05
(h" 310

Central metabolism during resting celf processes

To unravel the metabolic consequences of the presence of NaCl in resting
biotransformation media, the profile of metabolites and enzymes of E. coff 044174
were recorded both in the presence and in the absence of 0.5 M NaCl. Metabolism
in resting cells is only devoted to cell maintenance and the parallel biotransformation
(Fig. 6], since no carbon source is fed to the culture. From % to 24 h, the control [CL
activity doubled, reaching 129 mUMmg protein (Fig. 44) Considering the Krebs
cycle, after a slight increase of the control 1ICDOH to 203 mlU/mg protein durng the
first 5 h, decreased to 198 mU/mg protein at 3548 h iFig. 4C). The central
metabolism responded to the presence of salt in a different manner to that observed
before. The |CL activity increased at higher levels with respect to the control (25 68
mU. mg prot™), and kept increasing gradually up to the end of the biotransformation,
contrary to the control (Fig. 44). Furthermore, the energetic status of the control
cells showed that the ATP concentration decreased from 0.7 to 0.31 mM at 24 h,
decreasing slowly thereafter (Fig. 4B). In the presence of NaCl the concentration of
ATP also decreased from the levels shown by the control, though the fall was
steeper. The NADH/MNAD® ratio of NaCltreated cells was three-fold that of the
control at the end of the experiment (Fig. 4B). Moreover, the PTA and ACS control
activities decreased throughout the bictransformation, PTA not being detected after
5 h, while ACS was five-fold lower after 24 b and not detected at 72 h (Fig. 54). In
the presence of Mall, the ACS and PTA activities decreased during the first hours
of the bictransformation (Fig. 54 and SB), although the latter [ACS) with slightly
lower values than in the control experiment. These results indicated that, in resting

cells, carbon flux through the krebs cycle was more relevant and that no acetate
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was produced. With respect to the PDH complex, it doubled its levels in the control
durng the first 24 h, reaching 19.60 mU/mg protein, and then fell to 158 mU/mg
protein dunng the last 48 h (Fig. 4A), while in the presence of NaCl the increase in

activity was slightly lower.
Secondary metabolism during the biotransformation with resting cells

The presence of 05 M MNalZl increased the L{-)}-camitine vwield from
crotonobetaine biotransformation [(Fig. 68). For transport assavs, the decrease in
N methiyl- ”C}kcamitine Uptake is shown in Figure SC for resting cells both in the
presence and absence of NaCl at different points of the process. The presence of
MaCl slightly decreased the rate of transport. Moreover, the uptake decreased as
the biotransformation evolved. Most importantly, the transport rate decreased with
time, paralleling the previously described decrease of ATF for both control and
MaClktreated cells (Fig. 4B).

The hictransformation studies in these conditions showed that the CRE
activity (Caid CaiB) decreased from 18.0 to 3.0 ml/mg protein, while the CHRE
activity (CaiD CaiB) decreased sharply during the first 5-10 h from 484 to 9.0
mid/mg protein, remaining close to 10.0 mUfmg protein during the rest of the
process (Fig. BA), for both control and in the presence of MaCZl As regards Li-)-
camitine production (Fig. 64), the vield reached high levels after the first 24 h,
paralleling the consumption of crotonobetaine (Fig. 6B) The vield (65-70 %), was
higher than that obtained in the absence of NaCl (40%) (Fig. BA).

Figure 4. (FPag. 187 E. cofi Q044K74 metabolism evolution on a resting
biotransformation medium in batch systems. AY ICL (&) and PDH () activities in
mUfmg prot, BY ATF concentration (@) and NADH! NAD® ratio (%), and €} ICOH
activity (), control (black) and MaCl {open) treated cells, in mUfmg prot.

Figure 5. (Pag. 788 Evolution of E. eoff 04474 metabolism on a resting
biotransformation medium in aerobic conditions and batch systems. Ay ACS
activity (@), BY PTA activity (&), both in mUimg prot., and €Y Nimethyl-"C)-
carnitine specific uptake {®) during the biotransformation of crotonobetaine into
L{-}-carniting, at different experimental times. Control (black) and NaCl [open)
treated cells.
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Figure 6. Specific activiies of the following enzymes, A} (H) CRR
{crotonobetaine reduction reaction) and (@CHR  ({crotonobetaine hydration
reaction) in mllmg prot and (&) L{-)-camitine production, and B} (@)
crotonobetaine and  (#) biomass concentrations in batch reactors with £ colf
44k T4 resting cells in the biotransformation process, control (black) and MaCl

(open) reated cells.

Resting celis evolution during the biotransformation in the presence of NaCl

Cell heterogeneity during the biotransformation with the resting control and

Mall treated cells was recorded using a flow cytometnc method (Hewitt et al

1998). At zero time, 100% cell viability and only one cell population were assessed

by simultaneous staining (Table 2), while three sub-populations appeared after 24 h.
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In the control, 20% of the cell population were depolarised (BOX-stained cells),
while the percentage of permmeabilised and dead cells (simultaneously PIEBOX-
stained) was 5 9% Moreover, after 48 h, 40 8% of the population was depolarised,
while dead cells represented less than 1%, This low percentage was probably due
to cell disappearance (cell lysis) and to the occurrence of phantom cells. After 72 b,
depolarised cells numbered almost 70%, while dead cells remained in the range of
1-2%. However, in the presence of NaCl (0.5 M), 26 6% of the cells had lost their
membrane potential and were BO X-stained after 24 h, while 32 0% were dead cells.
After 48 h, 50.1% of the cell population was stained with BOX and the dead cells
represented 2 2% of the cell population. Thus, most of the population would be
composed of phantom cells only stained with BOX [(Mebe-Yon Caron et al, 1988) At
the end of the process 80.4% of the population was BOX-stained and 1.5% of the
population were dead cells. The percentage of BOX-stained cells durng
biotransformation was alwavs higher for MNall-treated cells than for the contral,

despite the higher Li-Fcamitine vield obtained (Fig. 3B8).

Table 2: Cell viagbility evolution in presence of NaCl during the bidgtransformation
of crotonobetaine into L{-)-carnitine using resting cells of E. coffi O44K74
harvested from an anaerobic Chl. The green fluorescence channel (FL1, BOX
stained cells) was plotted versus the red fluorescence channel (FL3, FI/BOX
stained cells). Results are presented as percentage of stained population.
Samples were taken from the reactor at 0, 24 48 and 72 h. The study was

performed using BOX and P, as explained in Materials and Methods.

Percentage of stained cells (35)

Oh 24 h 48 h 72h

Control
Intact cells 100 741 583 307
BOX 200 40.8 63.0
PIBOX 58 0.88 13

NaCl treated

Intact cells 100 4210 A7 7 18.0
BOX 26 B 500 504
PIIBOX 320 23 15
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Metabolic state of growing cells in a high cell density membrane reactor

after NaCl and crotonobetaine pulses

Since the response of £, coff cells to salt stress was fundamentally distinct in
the growing and resting production systems, further experiments were designed to
gain further insight into the salt stress response. To disciminate the resting and
growing cell responses, pulses were performed around the steady state within a

high cell density membrane continuous reactor
Osmotic upshift pulse

The osmotic upshift pulse consisted of a sudden rise {or pulse) of 0.3 M MNaill
(below 05 M, to avoid deleterous effects of cell lysis in the bictransformation, Fig.
2B). The cell metabolic state was followed after the pulse, recording the Li-)-
carnitine production pathways and the central and energetic routes. To allow the
higher expression of the latter metabolism the process was carmed out under strct

anaesrobiosis (Canovas et al., 2003a).

Fast responses were recorded in the intracellular cofactor pools within the first
few minutes following the osmotic upshock. Figure 7A depicts the decreasing trend
of the NADHMAD™ ratio, while a steep increase in the ATF levels was evident (Fig.
TC). The final products of the central fermentative pathways also modified their
levels, with a decrease of the lactate and ethanol levels (from 60 mk to 37 mid, 20
min after the pulse) as the cell addressed its metabolism towards the acetate
synthesis [Fig ¥B) This would respond to the occasional increase inthe cell needs
to obtain ATP and to regenerate NAD® (Fig 1) ATP levels started to decline, and

intial levels wera recoverad.

Figure 7A also shows that at the beginning of the osmotic shock there was a
decrease in the enzymatic activity of ICOH and ICL, both enzymes probably being
inhibited. Beside this, the NADHMAD™ ratio decreased since the cell addressed the
metabolic fluxes through fermentative pathways (e.g. the acetate producing
pathway) rather than through anaesrobic-respiratory and anaplerotic routes (Fig.1
and 7A) Coinciding with the trends observed for the fermentation products, the
enzymes of the acetate anaerobic metabolism were also regulated, since the level

of FTA activity increased while that of ACS showed the opposite trend (Fig. 7B

Figure 7C shows that the CHR activity increased until approximately 100
minutes after the MalZl pulse, reaching four-fold the original level, and then, fell to

recover its steady state level The L{-)>-carnitine level in the bullk reactor also
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increased, by almost 40% of the steady state level. This increase paralleled the
decrease in ATF levels (Fig. 7).

Lactate (mM)
o O O o
—_ ] (%) =

o
o

NADH/NAD+ ratio

o
)]

o
I

- O
3 M

RET

Acetate (mM)
oo

o

120

oo
o

ATP (uM)
$a
o

0

0 O 20 40 60 80 10012014
Time (min)

T
—
—

g)

o
|

(=
6]
ICDH (U/mg)

o
n

o
I

-\.-D -\.-A
wn o
S(U/m

[=)
0o
AC

M G -
2 8 ~
CHR (mU/mg)

—
-]
)

0
0

N W

£=)
E
o
E
-l
Q
123
E
8 2
<l
4 B
0
16 =
E
12 @
£
8'§
8
4 3

Figure 7. Evolution of £ cofi O44K74 metabolism growing on a complex medium

containing 75 mhd of glycerol inoa high density cell recycle membrane reactor

gystem under anaerobic conditions and after a pulse of NaCl five-fold that of the
basal steady state at t=0. A) (&) NADH/MNAD® ratio, (V) ICOH activity, (#) |CL
(isocitrate lvase), BY (<) acetate, (O) lactate, () PTA activity, () ACS activity
and Cy (&) ATF, (W) CHE activity and (e} L{-}-camitine.
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Substrate pulse in steady-state saft stressed cefls

Since the presence of MaCl within the reactor increased the L{-}camitine
production by approximately 75% when using resting cells (Fig. 3B) it was also
decided to determine the effect of a bictransformation substrate (crotonobetaine)
(Fig. 1) pulse in the presence of a steady state osmotic stress. To avoid deleterious
effects on L{-}-carnitine metabolism expression, 0.2 M MNaCl was chosen {five-fold
higher than that currently used). The pulse consisted of a sudden five-fold nse in the
crotonobetaine concentration {0.3 M) in a high cell density membrane continuous

reactor around the steady state.

Again, the faster responses were observed in the coenzyme pools. During the
first minutes following the crotonobetaine pulse, the cell was devoted to lactate and
ethanol synthesis {around 0.1 and 30 mM, respectively), thus being able to re-
generate NAD® However, the NADHMAD® ratio increased since a higher carbon
flux was devoted to acetate/ATP synthesis, the steady state basal level being
reached after the perturbation (Fig. 84 and B) Since the pulse consisted of a
sudden rise in the crotonobetaine (Crot) concentration, cellular ATF diminished,
having been consumed durnng transport and even during activation into
crotonobetainyl-CoA (Crot-CoA) by CaiC activity (Fig. 1 and 8C) as well as in other
metabolic processes. With respect to the Krebs cycle and the glyoxylate shunt,
Figure 82 depicts an increase in ICDH enzyme activity while the [CL activity fell
shamly, even though NADH levels rose during the first minutes. Actually, if the initial
activities (Fig. 82&) for both enzymes are compared with those in the previous pulse
not involving a steady state osmotic stress (Fig. 7A), it is observed that the levels in
the previous pulse were lower, especially in the case of ICL. Further, Figure 8B
shows that there was a decrease in acetate levels during the first few minutes
following the pulse, although they increased afterwards, with a parallel slight
increase of the PTA activity, generating also ATF and a decrease in ACS activity.
Therefore, the ICOH/ACL and PTASACS ratios recorded must be a consequence of

the osmotic stress.

After the crotonobetaine pulse, L{-}-carnitine production increased and energy
consumption was directed to the transport and activation of crotonobetaine (Fig 8C)
as well as for other processes. The altered ATF levels recovered after
approximately the first 20 min. (Fig 8C) At the same time, as shown in Figure 8C
and coinciding with the higher availability of substrate, the CHE activity increased,

either as a conseguence of higher induction or as a consequence of the higher
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availability of the cofactors necessary for s activity (Crot-Cod, L-Car-Cof). The

consequence of this increase in activity was the higher L{-}-camitine production.
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Figure 8. Evolution of E. coff 044K 74 metabolism growing on a complex medium
containing 75 mhd of glyceral in & high density cell recycle membrane reactor
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DISCUSSION

It has been demonstrated that Li-)}-camitine and crotonobetaine are involved
in the osmoprotection of £, coff both in aerobic and anaerobic growth conditions
{Jung et al., 1990; Verheul et al, 1998) Besides, anaerobic L{-}Fcamitine uptake by
the camier CaiT is not related to osmoprotection (Verheul et al, 1998) and thus its
metabolization by caf operon-coded protein products must be considered mainly as
an altemative anaerobic respiration pathway, which would be physiologically
important in intestinal populations of enterobactena. Consistent with this double role
as osmoprotectant and electron acceptor, crotonobetaine always increased the final
biomass growth of £ cof in the presence of MNaCl with respect to control
experiments in which crotonobetaine was not added. Further, when no salt was
added to the reactor, crotonobetaine itself increased the final biomass growth (Fig.

21, which can be explained by its energetic role in anaerobic respiration.

On the other hand, the growth of cells under salt stress provoked a decrease
in the bictransformation capacity of resting cell processes camed out both with and
without MaCl addition (Fig.3A). This might mean that growth on MNaCl affects the
expression of the camitine metabolism, camitine transporter activity (CaiT) or even
whaole cell membrane activity, finally leading to a loss in viability (Table 2). However,
cells which had been grown without NaCl, showed an increased L{-Fcamitineg vield
(Fig. 3A) if subjected to salt shock only during the biotransformation process in
resting with respect to unshocked cells. Therefore, the difference between growth
with and without salt stress and resting in the presence of salt stress must have

been due to the effect on the cell metabolism andfor physiological state.

Mo simple answer can be proposed to explain this empiric observation. The
facts seem to point to the activation of betaine transport by long termm exposure to
salt or some beneficial effect on mass4ransfer from the medium, through
modification of the structure of the E. coff cell outer membrane (O, cell wall or
plasmatic membrane, which would facilitate the interchange of extracellular
compounds with the cytoplasmic compartment. In fact, the biotransformation of
crotonobetaine into L{-Fcamitine by resting cells in the presence of 0.5 M NaCl was
almost twio-fold that of the control. Moreover, it was observed that during salt stress-
associated betaine-transporter activation {ie. salt induced transporters, ProlJ and
FroF), CaiT was affected and this slightly reduced the uptake of L{-}-carnitine
(Canovas et al., 2003¢). Therefore, when crotonobetaing is biotransformed into Li-)-
carnitineg under salt stress, the carmiers Prold and FProFP, which have both been

shown to be stimulated orfand induced under salt stress (Werheul et al., 1998), and
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the antiporter CaiT (Jung et al., 2002, Canovas et al., 2003c) coded by the caf
operon, would worke together Howewver, since Frol and FroP are irreversible
transporters, they might have achieved kinetic equilibrium by adjusting the
timethylammonium compounds uptakefefflux ratio, and thus CaiT, which is an
antiporter and thus reversible, would be the most active durng biotransformation,
while the osmotically-induced transporters would increase the concentration of
intracellular betaines against the transmembrane gradient. The ProP transporteris a
compatible solute/H® antiporter {(Macmillan et al., 1999), while the Prol system
belongs to the ATF binding cassette transport systems (Csonka, 19913, and so,
directly or indirectly, both transporters are ATP-dependent and require energy (Fig.
4B

Metabolic studies performed in batch with resting cells (crotonobetaine only in
the buffer biotransformation medium) underlined the importance of the glyoxylate
shunt, since the ICL activity was double that of the control (Fig.44), indicating that
the cell stored material was being mobilized for maintenance, since no carbon
source was used. In anasrobic batch growing cells, Canovas et al. (2002a) also
observed the importance of the glyoxylate shunt compared with the Krebs cycle
during the bioprocess, since both compete for the same substrate. Competition was
already mentioned by Cronan and La Porte {1996), who described the existence of
the acaeBAK operon, codifying for the glyoxylate enzymes (ICL: aced and M5 acel)
and a third enzyme [(ICDH-kinase/phosphatase: acek), which performs a post-
transcrptional modification of ICDH, which inactivates it and improves opportunities
for ICL. Ancther fact to bear in mind is that ICDH activity remained higher than
control levels, indicating a certain TCA cycle activity under salt stress, comroborating,
as mentioned above, the higher demand for energy and metabolic intermediates in
the presence of salt stress. Despite this, the cell energetic status, as revealed by the
ATP level, decreased during the biotransformation by resting cells, since ATF was
being used in cell maintenance and in the biotransformation (Canovas et al., 2003a),
this decrease being faster than in the absence of salt stress [(Fig. 4B8) Varela et al.
(2004) also observed and determined that the maintenance coefficients for cellular
integrity decreased with the medium osmoaolality when working with Corynebacterium
giutamicum. Moreover, in this work, the ICDHACL ratio ranged from 5 at the
beginning to 2 at the end of the process, suggesting the importance of this ratio to
gain energy and intermediaries. Higher ratios have been found for growing cells in
cell recycle reactors, indicating that the functioning of the glyoodate cvcle is less

important compared to TCA during exponential cell growth (Canovas et al., 2008).
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Besides, the FTA and ACS aclivities decreased throughout the biotransformation
process both in control and MNaCl treated cells (Fig. %), partly due to the lack of
carbon source and partly because these enzymes belong to the £ coff anasrobic
metabolism and the biotransformation with resting cells was performed in the
absence of agration. Canovas et al. (2003a), using batch growing biotransformation
systems, suggested that acetw-Cod was transformed into CoA and acetyl-
phosphate, this pathway rendering acetate and ATF by the acsetate kinase enzyme
(ACK) (Kleman and Strohl, 1994) (Fig. 1), In fact, in batch cell growth
biotransformations, acetate can also be used by £ colf to produce acetyl-CoA
through ACS (high affinity, working at low concentrations) or through ACK-PTA, {low
affinity and reversible, uptaking acetate at high concentrations); however, in resting
cells only traces of acetate were detected. This work also shows that in resting cell
systems using control and MNaCl treated cells and microaerophilic conditions
{absence of aeration), PDH activity slightly increased and remained constant during
the experiment, renderng pyruvate and acetyl-Co&. Furthermore, the NADHMAD?®
ratio [Fig 4B} regulates the PDH (Fig. 44) and FFL enzymes, a low ratio implying
lowy levels of reducing power and higher PDH enzyme activity, while high ratios
inactivate the PDH and activate PFL (De Graef et al., 1999). Correspondingly, this
study reveals that in the biotransformation by resting cells, the NADHMNAD® ratio
was higher in the presence of NaCl than in the control, and that the increase in the
FDH activity was lower than that observed for the control (Fig. 44). Therefore, the
results demonstrate the relationship between the central carbon and the camitine
metabolism both in the presence and the absence of Mall, and confirm the
importance of the TCA and glyoxylate shunt during the biotransformation. Moreover,
the increase in ICL and ICDH activity in the presence of MalCl (Fig. 4) indicates that
the stress imposed by the high salt concentration affected the cells at cell
metabolism level, as reflected in the NADHMNADT ratio and by the evolution of the
intracellular ATF pool, the cell metabolism being addressed towards energy
production and the synthesis of intermediates to maintain the cell structure. Further,
though it has been described that IcIR is involved in regulating the coordinated
expression of the glyoxvlate bypass and the ACS pathway to allow growth on
acetate (Cortay et al., 1991, Shin et al., 1997), under resting cell conditions the

glyoxylate bypass is probably mainly devoted to the mobilization of stored material.

Canovas et al (2003a) stated that ATP and acety-ColAfCoA pools were the
points of connection between carnitine and central carbon metabolisms (Fig.1).

Furthermore, the importance of the ATP pool was highlighted, since the decrease of
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its level coincided with the cessation of L{-}camitine production and a sharp
decrease in CHR activity (Cail:CaiB, Figs. 1, 4B and 6B) at 15-18 h, as well as with
the decrease inthe transport rate throughout the biotransformation process (Fig. 48
and 5C). In fact, Canovas et al., (2003a) showed that during batch processes the
best biotransformation conditions were associated with the growth phase, in which
higher production of energy from the reducing power and higher levels of acetyl-
CoAMCoA were evident. Furthermore, ATP is necessary for the transport of
timethylammonium compounds (Canovas et al., 2003a) and since energy is
reguired for the action of other ligases (Vessey and kelley, 2001), energy would also
be necessary for the action of the putative crotonobetaine/butyrobetaine Cob, ligase
(CaiC) that has been proposed to synthesize the crotonobetainyl-Cof  or
y-butyrobetainyl-ZoA required for the activation of the timethylammonium
compounds (Elssner et al, 2000 (see Fig. 1) In this work, the results related with
the bictransformation enzyme activities in resting followed the same behaviour both
in the presence and absence of MaCl. The decrease in CHRE activity may be due to
the fact that if ATP decreases, crotonobetainefhutyrobetaine Cod ligase (CaiC)
cannot work, lowering the level of Crot-Coa required as a co-substrate for the CHE
activity (CaiB: CaiD). Furthermore, durng resting cell processes, the importance of
the cell stored materal was obwious in both the presence and the absence of Mall,
since the activities of ICL, ICDH and PDH remained high (Fig. 44, 4C and 6). This
suggests the synthesis of cell-maintenance compounds and energy through the
mobilization of energetic stored material. Besides, cell metabolism was not devoted
to the production of new cells (in Fig. BB, the biomass decreased slightly) and the
cell ATF levels fell rapidly from the start. These facts provide a possible explanation
for the high vield of Li-}-camitine since, rather than being devoted to growth during
the first 22 h (Fig. 6B), the energy and material stored within the cell was devoted to
the biotransformation and cell maintenance in the resting state. This decrease in the
ATP level may thus be the possible limiting step of the biotransformation, since ATF
might be necessary for transport and activation prior to further biotransformation

(Fig. 1).

In order to unravel the underlying mechanisms responsible for the distinct
effects on growing and resting cells (Figs. 2 and 3), experiments were also planned
on growing cells. High density cell recycle membrane reactors were chosen as a
model system since they have previously been characterzed from the metabolic
and productive points of wiew (Obdn et al., 1999, Canovas et al., 2003a). Pulses of

MaCl (to generate a sudden osmotic stress response in steady state growing
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biotransforming cells) and bictransformation substrate in the presence of a steady
state level of NaCl (to make osmotically stressed cells in the steady state respond to
a higher biocatalyvtical pressure ) were camied out and the effects on the central and
carnitine metabolism were followed. Fast responses in the intracellular coenzyme
pools were ascertained after the MNaCl pulse, since the NADH/MNAD® ratio decreased
parallel to an increase inthe ATP content. It has previously been reported that in the
first minutes after an osmotic upshift several membrane-dependent functions stop,
ATPase activities are inhibited and respiration temporarly ceases (WWood, 1999
Howewver, steep increases in  intracellular ATP  due to  substrate  level
phosphorylations have also been described (Ohwada and Sagisaka, 1987
Moreover the effect on the profiles of fermentation end-products was represented
by a decrease in lactate and ethanol levels and an increase in acetate synthesis
(Fig. 7B}, since the cell rearranged its metabolism to obtain ATF (Fig 1) The PTA
and ACS enzvme profiles correlated well with this latter observation, also
responding to the up-regulation of RpoS by inhibition of ACS and activation of the
FTA expression (Fig. 7B), as previously reported (Shin et al., 1997, Kumari et al.,
2000b). Considering the low energetic vield that is associated with the production of
acetate, this pathway has usually been considered as an overflow metabolism under
aerobic conditions (Chang et al., 1999). It works to provide additional energy when
the respiration capacity of the cell is saturated. Thus, the increase in acetate
production which follows the MaCl pulse can be considered as a consequence of the
transient inhibition of anaerobic respiration {Wood, 1999} and may explain the

parallel ATPF production.

Although the ATP level increased at the beginning, it soon fell since it was
used by the camitine metabolism ({transport and activation) as well as other central
metabolic pathways. AL the beginning too, both ICOH and ICL enzvmes were
probably inhibited and/or a sort of regulation occurred, the I(CDHACL ratio ranging
from 013 to 024, although both recovered their initial levels afterwards. In a
previous worl:, [CL activity was seen to increase during the entry into the steady
state of a continuous reactor, indicating the need for energy production and
intermedianies through anaplerotic reactions (Canovas et al., 2003a) After the MNaill
pulse, the NADHMAD® ratio fell since the cell addressed the metabolic fluxes
through other pathways to produce acetate and synthesise ATP (Fig.1 and 7A) and
produce ethanol (which levels decreased from 60 to 37 mhkd 20 min after the pulse).
After quantifying the increase in the maintenance coefficient for ATF (MATP), cell

integrity and cell productivity with  medium osmolality for Corynebacterium
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giutamicum, other authors (Varela et al., 2004) have also shown that flexible nodes
alter flux distribution in order to allow a reordenng of the central metabolism and the
covering of cell ATF necessities under these conditions . Similarly, in our work, CHRE
activity and L{-}camitine production increased after the NaCl pulse. The rapid
increase seen in the intracellular ATP content, favouring substrate activation through
the putative Col-ligase CaiC (Eichler et al., 1994a) and probably substrate and
product transport (Jung et al., 2002, Canovas et al., 2003a) might explain this fast
response. Further, the previously reported activating effect of NaCl on £ coff
betaine transport (Canowvas et al., 2003c) could also reduce the transport limitation,
which has already been suggested as a feasible biotransformation bottlenecl
(Sevilla et al., 2005). MNevertheless, osmatically stressed growing cells have been
seen to express lower biotransforming activity (Fig. 34), probably due to the up-
regulation of EpoS, which acts as an inhibitor of caf and fix operons (Eichler et al.,
1996). However, even though caf operon might have been repressed under the salt
stress conditions {the tumover of the proteins coded is sufficiently low and not
limiting), the mentioned effects of NaCl could be taken as a sort of activation of its

expression in short-term experiments (two hours lasting expermental window ).

After the pulse of crotonobetaine in the presence of 0.3 M bulk reactor MaCl,
the MADH/MAD® ratio increased. To ascertain whether this response depended on
the presence of salts, a control expernment in the absence of salt was performed
and the same behaviour was found (data not shown). Thus, either the MADT
regeneration rate was lowered or MNADH generation was increased after
crotonobetaine pulse. Crotonobetaine can be used by £ coff as an electron
acceptor, as confirmed by the generation of w-butwobetaine in the absence of
alternative electron acceptors in the media, such as oxygen (Canovas et al., 2002)
or fumarate (Castellar et al., 1998). Under anaerobiosis, and considernng the
probable transient inhibition of respiration of bacteria, the production of acetate
rather than lactate and ethanol was required in order to obtain "fast” ATP. The last
two routes are only used to re-generate MADH, as is depicted in Figure 1, and the
level of lactate, after a peak devoted to generating NAD*, diminished since the salt
stressed cell was now principally devoted to obtaining energy (Fig. 1 and 8B). Also
as a consequence of the osmotic stress, there was an increase in crotonobetaine
uptake into the cell to counteract stress, which also helps to explain the increase in
Li-Fcamitine production (Fig. 8C). However, after the first few minutes, acetate
recovered its basal steady state level and so the ATF cell content kept increasing,

matching its behaviour. Moreover, it was obvious that there was an increase in the
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acetate level parallel to the increase in PTA aclivity and the decrease in ACS
activity, as depicted in Figure 8B. This represented a sort of regulation to generate
ATP since the FTAMACS ratio ranged from 10 to 30 at the end of the study (need for
ATP). The ACS pathway is considered to be repressed by catabolites and induced
by acetate, acting at low concentrations of acetate (Brown et al, 1977). Further,
during cell growth the enzyme ACS is positively regulated (thus generating higher
acetyl-CoA equivalents) by CRF (in the presence of high levels of cAMP) and FNE
{at low oxygen partial pressure) (Kumari et al, 2000a). Furthermore, its transcription
has been determined to be prmarily dependent on the o subunit of RNA
polymerase, while it is negatively affected by the o factor (RpoS protein) (Kumari et
al., 2000b), which is responsible for the stress response after osmotic upshift
(Hengge-Aronis, 20027 It should be remarked that the steady state activities of 1CL
and ICOH inthe high density cell recycle reactor in the presence of NaCl were four-
fold the steady state levels in the absence of NaCl, thus demonstrating the effect of
a steady state salt stress on the central metabolism of the cell (Figs. 7A and 84), at
the level of the cellular need for anaplerotic reactions and energy. Higher fluxes in
the central energy-producing and anaplerctic pathways have also been found when
Corynebacterium gittamicum was exposed to increased osmolality (Varela et al,
2003, 20040, Thus, the results obtained after the pulse of crotonobetaing in steady
state salt stress conditions might indicate crucial changes around isocitrate, since
the glyoxylate shunt was nearly inhibited andfor regulated (Fig. 84), while the
tricarboxylic acids cycle (TCA) was more active since the ICDH activity increased
and the ICL activity decreased up to the level of the steady state of the reactor prior
to the NaCl pulse (Fig. 7A). Therefore, the ICOHACL ratio ranged from 013 to 1.30
at the end of the study “Wwhen the crotonobetaine pulse was performed in the
absence of salf stress (results not shown), the response was the contrary, that is,
decreased |CDH and increased [CL. Although in the absence of salt stress the
NADH/MNADY ratio followed a similar trend, the time profile of intracellular ATP
showed a decreasing trend, probably as a result of the totally different response
around the TCAMyvoxlate cycle node. The greater need for energy to maintain the
cellular functions of cells exposed to salt stress together with the increase of the
biotransformation rate after the pulse would explain this. Furthermore, the
expression of ATP-drven transporters for compatible solutes, such as Prold and
FroP, which might favour the biotransformation, could also respond for these

enengy-depleting conditions.
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Around 50 and B0 min after the crotonobetaine pulse, the level of CHR activity
(twenty-times the steady state level) diminished until it reached the steady state
levels. On the other hand, the levels of L{-}camitine kept increasing as a
consequence of the high levels of ATP generated, confirming that the production of
Li-Fcamitine depends on the levels of ATP and that as a consequence of a salt
stress, its level was higher. Therefore, after the crotonobetaine pulse, the Li-)-
camitine level increased principally due to the following causes: a) The reactor bulk
contained five-fold the standard MaCl concentration, and b) There was an increase
in available crotonobetaine, leading to increased intracellular crotonobetaine levels
and, as a result, Li-}carmitine production. Moreover, as a result of the
crotonobetaine pulse the PTASACS ratio controlled the production of ATP coupled to
acetate production and 1COH activity just as the lactate and ethanol production was
controlled by the NADHMNADT ratio. Finally the perturbation allowed a substantial
increase in the level of L{-Fcamiting in the reactor, showing the possibilities of new

strategies for process improvement.

On the other hand, during the biotransformation with resting cells, the BOX-
stained cell population (depolansed cells) grew with the incubation time, implying the
existence of intact cells which were probably viable but non-culturable. This fact
indicates that, as cells become stressed, the metabolic pumps will be inactivated
and the cytoplasmic membrane will eventually depolanse, permeabilizing before cell
death. Inthe presence of NaCl (0.5 M) in the biotransformation media, a higher BOX
staining percentage than that without NaCl was ascertained due to the osmotic
stress. It has been observed that MaCl produces a degree of cell permeabilization
due to osmofic stress (Mebe-Von Caron et al, 1998) These findings are very
important since for the first time it can be demonstrated that biotransformation with
resting cells is also performed by damaged cells. This is also important since the
state of each cell contributes to the overall rate and efficiency of the metabolic
activity of the cell population as a whole, and the quantification of heterogeneity
durng biotransformation constitutes an important achievement for process control
and optimization. However, the most important fact is that NaCl provoked a
permeabilizing effect, probably at the level of the OM. Detergents and organic
solvents cause cell permeabilization at the level of the OM, even though the
mechanism is not totally clear (Canovas et al., 200%) Therefore, in this study MaCl
permeabilization probably affected the OM so that crotonobetaine would enter the

cell more readily and L{-)-carnitine would leave more rapidly by carmer-mediated

202



Model of salt stress in E. coli

transport, an effect, together with the metabolic effects observed, which would justify

the improvement in the biotransformation vield.

Thus, from the metabolic point of view the increase in L{-J-camiting production
in the presence of salt may be the result of an increase in the ICDHACL, PTAMACS
and NADHMAD® ratios, which would increase the activity of ATP-dependent
transporters (Frold and FroP) and camitine metabolism enzymes, together with the
possible permeability effect caused by WaCl at long times. Furthermore, when the
pulse of crotonobetaine was made in the presence of Mall, the cell required so
much ATF that PTAMACS increased and also ICOH generated NADH in the TCA
cycle far ATF production.

The metabolic enzyme aclivities measured herein are in fact the combined
result of the whole metabolic function involving, for instance, the presence of
positive and negative allostenc effectors. Wittman et al. (2005) showed that the tight
correlation of many metabolites throughout the entire oscillation cycle of S,
cerevisiae coluld be an indication that these pools are efficiently equilibrated by the
corresponding  enzymes, ie. the comesponding enzyme is operating near
equilibrium. Finally, it must be remarked that stress response in £, coff is triggered
by the up-regulation of EpoS (Hengge-Aronis, 2002, Mandel and Silhavy, 20057,
which is being displaved not only in the presence of salt and starvation {our study
with resting cells), but also due to other environmental stresses, all of them affecting

the central metabolism of the cell.
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CONCLUSIONS

This study shows, for the first time, that as a result of osmotic stress £, coff
resting cells were affected at the level of glyoxyvlate shunt/TCA cyvcle, indicating the
important role played by gluconeogenesis and the consumption of cell stored
material, as wel as the Krebs cycle activation for intermediates, ATP and reducing
powier. However the effect of subjecting the cells to a pulse of osmatic stress in the
continuous reactor increased the concentration of ATF and decreased the levels of
MADH and, as a result, there was a higher synthesis of Li-}-camitine. Moreover,
after the pulse of crotonobetaine in the presence of NaCl, it was observed that the
higher ATF availability stemmed from the osmeotic stress to which the cells were
subjected, allowing a higher production of Li-)-camitine, without letting the levels of
ATP diminish as dramatically as in its absence. Furthermmore, the cellular energetic
levels were regulated by the ICDOHACL and PTAMACS ratios, which indicate the
participation of the glyvoxylate cycle (need for energy and cellular intermediates), the
ticarboxylic acid cycle (needs for intermediates and to lower the reducing power)
and the metabolism of the acetyl-Coldacetate in the cell. The increment in Li-)-
camitine obtained in the presence of NaCl might be also due to the effect of salt on
the OM, permeabilizing the cell as was shown by staining with Pl and BOX.
However, flux analysis with respect to the central carbon and the camitine
metabolisms, as well as a study of the still kinetically unknown enzymes (CailZ and
iZalB) and the RpoS regulatory network under the different production environments
should be camied out. This work is being undertaken by our group to fully

understand bictransformation by the complete E. coff metabolism.
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NOMENCLATURE

aceBAK Operon for the glyoxylate shunt cycle.
ACK: Acetate kinase.

ACE: Acetyl-Col synthetase.

ArcAB Regulator of the anaerobic/asrobic metabolism that in anasrobic inhibits
TCA, ETC, and PDH complex, while activates PFL,

cAMET Cyclic AMP

CHR: Crotonobetaine hydration reaction (CaiD:CaiB).

CRF: Catabolic repression via protein receptor AMPC.

CRR: Crotonobetaine reduction reaction {Cai& CaiB).

25 Citrate synthetase.

ETC: Electron transport chain.

fixABCH, Operon necessary for crotonobetaine reduction in Escherichia coli.
FME: Transcriptional regulator of the caf operon under anasrobiosis.
H-MNS: Histone protein.

ZDH: Isocitrate dehydrogenase.

IcIR: Represor of ICL and activator of ACS.

L Isocitrate lyase.

LDH: Lactate dehydrogenase.

M5 Malate synthetase.

FEF: Phosphosnolpyruyv ate.

FEPCK: PEF carboxykinase.

FEFPCX. PEF carboxylase.

FFL: Pyruvate formate lyase.

Fi Pyruvate kinase.

FTA: Phosphotransacetylase.

TCA: Tricarboxylic acids cycle.
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o or RpoS: Sigma subunit of RMA polymerase, upregulated upon entry into
stationary phase, and in response to varnous stresses, inhibiting camitine

metabolism,
caiTABCDE : Carnitine operon.
iZaiT: D L-carmitine/crotonobetaineAyv-butyrobetaine transporter,
CalA Crotonobetaine reductase.
CaB: CoA-transferase.
iZalC: Putative crotonobetaine/D L-carmitine/y-butyrobetaine Cod ligase.
CalD: Enoyl-CoA hydratase.
Calk: Protein of unknown function.

CalF. Activator of caf operon, active in presence of DL-carnitine mixture or

crotonobetaine.
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Role of betaine:CoA ligase (CaiC) in the
activation of betaines and the transference of
coenzyme A in the production of L(-)-carnitine

in Escherichia coli.

Los contenidos de este capitulo han sido enviados para publicar como:
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betaines and the transference of coenzyme A in the production of L{-)-
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Rale of CaiC in carnitine metabolism

ABSTRACT

In order to determine its role in the metabolism of trimethylammonium
compounds, carnitine:CoA ligase (CaiC) was cloned and oversxpressed in
Escherichia colf Betaine CoA ligase activity was detected in cell free extracts and
the products were analyzed by electrosprayv-mass-spectrometry (ESFWMS). The
substrate specificity of the enzyme was high, reflecting the high specialization of the
carnitine pathway. & Cof-transferase activity was also detected /n wifro, though the
most feasible role of CaiC is probably in the synthesis of betainyl-Cofs. The
overexprassion of CaiC enhanced the biotransformation of crotonobetaine and Di+ ¢
carnitineg into L{-Fcamitine. In fact, the wield from crotonobetaine was improved
nearly ten-fold, reaching up to 42% . Higher vields were obtained using resting cells,

even when Di+ }-camitine was used as substrate
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INTRODUCTION

The metabolism of L{-Fcamitine (R{-1-3-hydroxw-d-trimethylaminobutyrate) in
£ colf has been widely studied because of its implication in stress survival and
anaerobic respiration, although its role is not totally understood (Kleber, 1997,
Elssner et al., 2001, Engemann et al., 200%). Increasing demand for this compound
has led to greater efforts to develop new production processes. Wwhole cell
biotransformation by Enterobactera has a great potential for the recyding of waste
products such as Di+}Fcarnitine or crotonobetaine (Obon et al., 1999, Canovas et
al., 2002). The secondary metabolism of £ coff has been used for L{-}Fcamitine
production with both growing and resting cells (Castellar et al., 1998, Obdn et al,
1998, Canovas et al |, 2002}

Crot

L-Car : L-Car W L-Car-CoA

D-Car CaiD?

ai
D-Car - D-Car-CoA
Cala

Figure 1. Schematic representation of the metabolism of trimethylammonium
compounds in E coll strains. Caif crotonobstainy-CoA reductase;, CaiB: CoA
transferase;, CaiC. betaine:CoA ligase, Cail. enoyl-CoA hydratase;, Cail.
carnitinefcrotonobetainefy-butyrobetaine  antiporter. L-car Li{-)-carnitine; Craot:
crotonobetaing; w-BE y-butyrobetaine. The camitine racemase activity is probably
due to CaiD.
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Though Li-Fcamitine is a secondary metabolite of £ cofi, biotransformation
occurs at the coenzyme-A [CoA) level [Elssner et al., 2000, Canovas et al., 2003).
In brief, crotonobetaine is transformed into Li- Fcamitine through the involvement of
two enzymes, an enoyl-CoA hydratase (CaiD) and a Cof-transferase (CaiB), which
are induced anaerobically in the presence of D L-carnitine or crotonobetaine
(Elssner et al, 2001). Besides, reduction into whutyrobetaine is camied out by
crotonobetainyl-CoA reductase (Cald) [(Preusser et al, 19399, Elssner et al., 2001],
which is only active on the CoA denvatives (Fig. 1) Genetic studies have shown that
the cai operon is responsible for expression of the transporter and camitine

metabolism enzymes (Eichler et al., 1994a).

Elssner et al. (2000) determined the nature of the cofactor necessary for L{-)-
camitine metabolization, which allowed them to propose a mechanism for the
biotransformation process (Elssner et al., 2001). In this model, the transfer of Cob
played a central role in the biotransformation. However, a CoA-ligase activity to
activate the substrate should be essential (Fig. 1) Though CaiC was initially
proposed to be a betaine CoA ligase (Eichler et al., 1994a), its actual role has not

been characterized to date.

The role of CaiB and CaiC in maintaining the cellular betainyl-Co pool and in
the bictransformation is also insufficiently understood. In this work, CaiC has been
cloned and overexpressed for the first time and its enzyme activity and role in the

biotransformation analyzed.
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MATERIALS AND METHODS

Strains and plasmids

£ ool O44K74  (DEM 8828, Kleber, 1997) owverexpresses camitine
metabolism. £ cof LMG194 (ATCC 47090, Guzman et al., 199%) [F~ Alacx74 galt
gatk thi rpsl Aphod (Pwall) Aarari4 few Tni(d] is defective in L-arabinose
metabolism (Guzman et al, 199%) and was uUsed as expression host. £ coff
BWv25113 (Baba et al, 20068) and its caif and cail KO-denvatives were kindly
supplied by Prof. H. Mor (Keio University, Japan). All the strains containing the
complete divergent structural caf operon express carnitine racemase (CRac) and
carnitine dehvdratase (CDOH) activities. The strains were stored on culture medium

containing glycerol (20%) at —20°C

Flasmid construction was performed using standard molecular biology
technigues (Sambrook et al,, 2001). Specific oligonuclectide primers were designed
to amplify ca/C by PCR and cleavage sites for Xbal and Pstl were introduced for
directed-cloning into the arabinose inducible pB8AL24 expression vector (Guzman et
al., 1995).  The oligonuclectides emploved  were:  CaiC-forward: 5
CGTGGTTCTAGAAATCCATAGAGGTGCALTGGAT-3", and CaiC-reverse: 5'-
GGTGGTOTGUAGTTATTTCAGATTCTTTCTAATTATTTT-3.  Construction  was

verified through sequencing.
Batch cultures

Zells were grown using LE-broth. The pH was adjusted to 7.5 with KOH and
ampicillin {100 yg/mlL) was added after autoclaving. For the biotransformation
experiments, the media were supplemented with 20 mh crotonobetaine or Di+)-
carniting as substrates. Anaercbic conditions were maintained to induce the
enzymes involved in the carnitine metabolism, while D, L-carnitine or crotonobetaine
were supplied as inducers of the caf operon. L-arabinose 0.15% was used as the

inducer of the cloned genes.

Anaerobic batch experiments were performed under nitrogen atmosphere in

Biostat B (Braun, Germany) reactors, using a 0.5 L working volume.
Resting experiments

For the resting cell experiments, anaerobic cultures were harvested at the end
of the exponential growth phase, centrifuged at 16,000 x g for 10 min and washed
tevice with 87 mhd phosphate buffer, pH 7.5, Finally, the cells were re-suspended in
50 mM crotonobetaine or D+ Fcamitine in 50 mM phosphate buffer, pH 7.5 at 37°C
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and left in the reactor system. All the experiments were performed at least in
triplicate and under sterile conditions. The values reported are the means of the

assays performed.
Assays

Cell growth was followed as absorbance (A) at B00 nm  with a
spectrophotometer (Movaspec |, Phamacia-LKE, Sweden) and comrelated with cell
dry weight. The analvical methods used for camitine, crotonobetaine and

v-butyrobetaine have already been described (Canovas et al., 2003).
CaiC enzyme activity detection

CalC enzyme activity was assayed following a modification of the method
described by Vessey and Kelley (2001). The reaction mixture {1 mL) contained 50
mhd sodium phosphate buffer (pH 7.5), 3 mi ATE, 10 mb MgCls, 0.5 mid Cob and
an appropriate amount of cell free extract. After 5 min incubation at 37°C, & mh
substrate (Li-}camitine unless othenwise stated in the text) was added and the
reaction was started. The reaction was stopped with 15% (w/fv) tnchloroacetic acid
(TCA). After centrfugation (10 min at 19,000 x q), the supernatant was neutralised
with KOH. The reaction was monitored by HFLC.

HPLC: detection of CoA derivatives

Cod dervatives were analyzed in an HPLC system (Shimadzu, Kyoto, Japan)
equipped with a p-Bondapak™ Cqp (Millipore) column (4.5 mm x 25 cm) with UV
detection at 254 nm. Two mobile phases were used: A (0.2 M sodium phosphate pH
5 buffer) and B (80% 0.25 M sodium phosphate pH & buffer, 20% acetonitrile) at a
flow rate of 1.0 mL/min (Boynton et al., 1994). The gradient profile was: B, 3% at 0.0
min, 18% at 7.5 min, 28% at 10 min, 20% at 15 min, 40% at 25 min, 42% at 26 min,
0% at 25 min, 3% at 36 min, 3% at 45 min. The compounds were identified on the

basis of their retention times.
HPLC: detection of ATP, ADP and AMP

A modification of the method by Manfredi et al (2002} was followed. The
above mentioned HPLC system and column were used. Samples of CaiC enzyme
activity were compared with standards of ATP, ADP or AMP . The mobile phases
were: A (25 mi MNaH.POy, 100 mg/L tetrabutylammonium, pH ) and B [(10%
acetonitrile, 200 mhd MaHPO4, 100 mg/L tetrabutylammonium, pH 4] Flow rate was

adjusted to 1 mL/min. The gradient profile was modified to the following content of
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buffer B: 0% isocratic for 10 min, 50% at 20 min, 100% at 25 min, 0% at 20 min.

Samples were UY monitored at 254 nm.
Mass Spectrometry

The ESI-MS spectra were recorded using an AGILENT VL HPLCMS system.
Samples were solid phase extracted using Sep-Pack™ Cartridges Plus Cye (Waters,
Milford, USA)L Agqueous samples were applied to the cartridges and the Cob

derivatives were eluted with 40% acetonitrile.

The parially punfied samples were injected into the MS detector and the
spectra were recorded in the positive and negative modes. hMass scans were
performed from 300 to 1100 méz. For the acquisition of the spectra, Octopole RF
amplitude was 120 Vpp. Capillary Exit was set at -154 68 Y and Capillary Exit Offset
at -804 Y The dry gas flow rate was 9 Limin and the pressure of the nebulizer was

set at 60 psi. Dry temperature was set at 350°C
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RESULTS

Cloning and expression of CaiC.

CalC was originally proposed to be a betaine.Cof ligase on the basis of
sequence similanties (Eichler et al., 1994a). MNevertheless, no expermental
observation supports this statement to date A database search revealed the
existence of several bacterial sequences very similar to CaiC (EcoGen reference:
EG11558), most of them belonging to the group of Enterobacteria (Eschearichia,
Shigets, Salmonela, Profeus) and annotated as probable
crotonobetaine/camitine Cod ligase because of their homology with the gene of £
cof 04474 However, none of them has been functionally characterized wet. In
addition, a high degree of homology was observed with other bactedal and
eukaryotic proteins. In all cases the most remarking structural features of these
seguences are the presence of specific AMP and CoA binding sites, which would be

necessary for the putative ligase activity.

In order to explore the enzymatic role of CaiC in the metabolism of
timethylammonium compounds in £ ool cloning and overexpression experiments
were conducted. Specific primers were Used to amplify o2/ by PCR and this was
cloned into the expression vector pBAD24 (Guzman et al., 1995). The correct

construction of the plasmid pBADcaiC was confirmed by sequencing.

Tao werify the correct expression of the protein, an enzyme assay for the
CoAcarmitine ligase activity was aptimized. A modification of the method described
by Vessey and Kelley (2001} was set up. Monitoring of the reaction by HPLC
revealed the presence of a new compound, while the peak of CoA was observed to
fade away (Fig. 22). Control assays lacking ATF demonstrated this compound to be
indispensable for the enzyme activity. The formation of AMP in the reaction medium
was confirmed by using a modification of the method by Manfredi et al. (2002 (data

not shown ).

CaiC was demonstrated to be the sole protein able to catalyze the formation of
the compound detected, since, when the assay was performed using protein
extracts of £ colf BW25113 AcafC (Baba et al., 2008), the only peak observed was
that of Cof. When the mutant strain was transformed with the pEADcaiC plasmid,

the ability to form the product was restored.
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Figure 2. Betaine CoA ligase enzyme activity assay. (A) HPLC profiles of enzyme
activity assays using cell free extracts of £ coll Acall (1) and £ coil pEADCaiC (2.
Feaks shown correspond to (1) free coenzyme A (retention time: 10.3 min; confirmed by
comparison with a commercial standard) and [2) L{-)-carmnitinyl-CoA (retention time: 13.6
min, confirmed by ESI-MS). (B Negative mode ESI-MS spectrum of (2). The assays
wiere performed as stated in Materials and Methods.

Substrate specificity of CaiC.

The substrate specificity of CaiC was checked in order to determine its
catalytical fexibility. Col-ligase assavs were performed using the substrates
summarnzed in Table 1. The reaction was monitored by reversed-phase HFLC.
Froduct formation was only observed in the case of compounds very closely related
to L{-}camitine, such as its isomer (Di+)-camitine), its dehydratation product

(crotonobetaine) and the reduction product of this latter (y-butyrobetaine). The
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retention times reported are in good agreement with increasing hydrophobicity of the
products.  The osmoprotectant  glycinebetaine,  which  only  differs  from
y-butyrobetaine in one methylene group, was not a suitable substrate for CaiC.
Furthemore, the tnmethylamino group was seen to be chtical for the activity, since
no product formation was assessed on butwric, crotonic, y-amino-butync or y-amino-
A-hydroxibutyric acids. These observations confirm that CaiC is a highly specific

betaine CoA ligase.

Table 1. Substrate specificity of CaiC. Activity assays were performed using the
standard protocol described for CaiC in Materials and Methods. The betaines
assayed were added at & mM to start the reaction. The reaction was HPLC
manitored for the formation of betainyl-CoAs. An enzyme activity assayed was
considered negative when Cob was not consumed andfor no other peak was
detected. Under the analytical conditions, the detection limit determined for the
betainyl-Cohs detected was below 1 U,

Substrate Activity Retention time (min)
Li-}Fcarmitine + 136
Di+-camitine + 1326

crotonobetaine + 13.7
y-hutyrobetaine + 16.2
butyrc acid - -—-

crotonic acid - -—

d-amino-butyric acid - —_

D L-4-amino-3-hydroxybutync acid - -

glvcinebetaine - -

Product characterization by ESIIMS

To determine the identity of the four compounds generated by the Cail
activity, the products were further analvzed by Electrospray Mass Spectrometry
(ESI-MS). The positive mode spectra of these compounds showed multiple peaks
because of the formation of multiple positively-charged adducts with the ions in
solution, which complicated their identification. On the other hand, the negative
mode spectra were simpler and easier to interpret (Fig. 2B). In all cases, the pealk of

the mono-negatively charged specie was detected. Other peaks were assigned to
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ion pairs formed between polyanionic species and cations from the solution. The
results best fitted the possibility of ion pairs with Na® or Mg2+, probably the latter,
since it is well known that multiple negative charges from nucleotides are stabilized
by the formation of Mg2+—ohe|at95_ The expected and expenmental molecular
masses of the species detected are presented in Table 2. Other secondary peaks
were due to the neutral loss of trvmethylamine (m/dz: MW-58) In addition, a pealk
corresponding to free CoA—Mgz" was also found though, since no free Cob was
observed by reversed-phase HPLC, this was considered to be formed through

fragmentation of the compound.
Reversibility of CaiC activity: CoA-transferase like activity of CaiC

Until nowi, all assays for the detection of CaiC activity have been performed in
the direction of synthesis of the CoA-derivatives of betaines. The synthesis reaction
i5s coupled to the consumption of one molecule of ATP, forming AMF and
pyrophosphate. Ve decided to determine the degree of reversibility of the reaction
mixture. For that pumpose, an enzvme activity assay Using L{-}carnitine,
crotonobetaine  or w-butyrobetaine was carried out as usual. Following the
incubation, an aliguot was analvzed in order to determine whether the reaction had
talen place and was complete. Once that the first betainyl-CoA was formed, it was
used as the substrate for a Col-transferase (betaine exchange) activity assay. For
that, a second betaine and ATP were added to the mixture of the first reaction.
Following incubation, the reaction mixture was analvzed by HPLC as before. With
the pairs Li-}Fcamitine/y-butyrobetaine and crotonobetainefy-butyrobetaine, whose
derivatives have sufficiently different retention times, two peaks were observed. This
indicated that CaiC was able to exhibit Cof-transferase like aclivity, similar to that
described for Caib.

Role of CaiB in the metabolism of L{-}-carnitine in E. coli.

This transferase-like activity exhibited by CaiC led us to hypothesize that CaiB
may be redundant. To verify this hypothesis, Li-}-camitine production assays were
performed with caif and ca/C KO-mutants. Mo L{-lcamitine was produced with
either af the strains. Moreover, the transformation of the cai8 mutant with pBADcaiC

did not increase productivity in this strain.
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Table 2. Electrospray-Mass Spectra of the betainyl-Cols detected.

Assignation of peaks in ESI-MS of betainyl-CoAs

L{-}-carnitiny|-CoA

Peak Expected Mass miz Specie
1 788 788 [Cof-3H-Mal
2 850 850 [LCarC of-2H-MeaM]
) 872 870 [LCarCoA-5H Mg-MeaMT
4 9049 912 [LCarCoA-2HT
5 931 930 [LCarCoA-SH MgT

D{+}-carnitinyl-CoA

Peak Expected Mass miz Specie
1 738 738 [CoA-3H-Mal
2 850 850 [DCarCoA-2H-MesMNT
3 872 870 [DCarCos-4H Mg-heqhT
4 8909 908 [DCarCoA-2H]
5 931 930 [DCarCol-4H-Mal

v-bhutyrobetainyl-CoA

Peak Expected Mass miz Specie
1 834 534 [WBBC0A-2H- Me NT
2 856 856 [VEBCoA-4H Mg-Me M T
3 893 893 [vBECoA-2HT
4 8915 914 [WBECoA-4H Mgl

Crotonobetainyl-CoA

Peak Expected Mass miz Specie
1 788 788 [CoA-3H-Mal
2 832 829 [CBCoA-2H-Me3MN]
3 854 350 [CEBCoA-4H Mg-Meah ]
4 891 390 [CBCoA-2HT
5 913 a08 [CECoA-4H Mgl

Role of CaiC in the metabolism of trimethylammonium compounds:

production of L{-}-carnitine with growing and resting cells.

Finally, biotransformation experiments were conducted in order to test the

effect of the overexpression of CaiC in the production of Li-Fcamiting. Maximum
production with £ colf LMG124 pBADcaiC was 16 mh (32% vield) (Fig. 3) These
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results are much higher than those obtained with £ coff LMG184 and £ coff
DA 74 strains [Table 3). Thus, CaiC oversxpression almost doubles the
production of £ cof O44K74 strain, which is considered to be an overproducer
(Kleber, 1997}

0,35 16

0,30

0,25

0,20

0,145

Biomass (g/L)
L{-)-carnitine {mM)

0,10

0.0s oy

0.aa

t(h)

Figure 3. Ewolution of Li-)-camitine (circles) and biomass (sguares) during
biotransformation by growing  wild-type (black symbols) and pBADcaiC-
transformed (white symbols) £ coli LMG 124 strains. BExperiments were performed

under anaerchiosis in LE-Broth as stated in the Materials and Methods section.

Further expenments were performed to determine whether £ coff LMG 194
pBADCaIC was able to racemize D+ Fcamitine into L{-}-carniting (Fig. 1), as already
reported for £ cof O44K74 and £ ool K38 pT7-5kE3Z (Castellar et al, 1995,
Zanovas et al., 2003 When biotransformation experiments were performed Using
20 mh Di+)-camitine as substrate for growing cells, Li-Fcamitine was below 1 mhd
and no bictransformation capacity was detected. Further sexperiments were
performed using resting cells (see Materials and Methods section). Control
experiments using the w.f £ ool LMG 194 strain showed vields lower than 8% using
crotonobetaine as substrate. However, conversions up to 80% and 40%, using

crotonobetaine and D+ Fcamitine as substrates were obtained with the transformed
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£ coff LMG194 pBADcaiC (Table 3). Similar vields were obtained with the
overproducing strain £ colf 04474 Thus, it seems likely that the Camitine

Facemase (CRac) activity of £ coffis limited by the activation of substrate (Di+)-

camiting) into its Cod denvative although, racemization does not seem to occur in

growing cells.

Table 3. Production of Li-)-carniting with growing and resting £ coli cells. 50 mh
cratonobetaine  or  Di+)-carnitine  were used as  substrates  for  the
biotransformation. Experiments were performed in triplicate (see the Materials and
MWethods section for details).

Growing Cells Resting Cells

Crot D-Car Crot DLar

Frod. | Yield | Prod. | Yield | Frod. | Yield | Prod. | Yield
frhd (%) frnhd (%) fmhd) (%) ) (%)

£ oo LMG194 0.7 1.4 02 04 4.2 3.4 MO

£ ool LMG194 145 280 0.3 06 305 G0.9 0.5 21.0

pEADCaIC

£ coff O44K74 8.5 17.0 0.3 0.6 2268 | 452 118 | 236

D nof defermined.
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DISCUSSION

In this work, the betaine Cod ligase activity of CaiC is confirmed for the first
time. The enzyvme function of CaiC had previously been proposed on the basis of
sequence similarities (Eichler et al, 1994a). Furthermore, several other putative
bacteral betaine Cod ligases have been cloned in the last decade, although none
has been characterzed to date. On the other hand, CaiB was the first enzyme in the
carnitine metabolism of £ cof 044K 74 to be charactenzed (Eichler et al., 1994b).
lts identification and cloning was the milestone which allowed the complete
sequencing and characterization of the carf operon (Eichler et al., 1994a) Recently,
its role as a CoAdransferase has been suggested (Elssner et al., 2001, whereby it
cycles the Cof moiety from substrates to  products, thus  allowing  the

biotransformation to proceed in an energetically inexpansive way.

The step of substrate activation catalyzed by CaiC (Fig. 1)is a requirement for
the biotransformation. The overexpression of CaiC in £ colf LMG194 converted this
poor-producer strain into an overproducing strain, indicating that this is a limiting
factor for the production of L{-)-carnitine. Moreover, it should be noted that yields
and specific productivities were higher than for the overproducing strain £ coff
D44k 74 [Kleber, 1987) under all tested conditions. It seems likely that post-
translational effects can account for the sub-optimal i vivo activity of CaiC. In fact,
the Shine-Dalgamo (nbosome-binding) seguence of ca/C (3 nuclectides at -5 from
start ATG) is the shortest of the genes in the cai operon (Table 43 which may

explain the low expression level of this enzyme.

Table 4. Shine-Dalgarno (50 sequences and distance to initial codon of the &

DRFs of the cai aperon (Sequence Accession Mumber: X73204)

Gene SD sequence Distance {(bp)
call AL 7
cad ALGAGG 7
caff AGGAG ]
caiC GAL 5
cail) GAMAMGAA 10
calE AGAAG 11
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Analysis of the substrate specificity of the enzyme allowed us to confirm the
high specificity of CaiC. Product formation was only assessed in the case of
compounds very closely related to L{-Fcamitine Glycinebetaine, a not only
structurally but also functionally related compound, was not accepted as substrate
by CaiC, despite the fact that the only difference with y-butyrobetaine lies in the
lengh of the carbon backbone, Furthermore, the importance of the trimethylamino-
group for activity was underlined. The high substrate specificity of CalC underines
the degree of specialization of the camiting pathway.

Maoreover, a betaine exchange (Cofdransferase) activity, which had not been
described before, was observed. However, this might not be relevant for the
biotransformation /i vivo, since a CaiB mutant strain was not able to produce Li-)-
camitine. Thus enzvme redundancy does not occur g wive, and CaiC activity is
probably mainly devoted to the activation of trimethylammaonium compounds, while
ZaB would transfer the CoA moiety. Moreover, CaiC  activity has been
demonstrated to be dependent on ATP consumption. On the other hand, CaiB
activity allows the bictransformation to proceed in an energetically inexpensive way
once it has started. Despite these energetic considerations, the overexpression of
ZaiC led to the higher production of Li-}-camitine. In addition, the overexpression of
CaiC did not allow Li-}-carmitine production in a Aca/B mutant, meaning that the joint
action of these two proteins is necessary for the biotransformation. Both the cai8
and ca/C KO-mutants showed their inability to biotransform crotonobetaine into Li-)-

camiting, confirming that both activities are required for proper functioning.

Finally, despite the fact that CaiC was active on D(+}camitine and
vw-butyrobetaine, the activation of these compounds was not a sufficient condition for
them to be considered acceptable substrates in the biotransformation process with
growing £ cof LMG194 cells. However, racemization of Di +)-carnitine was possible

using resting cells.
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CONCLUSIONS

A bacterial betaine Cod ligase has been characterized for the first time. Cail
has resulted to be a highly specific CoA ligase, which also exhibited i witie Col-
transferase activity. However the jr vivo activity of CaiC is restricted to the synthesis
of betainyl-Cods. Finally, the importance of CaiC as a feasible bottleneck in the Li-}F
carnitine biotransformation process is highlighted, and its overexpression opens Lp

new perspectives in the field of catalyst optimization and metabolic engineering.
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Cafactor engineering of trimetfylammonium compounds metabolism

ABSTRACT

Cofactor engineering, defined as the purposeful modification of the pool of
intracellular cofactors, was demoaonstrated to be a very suitable strategy for the
improvement of Li-camitine production in Escherichia colff strains. Overexpression
of CaiB (CoAdransferase) and CaiC (Cofdigase), both enzymes involved in
coenzyme A transfer and substrate activation during the bioprocess, led to an
increase in L{-lcamitine production. Under optimal concentrations of inducer and
fumarate, used as electron acceptor, vields reached two- and ten-fold, respectively,
that for the wild type strain. In addition, the levels of coenzyme A limited the activity
of these two enzymes since the addition of pantothenate increased production.
rowth an substrates whose assimilation vields acetyl-Cod (such as acetate or
pyruvate) further inhibited Li-}-carnitine production. Interestingly, feasible limiting
steps in the metabolism of acetyl-Cod of £ colf were detected. The glyoxylate shunt
and anaplerotic pathways are bottlenecks of the bioprocess since strains carmying
deletions of isocitrate lyase and isocitrate dehvydrogenase phosphatasefkinase
vielded 20-25% more Li-}-carnitine than the control. On the other hand, the deletion
of phosphotransacetylase strongly inhibited the bioprocess, suggesting that the
adequate flux of acetyl-Col and connection of the phosphoenolpyruvate-glyooyate

cycle together with the acetate metabolism are crucial for the biotransformation.
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INTRODUCTION

Several clinical applications have been identified for Li-)-carnitine (R{-)-3-
hydroxy-d-timethylaminobutyrate) a  compound  which  is  essential  for  the
metabolization of fatty acids in mitochondria and peroxisomes. Because of its
increasing wordwide demand, several biotechnological processes have been
developed for its production, whole-cell based methods being among the most
promising. Enterobacteria are able to racemize Di+]-camitine or bictransform
crotonobetaine, both of which are waste products from the chemical synthesis
process and which represent an environmental problem (Kleber, 1987, Obdn et al.,
1999 Canovas et al., 2003).

In £ ool trimethylammonium compound metabolism has been studied,
because of its implication in stress survival and anaerobic respiration, although its
role is not totally understood (Eichler et al., 1994, Kleber, 1997, Elssner et al., 2001).
Genetic studies led to the description of the structural caf operon which s
responsible for the expression of a betaine transporter, CaiT, and the carnitine
metabolism  enzymes  (crotonobetainil-CoA reductase,  Cald,  coenzyme A
transferase, CaiB, coenzyme A ligase, CailC, enoyl-Cob hydratase, CaiD) (Eichler et
al., 1994 All the enzymes involved in the biotransformation are induced in
anasrobiosis in the presence of D L-camitine andf/or crotonobetaine. The
biotransformation of trimethvlammonium compounds occurs at the level of CoA-
thicester derivatives in Eschenichia coli (Elssner et al., 2000). Interestingly, these
trimethylammonium compounds are activated by an uncharactenzed betainy-Cod
ligase (CaiC). On the other hand, Cof-transfer between substrates and products is
performed by a transferase (CaiB). Furthermore, the pivotal role of CaiB, cycling
coenzyme A, and the activating role of CaiC (Fig. 1) make both enzymes crucial in

the biotransformation (Canovas et al., 2003 ).

In previous works, the expression of certain central metabolic pathways, such
the Krebs cycle, the glyoxylate shunt and acetate metabolism (Fig. 1) was analvzed
both in batch and continuous reactors under standard (Canovas et al., 2003) and
salt stress (Canovas et al., 2008a) conditions. It has been observed that the link
betwieen the central and camitine metabolism occurs in the pool of ATP and the
acetyl-CoASCob ratio (Canovas et al., 2003) and that the energetic cofactor pool re-
arranges after metabolic pulses (Canovas et al.,, 2006b). However, the limitations
imposed by the composition of the cellular Cof-thioester pool and the enzymes

involved in the metabolic link in the biotransformation still remain unclear.
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Furthemmore, for optimization of the bioprocesses based on secondary metabolism,

the role of the central pathways also needs to be determined.

/,/ reE Cait
Crot-CoA s= Cpot
isiesn A l' caib>. CaiB

Lactate -<@wim wes mma— Fyr'uvl‘l'e L-Car-CaA - L-Ca= | L-Car
al

Formate <uie s mmm— FFL lirﬂﬁ

Aczetyl-P PTA {PM)
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ME (sfed L Acetyl-AMP 4% ACS (acs)
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) ICDH {lﬂﬂ

Malate * ICL (oceA)

)

Figure 1. Simplified model for the link between the central metabolic network of

Escherichia coli and camitine metabolism in anasrobiosis. Enzymes involved (and
their codifying genes) are shown in the figure. Data were obtained from: Ecocyc-
Metacyc (Keseler et al, 2005) and Canovas et al. (2003).

In this context, cofactor level is one of the control parameters which the cell
utilizes to regulate fluxes through warous metabolic pathways, since it not only
affects enzvme activity but also regulates gene expression. Cofactor level reflects
the physiological state of the cell and can suffer adaptations to deal with the various
metabolic situations that cells can face (Canovas et al., 2006b). The perturbation of
coenzyme pools, also known as cofactor engineering (CEJ, is an emerging strategy
for redirecting metabolic luxes and shows a high potential for metabolic engineering
(San et al, 2002, Vadali et al., 2004). Coenzyme A and its thioester derivatives are
recognized as central cofactors (Chohnan, 1997); coenzyme A requlates the central
and intermediary metabolism and acetyl-CoA has a common metabolite linking

glycolysis, the krebs cycle, glyoxylate shunt and acetate metabolism. In the
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secondary metabolism, Cof-derivatives are involved in the synthesis of products

such as PHAS, terpenoids, polyketides and flavonoids.

In this worle, the effect of the overexpresssion of camitine.coenzyme A ligase
(CaiC) and camitine:crotonobetaine Col-transferase (CaiB) in £ coll LMG194 is
analyzed. In addition, the effects of mutations in the glyoxylate shunt and acetate
metabolism, both of which affect the metabolism of acetW-CoA, are studied in order
to unravel their involvement in the bictransformation process. Finally, the limitations
imposed by alterations in the acetyl-CoASCoA ratio and the effect of different carbon
soUrces on enzymes and the CoAdhioesters pool of the central metabolic pathways
were analyzed. Interrelation between the metabolisms of L{-)-camitine and

coenzyme A is discussed.
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MATERIALS AND METHODS

Strains and plasmids

E cofi O44K74 (DSM 8828, Kleber 1997) £ coff LMG184 (ATCC 47090,
Zuzman et al., 1995) and £ oofi BWW25113 (wildHype and acsd, acek, iofF, acs and
nfa deletion mutants) were used throughout this study (Table 1) The £ ool

EWW25113 denvatives belong to the KO-collection {http MAasnw ecoll alst-nara.ac [pf

Baba et al., 2008} and were kindly provided by Frof. H. Mori from Keio University
(Japan). £ coff O44K74 has been isolated as an overexpressing strain for camitine
metabolism (Kleber, 1997, Obdn et al., 1998). £ coff LMG194, which is defective in

L-arabingse metabolism (Guzman et al., 1994%), was used as expression host.

FCR primers were designed in accordance with the database sequences of
caif and ca/C genes (Accession Number x73804) and Xbal and Pstl sites were
included at the 5" and 3" ends of the genes to be used in direct cloning (CaiBfwd:
GETGGTTCTAGAAAT GCATCATCTACCCATGCCG, CaiBrey: GGTGGTCTGCAG
TTAGTCCTCAACTTTGGCCAGA, CaiCfwd: GGTGGT TCTAGAAAT GGATAGAGG
TGCAATGGAT, CaiCrev. GGTGGTCTGUAGTTATTTCAGATTCTTTCTAATTATT
TT). Both genes were PCR-amplified and cloned downstream of the multicloning
site of the arabinose inducible vector pBADZ24 . Constructions were verfied through
seguencing. Standard molecular biology technigues were employed (Sambrook et
al., 2001}

Batch cultures

iZells were grown using Miller's LE medium. The final pH of the medium was
adjusted to 7.5 with KOH. Antibiotics were added whenever necessary [ampicillin,
100 pofml; kanamycin, 30 pg/mL). For the biotransformation experiments, 50 mh
crotonobetaine was added prior to autoclaving., VWhenever stated in the text,
fumarate, pyruvate or acetate were added to the growth media. Anasrobic
conditions were maintained to induce the metabolism of Li-}camitine, while
D L-camitine mixture or crotonobetaine were supplied as inducers of caf operon.
L-arabingse was used as inducer of the cloned genes, at the different
concentrations stated in the text. Batch experments in anaerobic assays (under
nitrogen atmosphere) were performed in reactors equipped with temperature, pH,
oxygen and pumps controllers (Biostat B, Braun, Melsungen, Gemany). A 1 L

culture vessel with 0.5-0.8 L working volume was used.
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Table 1. Strains used in this work.

Strain Reference Genotype Antibiotics
Escherichia cali klaber Unknown None
D44K74 (1997
L : . F- Alacx 74 aiE galk thi rost
Egcfhjgcféi col C;TZ(TSQ;J Aphod (Pvull) Aara7 14 None
' lery Trni0
Escherichia cali
LhG 194 This study [LMG194] Ampicillin
pBADCaiB
Escharichia cali
LhG 194 This study [LMG194] Ampicillin
pBEADCaIC
L . rrnB3 Aacs 4787
Eggﬁggﬁfffo’” BE?{%?JDGEE )a'- hodRE 14 araBAD)S67 None
Al rhaBAD)BEE k-1
Eschenchia coli Eaba at al. )
BWI5113 Aaced (2006) [BVWW25113] dacrsed Kanamycin
Eschenchia cali Baba et al. )
BYWIE113 Agcek (2008) [BWW25113] dacsk Kanamycin
gﬁgffﬁjgﬁg B?{E?}Deé )a'- [B\W25113] Aacs Kanarmycin
gﬁgﬁg ‘igﬁg Biggoeé )a'- [BVW25113] AR Kanarmycin
Escherichia cali Baba et al. .
BW25113 At (2006) [BW25113] Apfa Kanamycin
Assays

Sample absorbance (A) was followed at 800 nm with a spectrophotometer

(Movaspec  Il, Pharmacia-LKB, Uppsala, Sweden) as a measure of cell
concentration. L{-}camiting concentration was determined by an enzymatic test
(Canovas et al., 2003), while D,L-camitine, cratonobetaine and w-butwvrobetaine were

determined by HPLC [(Obdn et al., 1999,
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Samples were withdrawn from the reactor. The bacteria were pelleted in a
bench-top centrifuge and the supernatant was filtered through 022 pm pore size
FYDF filters. A cation exchange Aminex HEX-87H column supplied by BioRad Labs
(Hercules, CA, USA) was Used with a HPLC system from Shimadzu (Kyoto, Japan).
The isocratic mobile phase was 2 mh H.504 at a flow rate of 0.5 mL/min. The

effluent was monitored using a refractive index detector (Shimadzu, Kyoto, Japan).
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RESULTS

Cloning and overexpression of coenzyme A transferase (CaiB) and

betaine:CoA ligase (CaiC)

In order to determing the effect of the pool of coenzyme & denvatives in the
biotransformation of Li-}-camitine, CaiB and CaiC were oversxpressed in £ ool
These enzymes were selected for overexpression because of their implication in
coenzyme A transfer between substrate and products and in the synthesis of CoA-
derivatives of trimethylammonium compounds. Briefly, genes were PCR amplified
using specific primers, cloned into the arabinose-inducible pBAD24 vector and

introduced in £ cof LMG194 as expession host.

In order to set optimized levels of expression of CalB and CaiC proteins, the
effect of the concentration of inducer (0.0001 to 1% wh) on growth and
biotransformation was studied. The results showed that optimal concentration of
L-arabinose was 0.15% in the case of CaiB, while in the case of CailC, high Li-}-
carnitine productivities were attained even at the lowest L-arabinose concentrations
assayed. In addition, Li-}-camitine specific productivity was enhanced in both
strains, compared with the wild type host strain, though productivity was much
higher with the strain overexpressing CaiC (145 mM, 29% vield). Further, the
production of L{-)-carnitine by the wildtype overproducing strain, £ coff O44K74,
under the same experimental conditions was lower (8.5 mh, 17% vield) than in the

CaiC overexpressing strain.

Since the presence of altemative electron sinks can inhibit the formation of the
by-product y-butyrobetaine (Kleber, 1997, Canovas et al., 2003), the effect of media
supplementation with fumarate was studied. The addition of 0-4 o/L of fumarate to
the growth medium produced an enhancement in L{-Fcamitine production for all the
strains assaved. Maximum production was assessed at 2 g/, Yields increased by
two- and ten-fold, in the CaiB and CaiC oversxpressing strains (107 and 41.2%,
respectively), in contrast to the low vield obtained [3.8%) with the control £ coff
LMG 194 strain.

Pantothenate addition to the media.

In order to determine whether intracellular levels of coenzyme A were limiting
for the activation of trimethylammonium compounds, a saturating concentration of
pantothenate {a precursor of coenzyme A biosynthesis) to the culture media and

growth and L{-}Fcarnitine production were analyzed. The results showed that the
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presence of a higher amount of available coenzyme A increased productivity (Fig.
2. In fact, productivity rose from 1.8 to 5.3 (mmol/gDCVy) in the control strain, from
74 to 175 (mmoligDCWy) in the CalB overexpressing strain and from 85 2 to 97 9
(mmoligDCW) in the CalC overexpressing strain. In the case of the wild type

overproducing strain £ ool O44K74 (DSM 8288), L{-Fcamitine production also

increased, although the specific productivity was lower (from 375 to 327

mmaol/gDCWY). In addition, the final vield and specific productivities were much lower
than those obtained using the strain overexpressing CaiC. Moreover, the specific
production of acetate decreased in all the strains {in mmol/g, from 47 8o 37 6in £
coll LMG194 from 45 8 1t0 417 in £ coff O44K74 and from 836 to 747 in £ coff

LG 184 pBADCaIC), perhaps reflecting the distinct composition in the intracellular
acety-CoAMCoA ratio under these conditions.
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Figure 2.

Effect of fumarate and pantothenate in the production of L{-)-camitine by wild-type
and transformed £ coli strains. Cells were anasrobically grown in the presence of
50 mM crotonobetaine as stated in the text. Li-J-camitine data refer to 24 h of
incubation, when the biotransformation had already finished. The media assayed
wiere [A), LB-Broth, (B), LE-Broth with & mi pantothenate, (C) LB-Broth with 12.5
mhtl fumarate and (D) LE-Broth with 5 mi pantothenate and 12.5 mh fumarate.

The strains assayed were: (|1 £ colf LM 194 (wt), (I E ool LMG194 pBADcaIE,
(N E coli 044174, (IV] E coli LMG 184 pBADcaiC.
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Effect of acetate and pyruvate.

Experiments were camied out to alter the intraceliular acetyl-CoAMCoA ratio.
Wwhen cells were grown in the presence and absence of acetate and pyruvate as
carbon sources, whose assimilation involves acetyl-CoA, a decrease in L{-Fcamitine
production was observed with both the wild type £ wcof LMG184 and the
transformed £ ook LMG194 pBADCalC strains (Fig. 1) In the case of £ coff
LMG194 pBADcaIC cells grown in the presence of pyruvate, the decrease in the
production of L{-)-carnitine was greater (50% decrease) than in acetate-grown cells
(24% decrease). In addition, L{-}camiting was produced at a lower rate during
exponential growth by cells grown in the presence of pyruvate . Interestingly, for the
acetate-grown cells, the decrease was only observed in the early stationary phase
(data not shown). Analysis of the metabolites in the supematants revealed that,
while pyruvate was being consumed dunng exponential growth, acetate levels
increased as a result of anaerobic metabolism. Only after the cells had reached the
stationary phase of growth did the acetate levels fall significantly {data not shown ).
This correlation between substrate consumption and the inhibition of L{-)-carnitine
production seems quite likely to be due to the build-up of high intracellular

concentrations of acety-CoA, thus limiting the amount of free coenzyme A,

Effect of deletions of acetyl-CoA metabolism genes on L(-)-carnitine

production.

With the aim of engineering L{-}Fcarmitine production in Escherichia ool the
effect of modifying central metabolic pathways indirectly linked to this production
metabolism was assessed. Target genes selected for this waork were related to the
metabolism of acetate {pfa and acs, coding for phosphotransacetylase and acetyl-
iZoA synthetase, respectively) and glyoxylate shunt and its main regulators {aced,
isocitrate Ivase, aoek isocitrate dehvdrogenase phosphataselkinase; /R, repressor
of glyoxylate shunt enzymes) (Table 1) All these deletions were expected to modify
the metabolism of acetyl-CoA and so their effect on L{-}Fcamitine production was

analyzed.

The productivity results are summanzed in Figures 32 and 3B (control and
fumarate grown cells, respectively). As shown, the deletion of aoed and acsk led to
a higher production of Li-Fcamitine, especially in the presence of fumarate. The
production of L{-lcarnitine by the acsek mutant was higher during the exponential
growth phase, but decreased once that the strain had entered the exponential

growth phase (data not shown). In addiion, when pfa was deleted, the growth of the
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£ coli strain was lower than in the wild type strain and the lowest production was
observed in this strain. The effect of the deletions of ©f/R and acs was not so
relevant in the expermental conditions. The pfe mutant presented a higher Li-F+
camitine production in the presence of fumarate. It should be noted that under the
conditions of the expernments, the glyoxylate shunt and acstate metabolism were

the main pathwavys using acetyl-Col as substrate.
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Figure 3.Effect of deleting genes of the acetyl-CoA metabolism on the production
of L{-)-carnitine. Biotransformation experiments were performed under the
conditions stated in the text in LE-Broth (A) and LE-Broth supplemented with 12.5
mhyl fumarate (B). Bars represent the L{-}-camitine and dots biomass levels after

24 hincubation {when the biotransformation had already finished).

Effect of the deletions: growth on pyruvate and acetate.

Ta gain further insight into the differential response of £ coffto the deletion of
these genes, cells were grown in LB-broth supplemented with 2 o/l pyruvate or
acetate as carbon sources and the production of Li-Focamitine was analyzed. In all
cases, production decreased when the cells were grown in the presence of acetate
(Fig. 4A). In fact, the differences between the strains were much reduced and the
production of Li-}camitine was almost the same in all cases. Li-}-camitine
production was also reduced when the cells were grown in the presence of pyruvate
(Fig. 4B), although, in this case, the extent of inhibition differed between the strains

assayed. While both the control and the Awi~ strains produced similar amounts of
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Li-Fcarnitine, inhibition was lower in the case of Aacs and, especially, with Aaced

and Aacsk strains.
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Figure 4.

Effect of deleting genes of the acetyl-Coh metabolism on the production of L{-)-
carnitine. Biotransformation experiments were performed under the conditions
stated in the text in LE-Eroth supplemented with 2 g/l acetate (A) or pyruvate
(B). Bars represent the L{-)-carnitine and dots biomass levels after 24 h
incubation {when the bictransformation had already finished).
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DISCUSSION

iConceived as the rational modification of intracellular coenzyme pools, CE has
revealed itself to be a very promising strategy for the modification of metabolic
fluxes (Lopez de Felipe et al., 1998, San et al., 2002). The main novelty of CE is that
it directly affects the coenzyme pools, which are common to a great number of
enzymes, belonging to different pathways and thus a more global response is
expected. The first works published on CE focused on the alteration of the redox
balance as a parameter for controlling the metabolism (Lopez de Felipe et al., 1998,
Foca et al., 2003). San and co-workers devoled their efforts to the engineenng of
the central metabolism of £ ool altering both the cell redox state and the acetyl-
CoAMCoA ratio [San et al, 2002, Vadali et al, 2004). In this work, we have
attempted for the first time to improve a bioprocess based on the cell secondary
metabolism by applving the principles of CE. The metabolism of Li-}-camitine is
talen as model system since this occurs at the level of coenzyme A (Elssner et al.,
2001). Furthemore, it has been established that the link between central carbon
and carnitine metabolisms resides inthe ATF and acetyl-Cod levels (Canovas et al,
2003), while strong i wivo alteration of the energetic cofactor pools has been

observed in pulse expenments (Canovas et al., 2008b).

Two approaches were undertaken. In the first part of the study, CaiB and
CailZ, which control activation of the substrates -crucial for the biostransformation to
ocour- were oversxpressed. In the second part, the acety-CoAfZof ratio was
altered by deletion of the genes belonging to the central metabolic network.
Selected target genes belong to pathways directly linked to acetW-CoA and are

involved in the biotransformation process [Canovas et al., 2003,

It has been  proposed  that  CaiC i5 a highly  specific
camitine/fcrotonobetainey-butyvrobetaine Cod, ligase (Eichler et al, 1994), and is
responsible for activating L{-Fcarnitine and its derivatives. Further, the action of
izaB, which cycles the CoA moisty between substrates and products, allows the
biotransformation to proceed in an energetically inexpensive way. Despite this
energetic consideration, the enhancement of Li-}-camitine production with growing

£ ool cells was much greater after overexpression of the ATP-dependent Cail
(Fig. 1).

The addition of fumarate to the growth media allowed us to further increase
production. Previous results in our group pointed to an activation of the glyoxylate

shunt and an increase in the production of acetate after increasing the levels of
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fumarate within the reactor (Canovas et al., 2008b). This suggests an increased flux
of acetyl-Col towards the production of acetate and a feeding of the anaplerctic

pathways through the glyoxylate shunt.

Since cosnzyme A is the cofactor for both CaiB and CaiC, alteration of the
intracellular level of coenzyme A and acetyl-Cos was studied. CoA and its thioesters
are important regulators of several key enzymes in the intermediary metabolism:
total CoA levels result from the balance of biosynthesis and degradation {Vallan and
Jackowski, 1988), while acety-CoA levels are a function of the cellular metabolic
state (Vadali et al |, 2004 Pantothenate kinase (Panl) is the rate-controlling step in
the biosynthesis of coenzyme A (Rock et al, 2000; Song and Jackowski, 1982,
Vallar and Jackowski, 1988), though supplementation with pantothenate has been
shown to be necessary for increasing the coenzyme A cell content, especially Lpon

overexpression of Pank (Vadali et al., 2004 ).

During the biotransformation of trimethylammonium compounds, a higher
demand for cofactor is to be expected. The addition of pantothenate to the £ coff
cultures under biotransformation  conditions  increased Li-}Fcamiting specific
productivity by 137% and 15% in the CailBE and CaiC overexpressing strains,
respectively. Bactenal Fank has been reported to be more effectively inhibited by
iZoA than by its thicester denvatives (Vallan et al, 1987) and thus, the build-up of
betainyl-CodAs, together with other derivatives, would not inhibit the biosynthesis of
Cof. Thus, it is possible to engineer the total concentration of Cofs, provided that
free Cob levels remain sufficiently low, independently of the overexpression of
FPanlks.

While pyruvate is a highly energetic and readily assimilable carbon source, the
metabolization of acetate only occurs in stationary phase cells. Acetate is produced
by exponentially growing cells and only consumed once the other substrates are
exhausted. At high concentrations, acetate is taken up by the reversible and low-
affinity PTA-ACK pathway, while at lower concentrations it is scavenged from the
growth medium by the high-affinity irmeversible ACS pathway (Brown et al., 197 7).
Fegardless of the pathway followed, the acetate taken up enters the central
metabolism as acetyl-CoA. The addition of pyruvate or acetate to the medium alters
the metabolism of acetylCoA, representing a simple and effective way of
engineering intracellular cofactor levels Growth and biotransformation experiments
in the presence of pyruvate and acetate illustrated the importance of a functionally
active glvoxylate shunt and the role of the acetyl-CoA/CoA ratio (Canovas et al,

2003). With both substrates, L{-}camitine production was largely inhibited. In
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addition, in the case of pyruvate-grown cells, higher formate and lactate levels were
detected and acetate production was also increased, probably reflecting the build up
of a large intracellular pool of acetyl-CoA. This would reduce the availability of free-
coenzyme A forthe biotransformation, thus explaining the inhibitory effect observed.
Anaother observation supporting this hypothesis is the already mentioned fact that
the inhibition of L{-Fcamitine production coincided with the consumption of pyruvate

and acetate as carbon source,

Expenments with strains in which genes related to the glyoxylate shunt and
acetate metabolism had been deleted (Fig. 1) further comoborated the dependence
of L{-}carnitine production on the metabolic fate of acetyl-Co& These pathways are
the main routes using acetyl-CoA as substrate. Increased production was observed
inthe aced and aoek mutants (Fig. 3), in which decreased flux through glyoxate
shunt is to be expected (and also through anabolic pathways, mainly
gluconeogenesis). Furthermore, the linking of the glyvoxyate shunt and the FPEP to
acety-CoA pathways through pyruvate carboxykinase (Pck) has recently been
recognized as a novel metabolic cycle. In addition to the generally described
function in gluconeogenesis and anaplerosis, the PEP-glyoxylate cycle is able to
catalyze the complete oxidation of PEP to CO,, a function that was considered
exclusive of the TCA cycle (Fischer and Sauer, 2003). The PEF-glyvoxylate cycle, it
has been suggested, functions in redox-cofactor balancing, especially under hunger
or starvation conditions, but also during conditions leading to a higher formation than
consumption of NADFH, such as growth on certain substrates orwhen little biomass
is synthesized. However, the reasons behind why this decreased flux through the
FEP-glyoxylate cycle causes such an increase in the biotransformation need to be
further studied.

Maoreover, L{-]-camitine production fell after the deletion of ofa (Fig. 3}, while
the delstion of acs had a much less pronounced effect. The Pta-Ackd pathway,
which is responsible for acetate production (Fig. 1), is reversible and constitutively
expressed (Brown et al., 1977, Kuman et al.,, 1995 Mutants lacking pfa have
already been described as excreting unusual by-products such as pyruvate, lactate
and glutamate rather than acetate, and the perturbation of acetyl-CoA flux causes
defective growth and starvation survival (Chang et al., 1999; Zhu and Shimizu,
200%). The production of acetate is not suppressed in this mutant dus to the
existence of altemative routes, such as that of pwuvate oxidase (FoxB) (Chang et
al., 1884, or even to the degradation of acetyl-phosphate by Ackd (Brown et al,
1977). In addition, increased synthesis of poly-hydroxybutyrate (PHE) in a pia
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mutant indicates that this strain accumulates acetW-CoA (Chang et al., 1999 In our
work, the observed profile of metabolite production pointed to the accumulation of
pyruvate and acetyl-Cod, this latter explaining the inhibition of Li-}Fcamitine

production.

The TCA cycle, the glyoxylate shunt and the acetate metabolism are subjected
to coordinated regulation. Briefly, at the onset of the stationary phase, primary
carbon source is fully consumed and the decrease in the growth rate is paralleled by
the up-regulation of the glyoxylate shunt and the reversible inactivation of ICOH by
Acel The flux through ICDH has been shown to be essential for the interconversion
of the enzymatic machinery necessary far the synthesis and assimilation of acetate
(Aoshima et al, 2003, Phue et al., 200%) or acetate switch (Wvolfe, 2005, El-Mansi et
al., 2006). The use of mutant strains dewvoid of isocitrate Ivase and pyruvate
dehydrogenase has revealed that the signal which triggers the reversible
inactivation of ICDH is not directly related to acetate itself, but rather to the need to
maintain high intracellular levels of isocitrate and free coenzyme A to ensure flux
through the glyoxylate shunt (El-Mansi, 1998), since the anaplerotic sequence of the
glyoxviate bypass is required for the oxidation of the acetate taken up. Moreover,
FEP has been demonstrated to severely impair the binding of the repressor IzIR to
the promoter region of aceB8AK, acting as an inducer of the acetate switch (Cortay et
al., 1991). More recently, it has been hypothesized that direct competition of PTA
and o-KGDH for their common cofactor is crucial for growth on acetate. Further,
under anaerohiosis, the TCA cycle does not function as an energw-generating cycle,
but almost exclusively to provide precursor metabolites, namely, oxaloacetate,

c-ketoglutarate and succind-Cod [ Chang et al., 1989).

Finally, several studies have stated that differential regulation of the glyoxyate
shunt, the TCA cycle and the acetate uptake alter the efficiency of acetate
utilization. YWwhen acetate is supplied as carbon source, gluconeogenesis and
glycogen synthesis help ACS and the glyoxylate shunt in the efficient utilization of
acetate (Oh et al.,, 2002; Phue et al., 200%) In addition, the conversion of pyruvate
to acetate by PoxE and the conversion of malate to pyruvate by NAD-linked malate
dehydrogenase (MDH) would represent a futile cycle which might also impede the
assimilation of acetate. These observations are in good agreement with the results
observed in this wonk, since acetate was not fully consumed as carbon source,
further supporting the hypothesis of active PTA-Ackf, ACS and even PoxB

pathways taking Up acetate and maintaining high acetyl-CoA levels which would not
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be assimilated through the glyoxylate bypass, thus, inhibiting Li-}-camitine

production.

Mewvertheless, the reason why the down-regulation of glyoxyviate shunt
increases the vield of L{-}carmiting remains unclear and further worl has to be
cammied out to unravel the interacting network which underlies the observed

adaptations.
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CONCLUSIONS

The availability of free coenzyme A affects Li-}-camitine metabolism. Mot only
the enzymes involved in the activation of trimethylammonium compounds {CaiB and
ZaiC) are crucial in the biotransformation, but also the central metabolism,
regulating the levels of coenzyme A and, especially, the acety-CoASfCol ratio.
Taken together, these data suggest the activation of trimethylammonium
compounds into Cod denvatives as the main bottleneck in the biotransformation. In
addition, optimization of L{-}-carnitine production depends on the engineering of
both primary and secondary metabolisms, especially in the co-regulation of acetate
metabolism and the glyoxylate shunt. Further experiments are being undertaken in
order to unravel the intncate regulatory network underlying these observed

mechanisms.
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Dhscusion

Este trabajo se ha centrado en la optimizacion de un bioproceso desde un
punto de wista multidisciplinar, ahondando en la aplicabilidad de la ingenieria
metabdlica para el desarmollo de bioprocesos. Para ello se ha tomado como modelo
de estudio la produccidn del farmaco Li-Fcamitina por cepas de Escherichia colf v

se han tenido en cuenta tanto el sistema de reactor como los factores metabdlicos.

En trabajos previos, se ha caracterzado la ruta de biotransformacion de
compuestos de trimetilamonio de Escherichia coff (Eichler et al. |, 1994 Kleber, 1997,
Elssner et al, 2001). Este metabolismo secundano se puede utilizar para la
produccion de L{-J-carnitina empleando como sustratos sustancias de desecho tales
como crotonobetaina v D+ Fcamitina (Jung et al., 1993, Naidu et al., 2000). Hasta
la fecha se han empleado diversos sistemas biotecnoldgicos para la produccion de
Li-}carnitina. De hecho, se ha comprobado que la bictransformacion no sdlo la
pueden realizar las celulas en crecimiento, sino también las células en reposo o
células durmientes, con productividades elevadas (Castellar et al |, 18998, Canovas
et al., 2003b). Ademas, también se han estudiado sistemas en continuo (Obdn et
al., 1997 v 1999).

La ingenieria metabdlica se define como la “mejora de las actividades
celufares mediante fa manipulacion def fransporte enzimatico y de fas actividades
regufadoras de fa célula mediante ef emplec de la tecnofogia def DNA
recombinante” (Bailey, 1991) o, mas concretamente, como la ‘modiftcacion
imtencionada del metabolismo  intermediario usandp fas  técnicas de  DNA
recombinante” (Cameron and Tong, 19930 La caracteristica mas sobresaliente de
la ingenieria metabdlica es la eleccion racional de dianas para la modificacion
genética. Al igual gue otros campos de la ciencia v la ingenieria, la ingenieria
metabdlica consiste en dos pasos: analisis v sintesis (Stephanopoulos, 19940, Para
la optimizacion de un bioproceso se deben considerar varos puntos de vista. En
primer lugar, se debe poseer un conocimiento de la fisiologia celular para la
optimizacion inicial de la expresion del metabolismo bactenano gue se va a explotar
(Eichler et al.,, 1994, Kleber, 1997, Elssner et al., 2001). En segundo lugar, la
optimizacion del bioproceso en si mismo pasa por una eleccion del sistema de
reactor, gue debe suplir las necesidades celulares en téminos de fisiologia v
metabolismo (Canovas e |borra, 20080 El funcionamiento de las redes metabdlicas
en un punto importante v, para determinar las condiciones dptimas, son necesarios
un buen analisis de las vanables del proceso v el establecimiento de modelos.

Todos estos factores se han tenido en cuenta en el trabajo desarmllado en esta
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Tesis Doctoral v se ha realizado conjuntamente, el estudio [y mejora) de las
condiciones de operacion del bioproceso v la optimizacidn del estado celular a
través de ingenieria metahbodlica. La informacion obtenida previamente en estudios in
vive e 1 silfco en nuestro grupo de investigacion fue el punto de partida gue nos
permitié el establecimiento de dianas para la mejora (Canovas et al., 2002; Alvarez-
Vasguez ef al., 2002, Canovas et al, 2003b; Sevilla et al., 2005,

Empezamos llevando a cabo un analisis sistematico de los principales
factores que afectan a la produccion de L{-}-camitina mediante cepas de
Eschenchia col (Capitulo 1), Se compararon sistemas discontinuos v continuos,
crotonobetaina v Di{+}-camitina como  sustratos v condiciones  aerobias vy
anasrobias. Ademas, se emplearon dos cepas: la cepa salvaje supemproductora £,
cofi O44K74 v la modificada genéticamente £, coff K38 pT7-5KE3Z2. La cepa
modificada genéticamente pemmitid alcanzar productividades mavores, incluso
permitiendo llevar a cabo el proceso en condiciones aesrobias. De hecho, la
disponibilidad de oxigeno se identificd como un factor crucial que afecta al conjunto
de reacciones, especialmente en el caso de la racemizacion de Di+)-camitina. En
anaerobiosis o microaerobiosis se obhservd un efecto similar, puesto que la adicion
de fumarato, un compuesto que puede emplearse como aceptor de electrones,
incrementd el rendimiento del bioproceso. Los reactores continuos fueron ideales
para la produccion de Li{-;camitina con cepas salvajes, permitiendo incluso la
realizacidn de experimentos dinamicos. El empleo de cartuchos de fibra hueca
permitid la retencion de mavores niveles de biomasa, aungue los mayores niveles
de actividad L{-)-camitina deshidratasa (COH) correspondieron a los experimentos
con retencion celular a traves de un madulo de microfiltracién. Porotro lado, la cepa
de E£. colf modificada con el sistema de dos plasmidos resultd genéticamente
inestable en cultivos continuos con celulas en suspension, tanto en sistemas de alta
como de baja densidad celular, por lo que fue necesano recurrir ala inmovilizacion

para consegquir mantener las celulas transformadas en el reactor.

Lna vez gue se determind como la configuracion del reactor determinaba el
rendimiento del bioproceso (escala macroscopica), se llevd a cabo un analisis del
efecto sobre las células (escala microscopica). La estabilidad del biocatalizador es
de gran importancia cuando se consideran sistemas de produccion con reutilizacion
de biomasa (en aplicaciones en discontinuo) o incluso en la operacion en continuo
con dispositivos de retencion celular (Canovas e lborra, 20068) El modo de
operacion del reactor afecta no sdlo al funcionamiento celular, a la morfologia v

viabilidad [ Capitulo 2, sino también a la expresion metabolica v al rendimiento del
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proceso, gue dependera de la adecuada seleccion de medios v condiciones
(Capitulos 4 v 5). Ademas, también era necesario un analisis de la inestabilidad

seqgregacional de los plasmidos durante la operacion en continuo (Capitulo 37

La aplicacién de la citometria de flujo como técnica analitica nos permitic
determinar como los diferentes sistemas de reactor (continuo v discontinuo) asi
como modos de operacion (células en crecimiento v células durmientes) afectaban
al microorganismo. Los niveles intracelulares de DNA, RMA v protenas mostraron
respuestas interesantes, fundamentalmente en relacidn al consumo (limitacién) de
fuente de carbono (fase estacionara de crecimiento ) o incluso a la ausencia de esta
(células durmientes) Los  ciclos  de  replicacion del  DMNA ocumen
independigntements de la division celular, mientras que los niveles de RMNA v
proteinas reflejan las situaciones de estrés. Ademas, la integracidon de estos datos
con la cuantificacion de la heterogeneidad de las poblaciones celulares supuso Una
nueva manera de analizar el modo en que la configuracion del reactor afecta a la
fisiclogia celular. A pesar de que la funcion de la membrana celular depende de |a
actividad metabdlica celular, se observd gue la sintesis de RMNA v proteinas
prosigue incluso en células dafadas. De hecho, en sistemas con células
durmientes, la actividad celular continud a pesar del gran descenso en viabilidad
provocado por la ausencia de nutrientes. En sistemas continuos de reciclado celular
el tanto por ciento de viabilidad celular fue elevado a pesar de las limitaciones por
carbono yo nitrdogeno. Finalmente se empled una metodologia para la reutilizacion
celular, altemando ciclos de reposo/bictransformacion v crecimientofre-energizacion
(Capitulo 2.

Como ya se ha determinado (Capitulo 1), la inestabilidad genética dificulta la
aplicacion de celulas modificadas genéticamente en el bioproceso. A pesar de que
este es uUn inconveniente generalmente observado para la aplicacion de células
modificadas en procesos continuos, la inmovilizacidn celular es una técnica general
y sencilla que permite |la estabilizacion de la cepa (Kumar et al, 1991) Se
estudiaron los factores determinantes de |la estabilizacion genética de £, coff
empleando citometria de flujo (Capitulo 3). Los experimentos iniciales demostraron
gue la sensibilidad de la técnica era suficiente para distinguir entre celulas crecidas
en discontinuo con v sin plasmidos en términos del contenido en DMNA v proteinas.
En cultivo continuo, los distintos ambientes del reactor afectaron a la fisiclogia
celular, especialmente en lo referente a la viabilidad celular v al contenido en DMNA.
En sistemas continuos se obseryd un contenido inferioren OMNA, tanto en células en

sUspension como en células atrapadas en el gel, probablemente debido a un
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descenso en el nimero de copias del plasmido en sistemas en crecimiento
estacionario. A pesar de esto, la menor tasa de crecimiento de las células
inmovilizadas supuso un descenso en la carga metabdlica impuesta por la
replicacian del plasmido v la sintesis de proteinas (Jones v Keasling, 1998, Flores
et al , 2004) Ademas, los niveles de RMNA estuvieron fuertemente controlados por la
maquinaria celular, aungue tanto los niveles de REMA como los de proteinas
aumentaron en cultivos continuos. El mayor grado de proteccion fisica de las
células atrapadas en el gel permitid la acumulacion de una poblacién de células
catabdlicamente activas gue, sin embargo, tenia sus membranas despolanzadas.
Estas celulas fueron capaces de recuperar su potencial de membrana cuando se
afiadio medio fresco al cultivo, apovando la idea de gue las células energéticamente
agotadas pueden, al menos parcialmente, recuperar sus funciones (Nebe von
iZaron et al, 2000} lo gue abre nuevas vias para el Uso de bacterias como

catalizadores para biotransformacionss industriales.

En la optimizacién de bioprocesos en los que esta implicada una ruta
perteneciente al metabolismo secundario del microorganismo, la aproximacidn mas
comin ha sido la optimizacion de su expresidn independientemente de la fisiologia
celular v del metabolismo primaro. Desde un punto de vista bioguimico clasico, se
puede definir en metabolismo central como el conjunto de las rutas metabdlicas
celulares gue proveen a la célula de energia v moléeculas sillares, siendo el
metabolismo secundano el conjunto de todo el resto de reacciones. Sin embargo, el
metabolismo secundario no se puede considerar como una entidad totalmente
independiente de las rutas metabdlicas centrales de la celula. En muchos casos |a
expresion de ambos metabolismos esta coordinada, siendo controlada por el mismao
conjunto de proteinas reguladoras, mientras gue los sustratos v productos de
ambos metabolismos pueden ser comunes. Esto permite a la cglula administrar los
recursos metabdlicos de manera optima, especialmente bajo condiciones de estrés.
Lo gue es mas importante, si los intermedios metabdlicos o los cofactores de esta
red estan compartidos, la evalucion del pool de éstos determinara en gran medida
la unidn o integracion de ambos metabolismos (Lopez de Felipe et al | 19958, San et
al., 2002, Canovas et al |, 2003a; Vadali et al , 2004,

Fuesto que la comprensién de la red metabdlica implicada en la
biotransformacion es de importancia primordial, en el Capitulo 4 se llevd a cabo un
analisis en profundidad de las adaptaciones metabdlicas sufridas en condiciones de
biotransformacion. Asi, se establecio que la unidn o integracion del metabolismo

primario ¥ el metabolismo de compuestos de trimetilamonio se produce a través de
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los cofactores, especialmente el ATP v la relacion acetil-CoA/Col. Ademas, |a
expresion del ciclo de los acidos tricarboxilicos, el ciclo del glioxilato v el
metabolismo del acetato esta relacionada con la biotransformacion, limitando los
flujos maximos v la productividad de Li-}-carnitina. El estado energetico de la célula
se comelaciond con la regulacion coordinada del ciclo del glioxilato v el ciclo de
krebs, de tal manera que la relacion ICOH/ACL respondid a la ausencia o limitacion
de sustrato v al crecimiento celular rapido. En el caso de las celulas durmientes, se
observaron modificaciones metabdlicas debidas a la adaptacidn de las células a las
condiciones microaercbicas v a la utilizacion del material almacenado por la celula,

lo que favorecid la biotransformacian.

Ademas, L(-l-camitina es un osmoprotector, de modo que la presencia de sal
en el medio de cultivo afecta al rendimiento del bioproceso v al nivel de expresian.
Se estudio el efecto del estrés saling sobre la biotransformacion (Capitulo %)
observandose un aumento en la productividad como  consecuencia de  la
combinacion de una serie de factores: la permeabilizacion celular v la activacion de
rutas metabdlicas para la generacion de energia vy precursores. El analisis
metabdlico de E. eolf en condiciones de estrés osmotico reveld que el aumento en
la productividad estaba relacionado con la modificacion del estado del metabolismo

central, corroborando asi las restricciones metabdlicas determinadas previamente.

En condiciones de agotamiento o limitacién de sustrato se producen
importantes cambios metabdlicos v fisioldgicos gue activan los mecanismos
celulares de mantenimiento v supervivencia (disparados por la activacion de EpoS),
provocando una disminucion del rendimiento del metabolismo secundaro. Los
estudios metabolicos v fisiologicos gue hemos llevado a cabo apoyan la importante
influencia que el estado energético celular tiene en la expresion y rendimiento del
metabolismo de compuestos de tnmetilamonio. Se sabe que el transporte v Ia
activacion de sustrato son los pasos clave dependientes de ATF que pueden
explicar esta observacion. Ademas, durante la optimizacion del bioproceso se
determind que los niveles de oxigeno v fumarato son factores cruciales, no sdlo
COMo consecusncia de la inhibicidn de la actiwidad crotonobetaina reductasa
(CRRE, sino tambign debido a las consideraciones energeticas anteriores. La
adicion de fumarato aumentd la produccion en anaerobiosis, perg también en
procesos con celulas durmientes realizados en condiciones microasrobias, en las
gue se pueden producir limitaciones en la tasa de transporte de oxigeno. Aungue
tambien se puede producir Li{-Fcamitina en aerobiosis, la presion parcial de oxigeno

tiene que controlarse muy cuidadosamente, puesto gue a niveles dptimos conduce
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a un compromiso entre la inhibicion de la reaccion lateral de reduccion de
crotonobetaina v la represion de la expresion del operon eaf (Castellar et al., 1999,
Canovas et al, 2002). Las variables metabdlicas v fisiologicas celulares estan
estrechamente ligadas a la capacidad de biotransformacion. De hecho, el estado
fisioldgico de Escherichia colf determina en gran medida el rendimiento del proceso.
La maxima productividad especifica se observd en células en crecimiento
exponencial, aungue la gran cantidad de biomasa en los sistemas continuos de
reciclado celular v en los sistemas discontinuos con células durmientes hace
posible las elevadas producciones obtenidas con estos sistemas. En continuo, las
células en estado pre-estacionario son biocatalticamente mas activas, lo que
coincide con una menor acumulacion de celulas despolarizadas v muertas, mientras
gue en los sistemas con celulas durmientes el gran deterioro fisioldgico celular esta
acompanado con una disminucion de la productividad. La entrada en estado
estacionario esta acompariada de un importante deterioro de la viabilidad celular

(Capitulo 21y de importantes alteraciones metabdlicas (Capitulo 4.

El analisis metabdlico realizado en condiciones estandar v de estrés salino
(Capitulos 4 v 5) nos pemitio detallar la unidén o integracidn entre  la
biotransformacion v las rutas metabdlicas centrales de Eschertchia  colf
determinando asi dianas para la optimizacion. El analisis de la evolucion de
actividades enzimaticas seleccionadas reveld adaptaciones tanto en el estado de
crecimiento como en el estado durmiente. De hecho, los puntos de control mas
probables son el estado energético celular v el poof de acetil-CoA/Cos. Con &l
conocimiento actual, se sabe que el ATF es necesario en el metabolismo de
compuestos de trimetilamonio para el transporte v la activacion. Prold v ProP son
dos sistemas de transporte dependientes de ATP dedicados a la acumulacidon de
compuestos osmoprotectores bajo condiciones de estres. Por ofro lado, a pesar de
gue CailT se ha descrito como intercambiador de betainas (Jung et al., 2002,
Vinothlkumar et al., 2008), las células de E. coff desenergizadas exhiben tasas de
incomporacion de L{-)}-camitina menores [Canovas et al, 2003a; Canovas et al,
2003b). Farece factible que los niveles de ATF afecten indirectamente al proceso
de transporte, muy probablemente a nivel de la conversion de los compuestos de
timetilamonio en sus denvados de Cod mediante la ligasa dependiente de ATF
(Capitulo 8], gue es un paso imprescindible para la bictransformacion (Elssner et
al., 20003,

Ademas de la actividad ligasa de CoA dependiente de ATP de CaiC, Ia

actividad transferasa de Cof de CalB recicla el grupo CoA entre sustratos v
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productos, permitiendo que la biotransformacion transcurra a través de una via
independiente de energia (Elssner et al., 2001). Es por esto que se propone que el
papel conjunto de las actividades CalB and CailC en la activacidn de sustrato, junto
con el metabaolismo de acetil-CoA/Cof, que controla los flujos a través de rutas de
produccion de ATF (metabolismo del acetato) v anaplerdticas (ciclo de los acidos
tricarboxilicos v ciclo del glioxilato) constituven los principales puntos de control en
la bictransformacion (Capitule 7). Ademas, hemos detectado i wire una actividad
transferasa de Cof para CaiC, si bien los experimentos realizados apuntan a que el
papel mas relevante i1 vive es la actividad ligasa. Ademas, el analisis de los
mutantes knock-out de caiB y caic, asi como sU sobresxpresion nos permitieron
determinar el papel de estas enzimas en la biotransformacicn (Capitulo 6), puesto
que, a pesar de gue CaiB es necesaria para la produccion de L{-}carmitina, su
sobreexpresion no condujo a una mejora del rendimiento de la biotransformacion en

comparacidn con la cepa superproductora £, eoff Q44K 74 (Capitulo 7).

Finalmente, la informacion obtenida en los estudios metabdlicos nos permitic
modificar genéticamente £, eolf con objeto de mejorar la produccion de Li-)-
carnitina [Capitulo 7). La relacion existente entre las rutas expresadas nos ha
indicado gue la disponibilidad de CoA libre para la activacion de sustrato es
limitante de la biotransformacion, por lo gue tenia que considerarse como posible
cuello de botella del proceso. Puesto que, ademas, se ha demostrado la
importancia de los cofactores celulares en la biotransformacion (Capitulos 4 v 5,
hemos llevado a cabo la modificacion de sus niveles, lo gque se conoce, en genaral,
como ingenieria de cofactor. Con ese propadsito se realizaron sobreexpresionss v
deleciones de genes determinados. Las dianas seleccionadas fueron la activacion
de los compuestos de trimetilamonio v la relacidn acetil-CoAfCol, gue se
modificaron mediante la expresion de las aclividades CaB v CaiC v mediante la
adicion de un precursor de la sintesis de CoA, el acido pantoténico, al medio de
cultivo. La sobreexpresion de Caill permitid incrementar el rendimiento de la
biotransformacion.  Ademas, a pesar de gue no Se consiguid mejorar la
racemizacidn de D+ }camitina en cultivos anaerobios discontinuos, se consiguid en
experimentos microaerdbicos con células durmientes, subrayando, nuevamente, |a
importancia de los niveles de oxigeno para este proceso (Capitulos 1 v 8) El
estudio de delecidn de genes permitid determinar el papel limitante que la expresion
de ciertas actividades del metabolismo central de £ coff tienen en la
biotransformacion. De hecho, se wio que la ruta de fosfotransacetilasalfacetato-

guinasa (PTA-ACK) es esencial debido a su funcién en la sintesis de ATF en
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anaerobiosis v a la necesidad de evitar la acumulacion de aceti-CoA hasta niveles
inhibitorios. Por otro lado, un descenso del flujo a través del ciclo del glioxilato
aumentd la productividad, especialmente en células en crecimiento exponencial
{Capitulo 7). El ciclo del fosfoenolpinuvato-glioxilato, recientemente descrto (Fischer
y Sader, 2003), se ha implicado en la limitacidn de la acumulacion de cofactores
redox reducidos, impidiendo asi la produccion de un exceso de NADHMNADPH, que
es especialments importante en las condiciones de crecimiento lento o limitado,
como ocurre en el caso de células durmientes o en cultivos continuos de alta
densidad.

A pesar de que la funcidn del metabolismo de L{-Fcamitina en £. eofi sigue sin
conocerse, se ha propuesto anteriorments una posible funcion como ruta de
respiracion anaerchia (Kleber, 1997 Elssner et al., 1929) Ademas, se ha
demostrado  que la  acumulacién  infracelular de betainas v compuestos
osmoprotectores relacionados es una estrategia general para la supervivencia
celular en condiciones de estrés, no solo en medios hiperosmoticos, sine tambien
en otras condiciones. En  determinadas  especies, tales como  Listeria
monocitogenes, también es ha establecido una conexidn con la capacidad infectiva
i wvivo (Sleator et al., 2003). En E£. colf se ha propuesto la implicacion de dos
sistemas de transporte (ProlJ v ProP) en la incomporacion de osmoprotectores
(Csonka 1991 Verheul et al., 1998 Mcmillan et al., 1999), mientras que el
intercambiador CaiT sdlo funcionaria ligado a la biotransformacion [Verheul et al,
1998, Jung et al., 2002). De hecho, en presencia de concentraciones elevadas de
sal, la expresion del metabolismo de camitina se reprime (Canovas et al, 20030, lo
que apovaria el hecho de que este metabolismo no supone una ventaja en
osmoproteccion. Los resultados agui presentados apovan esta funcion  del
metabolismo de L{-J-camitina en £. cofi Ademas, tanto la respiracion aerobia como
anaerobia [con oxigeno o fumarato como aceptores electronicos  finales)
aumentaron la produccién de  L{-}camnitina, inhibiendo  la  “respiracién  de
crotonobetaina” a nivel de crotonobetaina reductasa (CER, catalizada por
CaA'CaiB). Por otro lado, a pesar de que el metabolismo de Li-)}-camitina se inhibe
a concentraciones altas de sal, se& observd un incremento en la produccion en
determinadas condiciones experimentales, favoreciendose la biotransformacion a

raiz de las alteraciones metabdlicas observadas en estrés salino.

Tanto el metabolismo comao la fisiologia celular estan intimamente ligados con
el modo de operacion del reactor, contribuyendo conjuntamente a determinar el

rendimiento del bioproceso. Ademas, la configuracion  del reactor debe

272



Dhscusion

seleccionarse en base al rendimiento del bioproceso en las condiciones
seleccionadas, asegurando una expresion optima vy minimas limitaciones por
gradientes fisicos v quimicos. En este trabajo se ha subrayado la importancia de |a
eleccion del reactor debido a su efecto en la fisiologia celular, que deberia
considerarse como un crterio importante, puesto gue la maxima produccion de Li-)-
carnitina corresponde a células en crecimiento exponencial. En sistemas con
células durmientes, el estado celular tiene una importancia crucial. De hecho, para
asegurar rendimientos elevados se deberian altemar ciclos de biotransformacidn v
re-energizacion en uUn proceso integrado. En condiciones de bioproceso, la
fisiclogia celular se correlaciona en gran extension con el estado intracelular, de
modo que, alterando la configuracién del reactor, el modo de operacion o, incluso,
las condiciones de estrés, se puede afectar la expresion v el rendimiento del

bioproceso.

El escenario mas realista para la interaccidn entre el metabolismo central vy
secundario durante la produccion de Li-}-camitina con  Escherichia ool esta
determinado por la disponibilidad de cofactores. La evolucidn del nivel de ATP v de
las relaciones MADHMAD™ v aceti-CoAfCob estd ligada a la produccién (Capitulo
41 v tambign se ve afectada por el estrés salino (Canovas et al,, 2003b v Capitulo
5). La activacion v el reciclado de compuestos de de timetilamonio en E. coff v el
destino metabdlico de acetil-CoA son cuellos de botella en la biotransformacion.
Ademas, el estado energetico de la célula no solo afecta a la biotransformacion,
sino también al estado fisioldgico de la bacteria. Recapitulando, en este trabajo se
muestra la necesidad de una estrategia global de optimizacidon de bioprocesos,
considerando  los niveles del reactor (macroscopico) v del microorganismo
(microscapico). Ademas, para la mejora de cualguier proceso de biotransformacian,
tanto el metabolismo primario como el secundario deberian ser tenidos en cuenta, v
el analisis de las adaptaciones metabdlicas gue ccurren en condiciones estandar v
en presencia de estrés es un reguisito previo para la seleccion de dianas de
optimizacion. El analisis de las adaptaciones fisiclégicas sufridas deberia realizarse

para asegqurar la maxima expresion vy rendimiento.

Aungue aun gueda trabajo por delante, de los resultados agui presentados
puede concluirse gue la interfase bioguimica-microbioldgicatécnica deberia ser &l
left motif para la optimizacion de un bioproceso, puesto que la adecuada seleccion
de una configuracion de biorreactor v del modo de operacidén afecta al estado
metabalico celular. La optimizacidn de bioprocesos se encuentra en el punto de

unidn entre la quimica, la biologia, la ingenieria v la informatica, 1o que hace precisa

273



una aproximacion multidisciplinar. Ademas, la aplicacion de técnicas analiticas para
determinar la evolucion de las poblaciones celulares, asi como las adaptaciones
metabdlicas que estas sufren en conjunto {fundamentalmente enzimas, cofactores v
metabolitos) permitira el desarrollo racional de estrategias para la mejora de cepas.
Ademas, la aplicacion de técnicas novedosas para el analisis de la evolucion del
transcrptoma, proteoma v metaboloma en diferentes condiciones permitira ahondar

en la complejidad de las redes metabdlicas.

274



Dhscusion

REFERENCIAS

Alvarez-Vasquez F, Canovas M, lborra JL, Torres NV, 2002. Modeling, optimization
and expenmental assessment of continuous Li-J-carniting  production by
Eschenchia cofi cultures . Biotechnol Bioeng 80:724-80%.

Bailey JE. 1991, Towards a science of metabolic engineenng. Science 252 1668-
1674

Cameron DC, Tong IT. 1993 Cellular and metabolic engineering. Appl Biochem
EBiotechnol 38:105-140.

Canovas M, Maiguez JR, Obdén I, lbora JL. 20020 Modeling of the
bigtransformation of crotonobetaine into Li-Fcamitine by Eschenchia colf
strains. Biotechnol Bioeng 77.764-775.

Zanovas M, Bemal VY, Torroglosa T, Ramirez JL, lborra JL. 20033 Link between
primary and  secondary metabolism  in the  biotransformation  of
timethylammonium  compounds by Escherichia colfi Biotechnol Biceng
54 686-6939.

Zanovas M, Tormoglosa T, kleber HP, lborra JL. 2003b. Effect of salt stress on
crotonobetaine and D+ }Fcamitine biotransformation into  L{-}carnitine by
resting cells of Escherichia coff. J Basic Microbiol 43:259-268

Canovas M, lboma JU. 2006, Whole cell biocatalysts stabilization for L-carnitine
production. Biocatal Biotrans 23:149-158.

iastellar MR, Obdén JM, Marin A, Canovas M, lbomra JL. 1999 L{-}Fcamitine
production wsing a recombinant Escherichia colf strain. Enz Microb Technol
28.785-T91.

iZastellar MR, Canovas M, kleber H-F, Iboma JL. 1998, Bictransformation of Di+)-
camitine by resting cells of Escherichia colf 044 K74 J Appl Microbiol 85:883-
840,

Csonka LW 1891, Prokaryotic osmoregulation: genetics and physiology. Annu Rey
Microbiol 45:569-606

Eichler K, Bourgis F, Buchet A, Kleber HP, Mandrand-Berthelot MA. 1994
Molecular characternzation of the oaf operon necessary for camitine
metabolism in Escherichia coli. Mol Microbiol 13.775-786.

Elssner T, Engemann C, Frauendorf H, Haferburg D, Kleber HP. 2001, Involvement

of Coenzyme A esters and two new enzymes, an enoyl-CoA hydratase and a

275



Cof-transferase, inthe hydration of crotonobetaine to L{-}Fcamitine by E. cok.
Biochemistry 40:11140-11148.

Elssner T, Henning L, Frauendorf H, Haferburg D, Kleber HP. 2000, |solation,
identification and synthesis of butyrobetanyl-Cod and crotonobetainyl-Cob,
compounds involved in carnitine metabolism of E. cofi. Biochemistry 39:10761-
10769,

Elssner T, Preusser A, Wagner U, Kleber HP. 1999, Metabolism of L{-Fcamitine by
Enterobacteriaceas under aerobic conditions, FEMS Microbiol Lett 174:295-
301,

Fischer E, Sauer U. 2003, A novel metabolic cycle catalvzes glucose oxidation and
anaplerosis in hunagry Escherfchia cofi. JBiol Chem 278 468446-46451

Flores 5, de Anda-Herrera K, Gosset ¢, Bolivar FG. Growth rate recovery of
Escherichia colf cultures camying a multicopy plasmid, by engineering of the

pentose-phosphate pathway. Biotechnol Bioeng 87485484

Jones KL, Keasling JD. 1998 Construction and characterzation of F plasmid-based

expression vectors. Biotechnol Bioeng 59.6859-665

Jung H, Jung kK, Kleber HP. 1923, Synthesis of L-carniting by microorganisms and
isolated enzymes. Ady Biochem Eng Biotechnol 50:21-44.

Jung H, Buchholz M, Clausen J, Mietschke M, Reverman A, Schmidt R, Jung K.
2002, CaiT of E ecoff a new transporter catalyzing L{-)-camitinely-
butyrobetaine exchange . J Biol Chem 277:39251-39258

kleber, HF. 1997, Bacterial caritine metabolism. FEMS Microbiol Lett 147:1-9.

kumar KFKRE, Maschke HE, Friehs K, Shugerl K. 1281, Strategies for improving
plasmid stability in genetically modified bactera in bioreactors. Trends
Eiotechnol 9:279-284.

Lopez de Felipe F, Kleergbezem M, de Vaos Wh, Hugenholtz J 1988, Cofactor
engineering: a novel approach to metabolic enginesring in Lactococcus fachs
by controlled expression of NADH oxidase. J Bacteriol 180:3804-3808.

hachlillan SV, Alexander DA, Culham DE, Kunte HJ, Marshall EY, Rochon D, YWood
Ji 1988 The ion coupling and organic substrate  specificities  of
osmoaregulatory transporter ProF in Escherichia coli. Biochim Biophys Acta
1420:30-44

276



Dhscusion

Maidu GEN, Lee IY, Lee EG, Kang GH, Park YH. 2000, Microbial and enzymatic
production of L-carnitine. Bioprocess Eng 23.627-635

Mebe-wvon Caron G, Stephens FPJ, Hewitt CJ, Powell JR, Badley RA. Analysis of
bacterial function by multi-colour flucrescence flow cytometry and single cell
sorting. J Microbiol Meth 2000:42:97-114.

Dbdn JM, Maiguez JRE, Canovas M, Kleber HP, lborra JL. 1997 L{-}Fcamitine
production with immobilized Escherichta colf cells in continuous reactors. Enz
Microb Technol 21:531-536.

Dbon JM, Maiquez JB, Canovas M, Kleber HF, lbormma JL. 1989 High density
Eschenchia coff cultures for continuous  L{-)-carnitine  production.  Appl
Microbiol Biotechnol 51.760-764 .

San KY, Bennett GN, Berros Rivera SJ, Vadali RY, Yang ¥T, Horton E, Rudaolph
FE, Sarivar B, Blackwood k. 2002 Metabolic engineenng through cofactar
manipulation and its effects on metabolic ik redistribution in Escherichia coll.
Metab Eng 4. 182-192

Sevilla &, Schmid MY, Mauch K, lborma JL, Reuss M, Canovas k. 2005, Model of
central and trimethylammonium  metabolism  for optimizing  L-camitine
production by £. cof. Metab Eng 7 401-425.

Sleator RD, Francis GA, O'Beime D, Gahan CG, Hill C. 2003, Betaine and carmnitine
uptake systems in Listeria monocytogenes affect growth and survival in foods
and during infection. J Appl Microbiol 95.839-846.

Stephanopoulos G 1994 Metabolic engineening. Cumr Opin Biotechnol £:196-200.

Vadali RY, Bennett GN, San KY. 2004, Cofactor engineering of intracellular
Coffacetyl-Cod and its effect on metabolic flux redistribution in Escherichia
cofi. Metab Eng 6:133-139.

Verheul &, Wouters J&, Eombouts FM, Beumer RRE, Abee T. 1293 A possible role
of ProP, Prol) and CaiT in osmoprotection of Escherichia colf by camitine. J
Appl Microbiol 85:1036-1046

Vinothkumar KR, Raunser 5, Jung H, Kuhlbrandt W 2006 Oligomeric structure of
the camitine transporter CaiT from Escherfchia cofi. J Biol Chem 281.4795-
4801,

277






CONCLUSIONES






Conclusiones

1. 5e ha estudiado la biotransformacion de compuestos de trimetilamonio en

L{-}-carnitina:

El rendimiento con cepas salvajes es satisfactorio en los sistemas
discontinuos v continuos  estudiados, mientras gue la inestabilidad
segregacional de la cepa portadora de plasmidos es el principal
inconveniente para su aplicacion en la produccion de Li-Fcamitina en

continu o,

Crotonobetaina es mejor sustrato que D+ J-camitina debido a gue &l nivel
de expresidon de la actividad enzimatica carnitina racemasa s menor gque

el de la Li- Fcamitina deshidratasa.

La respiracion bacteriana aumenta la produccion de Li-}Fcamiting en E.
coff O44K74 v E. colf K38 pT7-SKEZ2 mediante (a) un aumento del nivel
energético celular v (b una inhibicidn de la actividad crotonobetainil-CoA,

reductasa (Caid ) tanto en sistemas continuos como discontinuos.

2. Escherchia coff 044K74 sufre importantes cambios fisioldgicos v metabolicos

como consecuencia de la adaptacion a la ausencia o limitacion por nutrientes.

En sistemas discontinuos con células durmientes v continuos  de
recirculacion  celular se  detectan distintas  poblaciones  bacterianas
mediante citometria de fujo multi-tincién, estando ligado el fin de la
biotransformacion de compuestos de trimetilamonio a la acumulacion de

celulas dafiadas en el reactor,

La evolucion del nivel de macromoléculas intracelulares refleja la tasa de
diwision v el estado metabdlico celular, especialmente en el caso del
DMA-célula’ que aumenta en condiciones de baja tasa de division vy que
disminuye en sistemas con células durmientes como consecusncia de la

ausencia de nutrientes.

3. La inestabilidad genetica de E. colf K38 pT7-5KE32 en sistemas de cultivo

continuo con células en suspension es debida a la combinacion del descenso

del nimerc de copias del plasmido v a la alta tasa de division celular. La

menos tasa de division en sistemas continuos con celulas inmovilizadas

supone Un descenso de la carga metabolica, pemitiendo la segregacidn

comecta de los plasmidos entre las células hijas v contribuyvendo a la

estabilizacion genetica de la cepa. En el estado inmovilizado, las celulas
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expenmentan un aumento en el nivel de proteinas intracelulares (40% aprox.),
mientras que la concentracion de EMA esta fuertemente controlada por la
maquinana celular, permaneciendo practicamente constante durante los

procesos en continuo.

El metabolismo secundario de compuestos de trimetilamonio en Escherichia
coff 044k 74 esta conectado con el metabolismo central (o de carbono) a nivel
de cofactores, especialmente |la necesidad de ATP para el transporte vy

activacion de sustratos v de coenzima A libre. De hecho:

s [E| estado energético de la célula se correlaciona con la activacion del ciclo
del glioxilato {isocitrato liasa) bajo condiciones de limitacidonfausencia de
sustrato (células durmientes v estado estacionaro de reactores continuos),
y del ciclo de Krebs (isocitrato deshidrogenasa) en condiciones de
crecimiento celular rapido (células en crecimiento exponencial v puesta en
marcha de reactores continuos), marcando las limitaciones metabdlicas a

la produccion de L{-)-camitina.

o |La expresion del metabolismo del acetato (fosfotransacetilasa v acetil-Cob,
sintetasa), gue controla la relacidn de aceti-CoAfCoA, 25 superior en

sistemas anaerdbicos en continuo.

Aungue el metabolismo de camitina de Escherichia cofi O44K74 no esta
relacionado  con  la  osmoproteccion  y  sU expresion  se  reprime  a

concentraciones altas de sal,

o [E| estrés salino incrementa la produccion de L{-)-carnitina debido a la
combinacion de la permeabilizacion de la membrana celular v la activacion
de rutas metabdlicas para la generacion de energia v precursores (ciclo
del glioxilato, ciclo de Krebs v metabolismo del acetato) tanto en sistemas
discontinuos con celulas durmientes como en sistemas continuos en

crecimiento.

o | arealizacidn de pulsos en biomeactores es una estrategia muy adecuada

para el estudio dinamico del metabolismo v la fisiologia celulares.

El cuarto gen del operdn caf CaiC, es una ligasa de CoAl dependiente de
ATP, gue es activa solo sobre D, L-camitina, crotonobetaina v y-butirobetaina.

Ademas, se ha observado que;



Conclusiones

A pesar de que en extractos libres de células se ha detectado una
actividad betaina.coenzima A transferasa in vitro, |0s datos & vive apoyan

gue esta no es su funcidn principal.

Tanto la actividad camitina CoA transferasa (CaiB) como la carnitina: Cob
ligasa (ZaiC) son necesanas para la produccidn de Li-}Fcamitina paor

Esacherichia col,

La sobreexpression de CaiC provocd un incremento en la produccion de
L{-Fcamitina tanto por células en crecimiento como durmientes, a partir de
crotonobetaina v D(+ Fcamitinag, indicando gue la activacion de betainas es

un paso limitante en la biotransformacian.

7. Finalmente, la disponibilidad de coenzima A libre afecta al rendimiento de |a

biotransformacion. Este trabajo ha mostrado que:;

La sobreexpresion de las enzimas implicadas en la activacion del sustrato
del Escherichia coli [CaiB vy CaiC) permite modificar el poof celular de
betainil-Cofs, provocando un aumento de dos a diez veces en el

rendimiento de la hictransformacidan.

La expresion de las rutas de glioxilato v acetato son parametros de control
para el metabolismo de L{-)-carnitina debido a su papel en el destino
metabdlico de acetil-Cos v en el mantenimiento de la relacion acetil-
CoAfCoh,

La delecidn de genes del ciclo del glioxilato aumentd la produccion de Li-)-
carnitina en un 20-25%, mientras que la supresion de fosfotransacetilasa

suprimid practicamente en su totalidad la biotransformacian.
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Abstract

In this PhD Thesis, the optimization of L{-)-carnitine production using the
trimethylammonium compound metabolism of Escherichia cofi has been tackled

from the bioprocess and metabolic points of view.

A systematic analysis of the main factors which affect L{-}-carmitine production
using Escherichia colf strains has been undertaken, and the effect of the availability
of election sinks {such as oxygen or fumarate) in both balch and continuous
operation conditions have been studied. An analysis of the effect on the cells using
flow cytometry, allowed us 1o determine the responses in intracellular levels of DNA,
HNA and proteins ant their integration with the heterogeneity of cell population. This
allowed a novel way for analyzing how reactor configuration affects the physioclogy
of cells. Further, the DNA content was studied in transformed E. coff cells in
continuous culture, allowing to determine the factors affecting the genetic
stabilization of the immobilized strain. Further, the expression of secondary
metabolism was coordinated with central pathways by general regulatory proteins,
the evolution of the pools of cofactors and metabolites largely ensuring the linking of
both metabolisms. Metabolic analysis under stress conditions revealed an
enhancement in productivity due to cell permeabilization and the activation of
metabolic pathways tor the generation of energy and precursors. CaiC protein was
cloned, overexpressed and partially characterized, revealing to be a highly specific
CoA ligase. L{-)-carnitine production was engineered in CaiB {CoA transferase) and
CaiC (CoA ligase) overexpiession and deletion strains, underlining the impoitance
of substrate activation. Finally, the TCA cycle, the glyoxylate shunt and the acetate
metabolism, which expression is related to the biotransformation, limit maximum
productivity, and novel engineering strategies were developed and experimentally

assessed for strain improvement.

Taking all together, not only metabolism, but also cell physiology are in deep
relation with the mode of reactor operation and jointly contribute to determine the
performance of the bioprocess. The role of the cell metabolic state as a determinant
in L{-}-carnitine production has been further clarified, specially at the cofactor level
{ATF and acetyl-CoA/CoA). Furthermore, bioreactor operation, determining the
physiological state of Escherichia coli cells has been shown to limit to a great extent
the peiformance of the bhioprocess. In addition, the function of CaiC has been
determined and, more importantly, the importance of the joint consideration of
central and secondary metabolisms in the improvement of strains for

bistechnological ends has been stated.
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A PERSPECTIVE ON THE HISTORY OF L(-)-CARNITINE

L{-Fcamitine  (R{-F3-hydroxy-d-trimethylaminobutyrate)  is  an ubiguitous
compound, found in animal and vegetal tissues, as well as in microorganisms. In the
eary 20th century, Li-}Fcamitine was first found in muscle extracts, thus being named
from the Latin caro, camis (meaning flesh or meat), almost simultaneously by
Zulewitch and Krimberg in RBussia and kKutscher in Germany. For years, its function
and structure remained unknown. In 1927, Tomita and Sendju confirmed its chemical
structure and during the 13930s, first physiological investigations on Li-Fcamitine
functions were performed by Strack in the University of Leipzig. Fraenkel and
collaborators discovered that in mealwaoms [ Tenebrio molitor) Li-)-camitine was an
essential growth factor in addition to folic acid and the other B vitamins, L{-}Fcamitine
was thus called vitamin By, In 1955, Fritz found that the rate of fat buming at
mitochondrial level depended on Li-}Fcamitine levels, establishing its fundamental role
in fat oxidation for the first time. Basic research in the metabolic role of L{-}Fcamitine as
well as in its applications continued throughout the second half of the 20th century. In
the 1980's, L{-J-camitine became commercially available and in 1993 it was
established to be Generally Recognized As Safe (GRAZ) as a dietary supplement, by

an independent expert committee of scientists.

PHYSIOLOGICAL ROLE OF L(-)}-CARNITINE IN HUMANS

Li{-Fcamitine plays a significant role at wvarious stages of the intermediary
metabolism: for example, in the F-oxidation of medium and long chain fatty acids in the
mitochondria, in the oxidation of fatty acids in the peroxisomes, in the exchange of acyl
and acetyl groups with Cod in the mitochondria ithus altering the acyl-CoAf oA and
acyl-carnitine/carnitine ratios) and in the production of the ketone bodies. Acetw-Li-)-
camitine may be seen as a second form of activated acetic acid, an acetyl buffer or a
depot of acetyl groups (Laster, 2003). Hence, L{-J-camitine is considered an essential
and integral part of fatty acid catabolism in the mitochondria and is closely related to
acetyl-CoA invarnous cell organelles, plaving a fundamental role in energy metabolism.
The metabolization of lipids provides energy for longer periods and more prolonged
load than carbohydrates, and Li-Fcamitine is typically used in all bodily functions that
have a high energy demand. This role is especially relevant in the physiology of the
heart which, because of its higher energy demand, mainly depends on the

metabolization of lipids and fatty acids {(Ldster, 2003} In addition, acetyl-L{-}Fcamitine

293



participates in neuronal metabolism as acetyl-donor in the biosynthesis of acetyl-
chaline. Many other functions of L{-Fcamitine have been established: its implication in
the heart, liver, muscle, brain and lipid metabolisms has been proved, as well as a

certain role in sperm maturation, immune system and connecting tissue (Léster, 2003)

L{-Fcamitine is present to varying extents in foods of animal origin, while fruits
and vegetables contain very little, if any. A small amount of L{--camitine is naturally
produced within the human body and high concentrations are present in the human
heart and skeletal muscle, where it helps support physiclogical activity. Adults store
about 20 g of Li-}-camiting, primarily in skeletal muscle, in the liver and in the heart.
The major sites for L{-Fcamiting biosynthesis are the liver and kidney (Ldster, 2003)
and this involves a seres of steps, requining two essential amino acids, lvsing and
methioning, as substrates. Vitamin C, iron, vitamin Bg and niacin are needed as
cofactors and malnutrition exerts a highly negative effect on its biosynthesis.
Approximately 20 mg of L{-Fcamiting are produced per day, which represents around
10% of the daily necessities. A well balanced diet can additionally supply 100-300 mg
of L{-Fcamitine to the body each day. Interestingly, for infants, L{-}camitine is

essential because of limited endogenous synthesis during the first months of life.

summarizing, the L{-lcarmiting reguirements of the organism can be met by
endogenous synthesis and exogenously supplied food. Inthe healthy arganism there is
also no notable catabolism but Li-}-camitine is excreted in the uring, mostly as esters.
Healthy adults store adequate quantities of Li-)camitine and do not need additional
contribution from food, although an exogenous supply can be of importance in vanous
disorders, in pregnancy and old age, as well as in the case of deficiencies (Borum,
1991). Li-}-camitine can therefore be considered an essential nutrient. Deficiency can
be defined as an intracellular deficit of L{-)}-carmitine, with free concentrations of less
than 20 umol/dL and tissue concentrations of less than 10-20% of normal values. This
deficit leads to an accumulation of acyl-CoA esters and an inhibition of the transport of
acyl groups through the inner mitochondnal membrane. L{-)-camitine deficiencies have
been subdivided into primary (due to a basic defect in camiting metabolism) and
secondary (as a result of other diseases and conditions). Primary camitine deficiencies
are charactenzed by myopathy, episodes  of  hypoketotic  hypoglycemia,
hyperammonemia, failure to grow and cardiomyopathy. Secondary deficiencies are
associated to other metabolic abnormalities which are characterized by heterogeneous
clinical symptoms with excessive lipids and low camitine concentrations in muscle. On
other occasions, deficiency can be due to acquired disturbances, such as

hasmodialysis, parenteral nutntion, wvalproic acid therapy, hepatic cirmhosis with
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cachexia, Reyelike syndrome, wvarnous chronic muscular diseases, endocrine
disorders, acguired immune deficiency syndrome  (AIDS),  kwashiorkor and

cardiomyopathy after diphthena.

APPLICATIONS OF L{-)-CARNITINE

MuUltiple applications have been found for Li-Fcamitine. First of all, it is
administered in the treatment of the specific deficiencies summanzed above. In
addition, L{-}camitine supports cardiowascular system, increasing heart muscle
viability and the maintenance of a healthy heartbeat, and promotes a healthier weight.
Because of its fundamental role in fat metabolism, Li-}camitine also has multiple
benefits for the optimization of sports performance, delaying the onset of fatigue, and
improving recovery processes. Other clinical research data also indicate its role in
maintaining cholesteral and triglyceride levels, improving weight management and
muscle deposition. Recent works have shown that oral Li{-Fcamitine supplementation
improves long chain fatty acid oxidation in healthy persons (Muller et al., 2002} and in
slightly owerweight adults Wutzke and Lorentz, 2004) Used in conjunction with a
reduced calorie diet and moderate exercise, Li-)-camitine supplementation resulted in
a much greater loss in body weight in obese people, also regulating low density

lipoprotein (LDL ) and sugar levels in blood and reducing blood pressure.

As regards the brain, acetyl-L{-}Fcamitine has restorative or even protective
properties against aging processes and neurodegenaration, helping in the maintenance
of brain function. L{-Fcamitine dietary deficiencies can occur in newbom babies,
vegetarians and high performance athletes. L{-)-carniting is also recommended to
overcome deficiencies in sperm quality, number, motility or shape. Finally, a decrease
in Li-}camitine content has been described during aging, mainly due to lower energy
demand and changing dietary habits, together with a decreased endogenous
synthesis. For a comprehensive review of Li-}»camitine role in human health, see
Léster (2003).

THE PRODUCTION OF L{-)-CARNITINE

CHEMICAL vs. BIOTECHNOLOGICAL METHODS

A5 a result of the many possible applications of L{-Fcamitine and the increasing

demand for this product, much research effort has been focused on the development of
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methods for its industnal scale production. Mumerous chemical procedures for L{-)-
camitine production have been reported in the literature involving asymmetnc synthesis
(Kitamura et al, 1988, Kolb et al., 1993) resolution through diasteroisomeric
denvatives (Cavazza, 1981, Voeffray et al, 1987); microbiological or enzymatic
technigues (kasai and Sagaguchi, 19892, Hashiguchi et al., 1992, Jung et al., 1983 ) and
the use of chiral starting materials [Takano et al, 1987, Bellamy et al., 1990; Bols st
al., 1992) For instance, the method developed by Bellamy et al., consisted of 6-steps
which, using as starting maternal (R)- and (S)k-malic acid, respectively, specifically
obtained both enantiomers. More recently, Marzi et al., (2000) from the Department of
Chemical Research of Sigma-Tau described an enantioselective synthesis of L{-)-
camitineg using achiral glycerol as starting matenal and a chiral auxiliary. Howewver, few
of these chemical procedures are of practical use on an industrnal scale. The potential
advantages of biotechnological methods,  employing  both enzymes  and
microorganisms have motivated extensive research into the microbial metabolism of
Li-Fcamitine and its derivatives (Kulla, 1981, Jung et al., 1993, Kleber, 12897, Naidu et
al., 20003

USE OF BACTERIA FOR THE PRCDUCTICN OF L{-)-CARNITINE

The biotechnological procedures for L{-)-camitine production have advantages
over the chemical processes. 50% less total organic waste, 25% less waste water and
90% less waste for incineration. The most commonly used starting materials for the
production  of L{-}carmitine are achiral precursors  [(mostly  crotonobetaine,
v-butyrobetaine and 3-dehydrocamitine) or racemic mixtures (such as D L-acyl-
camiting, D L-camitinamide and DL-camiting) {Jung et al., 1993; Maidu et al., 2000}

The microorganisms Used for these bictransformations are summanzed in Table 1.

Since the early 18805, many companies worldwide have patented bioprocesses
for L{-Fcamitine production (Seitetsu, kKyowa Hakko, Chou Kaseihih, Toyo Jozo,
Alinomoto, Sigma Tau, Lonza, Mippon Pet Food, Yakult Honsha, EIf Aguitaine, Sanofi)
(Maidu et al, 2000). As an example, while bioprocesses developed for commercial
production of L{-)-carnitine by Sigma Tau (ltaly) are based on the bictransformation of
crotonobetaine by Escherichia coff and FProteus mirahilis strains, Lonza (Switzedand)
has been using y-butyrobetaine as starting maternal and a derivative of the HK4 strain.
This latter strain was isolated from a soil sample and its camitine pathway resembled
that found in a strain situated between Agrobacterium and Rbizobium. This strain was
able to grow on L{-Fcamitine as the sole source of carbon and nitrogen under asrobic
conditions. In the production strain, the degradation of Li-}-camitine was blocked by

frameshift mutagenesis, giving rise to a derivative strain, HK13, lacking L-carnitine
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dehydrogenase [(Kulla and Lehky, 1985) This pathway from y-butyrobetaine to L{-)-

camiting is analogous but not identical to fatty acid degradation (kulla, 1981) In a

similar manner, several Cai proteins of Eschertchia colf show homologies with enzymes

involved in fatty acid degradation, such as acyl-CoA dehydrogenase and Caid, acetate-
oA ligase and CaiC, and enoyl-Cod hydratase and CaiD (Eichler et al., 1994a).

Table 1. Precursors for the production of Li-)-carnitine using microorganisms.
{Adapted from MNaidu et al |, 2000}

Substrates

Strains

Crotonobetaine

Escherichia coll, Proteus mirabilis, Acinetobacter

fwoffi, Achromobacter xylosoxydans

O L-carnitine

e
a
E Hi4, HK13, HK1349, &, cerevisiae, Penicifium,
g _ Rhizopus, Mucor, Actinomuchor, Neurospora,
= y-butyrobetaine _
o Aspergiifus, Achromobacter, Pseudomonas,
- .
g Nocardia crassa

A-dehydrocamitine Agrobacterium, Fseudomonas

O L-camitinenitrile Corynebacterium sp.

. Fusanum oxysporum sp. lini, Corynebacterim,

o D L-acyl-camitine _
g Bacifius, Fseudomonas
X
£ Fseudomonas sp., DEW G320 {Agrobacterium or
o D L-camitineamide _
£ Sphingomonas sp. )
:
o Acinetobacter calcoaceticus and Acinetobacter Iwoff

{assimilation of D-isomer), Pseudomonas sp. and

Escherichia colf (racemization of D-isomer)
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THE METABOLISM OF L{-)-CARNITINE IN BACTERIA

Although the role of L{-)-carnitine is well established in eukaryotic cells, it is not so
clearin bactera (Kleber, 1987). The existence of uptake systems with different degrees
of specificity invery different bacteria has been connected with its protective properties
(dung et al., 1990; Yerheul et al., 1998) Moreover, in some species, such as Listera
monocitogenes, the existence of betaine uptake systems has been related to its ability

to grow and survive in foods and to provoke infections i vive (Sleator et al., 20037,

In addition to the protective roles exhibited after accumulating betaines, some
bacterial species are also able to metabolize these trimethyvlammonium compounds
under different conditions. Depending on the species and cultivation conditions {(carbon
and nitrogen sources, asrobic or anasrobic conditions), different pathways are involved
in Li-lcarnitine catabolism (Fig. 1) The initial enzymes of the wvarious catabolic
pathways are induced by Li-}camitine, but also partly by other trimethylammonium
compounds. Different genera are able to degrade Li-}camitine under aerobic
conditions. Some Pseudomonas species (like FPseudomonas aeruginosa A7244 and
Fseudomonas sp. AK1) are able to grow aercbically on L{-}-camitine as the sole
source of carbon and nitrogen. In these species, L{-}carnitine degradation starts by
oxidation of the hydroxyl group with the concomitant formation of 3-dehydrocamiting by
a Li-rcamitine dehydrogenase [(Aurich et al., 1967). Pseudomonas sp. AKT is also
able to grow on y-butyrobetaine, which is an intermediate in the degradation pathway
(Lindstedt et al., 1977). This pathway has similanties with the biosynthetic pathway of
Li-Fcamitine in eukaryotes. Furthermore, some  species  like  Acinetobacter
calcpaceticys 690 are not able to assimilate nitrogen from the Li-Fcamiting skeleton
and degradation occurs with the stoichiometrical formation of trimethylamine [(Miura-
Fraboni et al., 1982). This bacteria is able to metabolize L{-}camitine,
L-O-acylcamitines and yw-butyrobetaine as sole carbon sources. D +)-carnitine can also
be metabolized but only in the presence of L{-Fcamitine to act as an inducer (Miura-
Fraboni et al., 1982). The stereoselectivity assessed in Acinetobacter metabolism could
be a result of the existence of two separate transport systems for D- and L- isomers,
since the wildtype strain A, cakoaceticus ATCC 39647 exhibited enantiomer

discrimination due to the differential cell membrane permeability (Ditullio et al., 1984

COn the other hand, Enterobactenaceae, such as Escherichia col, Salmonelfa
typhimunum, Froteus vulgaris and Proteus mirabilis, do not assimilate the carbon and
nitrogen skeleton of trimethylammonium compounds, but are able to metabolize
camitine, wa crotonobetaine, to yw-butyrobstaine (Kleber, 18997) The presence of

adequate carbon and nitrogen sources during anaerchic (and in some cases also
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aerohic) growth is necessary for proper expression of the biotransformation machinery.
Further, the biotransformation can also occur in the absence of nutrients, as shown in

studies with resting cells (Castellar et al |, 1998).

In contrast to the ubiguitously ocouming Li-l-carmitine, the D-enantiomer does not
exist in nature. However, it is produced as a waste product in some chemical
procedures for L{-}-carnitine production based on the resolution of racemic camitine or
its precursors through the formation of their diastereoisomers by means of optically
active acids. Mevertheless, wvarious bactera are able to catabolize D{+}carnitine
(Kleber, 1997 )

S 1
HsN. o~ o~ A D 5 e
@ © e O
Lysine  NHa : Methionine — NHj
E Biosynihesis
@ ' &
W =
-aN%H\N'O

"crotonbelaine

reductase” “y-butyrobetainyl- - Butyrobataine
Cod dehydro-
W@ .. 0@ gerase”
— NW “camiline N(CHz)s
| o Ch-yasa.” Trimethylamine
i "carmitingl CoA "y Bityro-
Crotonbetaine \_\h voirolase” bataine “camiting
hydroxylase™ [ CiHyess" [T
ccamit L Cy Cy
carniting ) .
) . 1 - -]
dehydratase ‘\C—B O S \@ ok
_NTYT i e N7
" oH © “carnifing ' 0OH O
. . racemase” o
L{-}-Carnitine Di{+-Carnitine
“L-camitine
debydrogenase” |
& / o®
—N
0 0
3-Dehydrocarnitine
LGy "Methyl
i
@' o
H:N ﬂ"
0 Glycine

Figure 1.. Ovenview of microbial metabolism of Li-)-carmitine. [Adapted from Kamm &t
al., (2005]].
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METABOCLISM OF L(-)-CARNITINE IN ENTERCBACTERIA: Escherichia coli
AND Proteus sp.

Initially, a two-step pathway was proposed for L{-Fcarnitine metabolization in
Eschenchia colf and Proteus sp. strains, including two enzyme activities: an Li-)-
camitine dehydratase (CDH) and a crotonobetaine reductase (CR) (Eichler et al
1994b, Roth et al, 1994) Subsequently, camitine racemase activity (CRac),
interconverting the D- and L-isomers, was also described (Jung and Kleber, 1991).
High regulation of this metabolism has been demonstrated in Eschericfia coff and
Froteusz sp. strains. The cloning of the cai operon in Escherichia coff (Eichler et al.,
1994a) showed that it was composed of six ORFs and functions were assigned on the
basis of sequence homology (Table 2). More recent studies have stated that CaiT is a
highly specific transporter working as anfiporter, allowing substrate and product
exchange {Jung et al., 2002, Vinothkumar et al., 2008). Further studies showed that the
biotransformation occurs at the Cod level (Elssner et al, 2000 In addition, the initially
described COH and R activities were shown to depend on two proteins (enoyl-Cod,
hydratase, CailD, and crotonobetainy-CoA reductase, Caid, respectively) needing the
joint action of a transferase (CaiB) to allow the Col-cycling between products and
substrates of the bictransformation (Elssner et al, 2001). CaiC (betainyl-Coa ligase)
has been shown to catalyze the synthesis of the Col-derivatives of
timethylammonium compounds, which are the substrates of both CaiD and Cai&
activities (Bemal et al., 2008). The function of Caik remains unconfirmed, though early
overexpression experiments pointed to an activation of the CalD/CaiB function {COH
activity), suggesting a role as cofactor for these enzymes (Eichler et al., 1994 a). More
recently, the claning and sequencing of the caf aperon in Protews sp. showed a similar
organization and a high level of homology between these two strains (Engemann et al |
2005) (Table 3}

The cai operon is located at the first minute of the chromosome of Escherichia
coli. Its transcription is induced durnng anaesrobic growth in the presence of Li{-)-
camitine and occurs as a polycistronic mRMNA. As regards the expression mechanism,
the activator of carbon catabolic operons, CRP, is required for induction. In addition,
the histone-ike H-NS protein and the o factor (Rpos), which is required for the
activation of stationary-phase genes, exert a repressive effect on camitine metabolism
(Eichler et al., 1994a; Buchet ef al., 1998; Buchet et al., 1999 A seventh ORF, the
caif gene, which is located in the 3 region of the caf operon and is transcribed in the
opposite direction to this, has been cloned (Eichler et al., 1998) (Tables 2 and 3). The

product is a transcrptional factor which is constitutively expressed under anasrobiosis
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and which, in the presence of camitine, is able to induce the expression of eaf genes

(Buchet et al., 19939

Table 2 Properties of the eai genes and functions of the corresponding gene products
in E. coff 044K74. (Eichler et al., 1994a; Ecocyc-Metacyc: Keseler ef al, 2005)

Gene Size (bp) Function of gene product Relerence

cail 15145 Transport protein Jung et al |, (2002)
cath 1143 Crotonobetainyl-CoA reductase Freusseret al., (1999)
cail 1218 EBetainyl-CoA transferase Elssneret al, (2001)
call’ 1569 Betainyl-CoA ligase Bernal et al., (2008)
catil 284 Crotonobetainy-CoA hydratase Elssner et al | (2001)
caiE 591 LInkmnown Eichler et al., (19%94a)
caiF 396 Transcriptional regulator Eichler et al., (1998

Table 3 Properties and assigned functions of the eaf genes and corresponding gene

products in Proteus sp. (Adapted from Engemann et al., 2005)

Gene Size (bp) Function of gene product Hnmnlngfy .
E. coli (%)

call 1515 Transport protein® ot

caiA 1140 Crotonobetainyl-CoA reductase g2

calB 1218 Betainyl-CoAtransferase 85

cai; 1554 Betainyl-CoA ligase® B9

caid 783 CrotonobetayniF-CoA hydratase 83

calt 581 Unknowmn 77

caiF 380 Transcrptional regulator® o1

(") Postulated function based on sequence similarities
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Another operon composed of four ORFs was found in E. colf at the 5" end of the
cal locus. It was shown to be co-transcribed from the same promoterfoperator region
(Eichler et al., 1995) and the corresponding proteins displaved significant sequence
homology with polypeptides encoded by the xABCK operon from Azorhizobium
caufinodans and Rfizobium melioti. The four ORF were thus named fix and wers
proposed to be involved in electron transfer to crotonobetaine (Eichler et al., 199%),
which was later confirmed (Walt and Kahn, 2002 Deletion studies have also shown
that part of the #ix sequence is necessary for the proper expression of caf operon
(Buchet et al., 1998

CaiF Caif
IE;L'E’; @ L-Car mi:
= Crot s

®

Profmoter Proamoter
FixABCX car/fix caiTABCDE caiF caif
CRP-10 -10CRP FNR

O T oo
U
2

Figure 2. Schematic representation of the mechanism for the regulation of the
exprassion of the cafand fx operons. Rpos: sigma subunit of ENApolymerase;, CRF:
cAMP receptor protein; H-MS: histone-like proteins. FMNR: transcriptional activator for
anaerchiosis. (Adapted from Eichler et al |, 19594a).

Despite all this accumulated knowledge, the precise function of this reaction
sequence in Enterobacteria remains unknown. Seim et al, (1982a) postulated that
crotonobetaine serves as an external electron acceptor of anaerobic respiration similar
to nitrate, fumarate and timethylamine-MN-oxide (Haddock and Jones, 1977). The
stimulation of anaerobic growth in Entercbacteria by crotonocbetaine and the

suppression of this reaction by nitrate or glucose (Seim et al., 19824, 1982b) certainly
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support this hypothesis. The functional characterization of the transport system as an
antiport (Jung et al., 2002) 15 also in accordance with this idea and would explain why
this kind of transporter cannot be involved in osmoprotection {(Verheul ef al, 1998
However, the asrobic expression of carnitine metabolism in several Enterobacteriaceas
(Elssner et al , 1999, Engemann and Kleber 2001), including Proteus strains, suggests
a possible loss of function due to mutations affecting the regulation of the expression of
this pathway. In addition, some results show that microorganisms of the gastrointestinal
tract may play a role in lowering the concentration of dietary Li-}-camitine (Seim et al.,
1982b, Kleber, 1997}

BIOTRANSFORMATIONS IN THE INDUSTRY

THE METABOLISM OF L{-)-CABNITINE MEETS BIOPROCESS AND
METABCLIC ENGINEERING.

Despite the increasing demand for proteins for therapeutic application, the main
focus of the pharmaceutical industry is still on small-molecules (WMW=<1000 Da)
Moreover, increasing awarenass of the variable activity of different optical isomers and
the consequent increased requlatory pressure has accelerated the drive to

manufacture and market only chirally pure therapeutic compounds (Persidis, 1987

In nature, only L{-Fcamitine is present. Moreover, cellular uptake systems are not
able to distinguish between the two enantiomers, even though Di+-camiting is not
functionally active. Thus, the administration of racemic mixtures to humans would have
the detrimental effect of decreasing total L{-}-carnitine cellular content. Pharmaceutical
companies have been producing enantiomerically pure therapeutics for more than 30
vears. The characteristic selectivity and soft reaction conditions of biocatalysts make
them suitable candidates for use in the production of high added value compounds.
Baoth isolated enzymes and whole cells systems can be applied. In general, isolated
enzymes are used for simple reactions not requiring multiple enzymes or cofactors. On
the other hand, whole cells are more appropriate when reactions involve multiple

enzyme steps and/or cofactor recycling (Buckland et al., 20007,

Despite the efforts made to optimize L{-)}-camitine production using bactenal
strains, most of the works found in the literature are devoted to the improvement of
reactor performance. Very little is known about the characteristics that the bactenal
metabolic landscape must fulfil to favour Li-Fecamiting production. Microbiologists and

molecular biologists have thoroughly descrbed the genetic constraints controlling the
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expression of L{-lcarmitine metabolism in Escherfchiia and Proteus strains (Eichler et
al., 1994a 1996, Kleber, 1997, Elssner et al., 2001, Engemann et al., 2001 and 2005).
This, together with the optimization studies performed by biochemical engineers has
permitted the design of optimized media [(Castellar et al., 1988) and the effect of
environmental stress situations on the bioprocess to be assessed (Canovas et al |
2003b). Industrally applicable and scalable hiosynthetic methodologies for Li-)-
camitine production have been dewveloped (Canovas et al, 2002, Canovas et al,
2003c; Giuliano et al., 2003). However, although the productivities attained are still far
from what might be hoped, the vields obtained using wild type strains seem to have
reached a plateau, and the way forward probably involve the application of new
improvement methodologies to engineer bacterial metabolism and genetically altering

the constraints of the system

Metabolic engineering was first defined as the “improvement of celfular activities
by manipulation of enzymatic transport and regulatory functions of the celf with the use
of recombinamt DNA technology” (Bailey, 1991). This definition was extended by
Cameron and Tong (1993 ) who established metabolic engineering as the “purmposefu!

modification of intermediary metabolism using recombinamnt DNA techniques”.

The remarkable development of recombinant DNA technigues, which are now
available for a wide range of organisms, has increased the range of opportunities in
biocatalysis. The possibility of engineering cells by deleting or overexpressing whole
pathways has opened Up a new field in bictechnaology: tailor-made microorganisms for
bioprocesses. 5o far, very few works have tackled the use of genetically engineered
strains for Li-}»camitine production (Castellar et al., 2001, Canovas et al., 2003b).
Thus, the challenges for metabolic engineering are clear, since, most importantly, no
rational or purposeful choice of target gene has been made. Furthermore, any
optimization of bioprocesses involving secondary metabolism of the cell must not
overlools the need to establish the optimal expression profile of pimary metabolism.
This is especially important when certain substrates or cofactors are shared by both

metabolisms.

Today, there is growing awareness of the power of metabolic engineering
approaches to design new biosynthetic pathways or to optimize existing ones.
Fecombinant DMNA technology allows metabolic engineenng for biotechnological ends,
typically in metabolite overproduction. Improving metabolic pathways might involve
modifying existing routes (altenng expression and regulatory netwarks) as well as

engineenng new pathways by introducing foreign genes. The advantages of this
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approach are clear compared with the main limitations of the classical random

mutagensasis-driven strain improvement schemes.

The tools for Metabolic Engineers are experimental, theoretical and
computational (Mendes and Kell, 1997). After completion of the genome sequences of
many organisms, greater knowledge of the behavioural modes or algonthms of
organisms is necessary. In this post-genomic era, the new challenge is to identify the
function of all sequenced genes and, more importantly, to understand their concerted
exprassion, defining the cellular phenotype. One important novel aspect of metabolic
engineenng is the emphasis placed on the integration of metabolic pathways as
opposed to individual steps, considernng the overall result from a network of reactions.
Thus, it is undamentally important to understand and control #7 vive metabolic fluxes

(Buckland et al., 2000} so that necessary strategies can be designed in a rational way.

In the field of natural products, a vast amay of final compounds can be obtained
by a combination of chemical synthesis and biosynthesis. This is the case with
antibiotics such as penicillins, cephalosponns and macrolides. Knowledge of complex
metabolic pathways at molecular level has blurred the traditional distinction between
natural products and bioconversions.  Microbial fermentation is now wery well
established as a reliable and cost-effective route for the synthesis of many organic
compounds (e.g. citrate and glutamate), though wvields of secondary metabolites are
lower. Synthesis of organic compounds in the pharmaceutical industry can make use of
bioprocess steps to make key intermediates, to implement biotransformations or to

construct key natural product building blocks.

Biocatalysis in pharmaceutical applications often uses fed-batch processes in
stimred tanks because these are better documented, process contral is easier and the
vields attained are high. In addition, stirred-tank bioreactors satisfy the aseptic
reguirements of biological processes. However, the many advantages of continuous
processes malke their design and development an interesting goal for many industrial
scale applications. One of the main needs in the optimization of bioprocesses is the
development of suitable analytical technigues, especially if these can sufficiently
shorten the analysis time and allow more precise control of processes. In addition,
technigues able to determine, and even quantity, the effect of reactor configuration on
bacterial physiology are necessary, especially when genetic engineered strains are

being employved.
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Thus, although a ot of ground has been covered, further work on bioprocess
development and optimization is still necessary, especially at the interface of

biochemistrybiology and engineering.
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ORGANIZATION OF THIS PhD-THESIS

The optimization of bioprocesses is a complex issue which has to be tackled from
a multidisciplinary point of view. In the field of biochemical engineenng and
biotechnology it is common to find joint efforts from microbiologists, engineers,
chemists and biochemists, since the final performance of a bioprocess will depend on
the knowledge of cell physiclogy, optimization of the functioning of biochemical
netwiorks of cells, optimization of bioprocesses, the comect choice of reactors, and an

analysis of the vanables of processes and models.

In the present PhD thesis, the production of the pharmaceutical L{-Fcamitine was
talken as a model study system and a multiobjective approach was undertaken. As
already mentioned, the existence of a bictransformation pathway in Enterobacteria can
be used for the production of L{-)-carnitine. The fr vive and (1 sifico data gained in our
research group has allowed us to design new methodologies for the optimization of
Li-Fcamitine production. The increasing complexity of the models developed has
pemitted the optimization of operation conditions of the bioreactors {(Canovas et al
2002 Alvarez—\fésquez et al., 2002) a better understanding of the reactor
microorganism interface (Sevilla et al., 2005%a) and even the deciphenng of metabolic
fluxes and optimization of the linking between central and camitine metabolisms in
terms of energy management and cofactor reutilization (Sevilla et al., 2005b). This
worle has permitted us to focus on targets for the improvement of bioprocess

performance Using metabolic engineering principles and tools.

In the first part of the work, a systematic analysis of the main factors which affect
Li-Fcamitine production using Eschrerichia coff strains (both wild-type and transformed)
is camied out. Batch and continuous systems are compared, and the effect of operation

conditions an the genetic stability of the strain is studied.

In addition, flow cytometry is employed as an analytical technique to determine
how the design of the process affects the microorganism. Thus, different reactor and
operation configurations {(growing and resting cells, batch and continuous systems) are
compared. The effect of these vanables on the physiclogy of Escherichia coff cells is

also analyzed, with regard to both cell wiability and macromolecules content.

Application of genetically enginesred cells in bioprocesses is usually hampered
by strain genstic stability. Strain stability s especially important in continuous
processes with growing cells. Therefore, the stability of a transformed E. eoff strain was
analyzed in different operational conditions and a high degree of stabilization of

genstically modified cells was obtained upon immobilization in k-camragesnan gels.
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Flow cytometry was employed to analyze physiological differences in the strain in the

different reactor environments.

A thorough  understanding  of the metabolic networds involved in the
biotransformation is of prime importance. Thus, the link between the primary and the
timethylamonium compound metabolisms of £, coff was analyzed in different reactor
environments. The link was established as occuming through cofactors and the
expression of the tricarboxylic acid cycle, the glyoxylate shunt and the acetate

metabolism are related to the biotransformation.

Moreower, since L{-}Fcamiting is also an osmoprotectant, the presence of salt in
the growth medium affects bioprocess performance. Therefore, metabolic analysis of
E£. coliin the presence and absence of salt stress is carmied out. In fact, an increase in
productivity can be obtained in certain conditions. The metabolic constraints related to
this response in the bictransformation are characterized, allowing further detail of the
link between the biotransformation and the central pathways in Escherichia colf to be

obtained.

Further, the fourth ORF in the caf operon, which had previously been proposed to
code for a camitine . CoA ligase (CaiC) was cloned and preliminary characterization
studies were performed. s enzyme activity was assayed and its role in the
biotransformation and in relation with the CoA transferase (CaiB) was more precisely
established

Finally, since application of molecular biology techniques allows the previously
determined genetic constraints in the metabolism of Li-)}-camitine in Escherfchiia coli to
be resolved, selected activities belonging to the caf operon were oversxpressed and
single gene deletion studies allowed us to determine the role of certain activities of the

central pathways of £. eoff in the biotransformation.
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Below, we present an outline of this PhD Thesis:

1

To determine the main factors affecting L{-)-carnitine production by Escherichia
cofi, in batch and continuous systems, with wild type and genetically enginesred
strains and the presence or absence of electron acceptors such as fumarate or

oxygen (Chapter 1)

To ascertain the effect of reactor configuration on the physiological state of
Escherichia cofi strains during L{-Fcamitine production, in the presence and
absence of growth media (growing vs. resting cells), in batch systems and
continuous cell-recycle membrane reactors. In addition, cell reuse strategies are
studied (Chapter 2.

To establish the effects of reactor configuration and the cell immobilization on the
physiological state and genetic stability of a plasmid-bearing genestically-enginesred
Escherichia colf strain during L{-}camitine production, in batch and continuous

cultures (Chapter 3).

. To determine the link between primary (carbon) and carnitine secondary

metabolisms of Escherchia colf in production conditions, by reference to primary
and secondary metabolite concentrations as well as enzvme activities, during

process operation (Chapter 4.

To determine the link between primary (carbon) and carnitine secondary
metabolisms of Escherichiia cofi in the presence of salt stress, by reference to
primary and secondary metabolites concentrations as well as enzyme activities,

during process operation and after salt and substrate pulses (Chapter