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Resumen

Los intermediarios de la via de los aminoédcidos aromaticos tienen papeles impor-
tantes en las industrias farmacéuticas y alimentarias. La produccion biotecnoldgica
de estos compuestos ha incrementado en interés en los ltimos anos gracias a la capa-
cidad de modificacién genética que ha permitido la construccion de cepas bacterianas
modificadas por ingenieria genética capaces de producirlos con rendimientos relativa-
mente elevados. Sin embargo, las estrategias clasicas de ingenieria de vias metabdlicas
a menudo inducen desequilibrios en el metabolismo central de carbono causando re-
sultados no deseados para la conversion de substratos a los productos requeridos. Por
ello existe interés de estudiar de forma sistémica y global los procesos metabdlicos.
En este sentido, muchos modelos matematicos han sido construidos para describir el
estado metabdlico de los microorganismos, la identificacién de blancos genéticos y la
optimizacién de parametros de fermentacion para mejorar la produccion de compues-
tos de interés. Sin embargo, pocos han sido desarrollados para representar procesos
en condiciones dindmicas y/o en medios complejos, condiciones comunes en diversos
procesos de produccién industrial. En este trabajo, se empled una aproximacion de
modelacién dindmica para describir el comportamiento fisiologico y metabdlico en
medio complejo de una cepa de Escherichia coli carente del sistema PTS (principal
sistema de transporte y fosforilacién de glucosa), la cual se modificé genéticamente
para la sobreproduccién de acido shikimico. Se realizé el andlisis de flujos de car-
bono y de pardmetros mediante superficies de respuesta construidas sobre un disefio
experimental de variaciones en la concentraciéon inicial de substratos. Los modelos
fisiolégicos fueron construidos con ecuaciones logisticas permitiendo describir el con-
sumo y produccién de metabolitos con errores menores al 5%. De los modelos se
obtuvieron parametros para la caracterizacion del comportamiento de la cepa en las
diferentes condiciones iniciales de substratos. Se construyé una red del metabolismo
central de carbono de Escherichia coli la cual fue reducida a 9 modos elementales
mediante el andlisis de rendimientos obtenidos de las fermentaciones . Se constru-
yeron ecuaciones diferenciales basadas en los modelos fisiolégicos para determinar
el comportamiento dindmico de los modos elementales seleccionados, los cuales se
regularon mediante variables cibernéticas referentes a la asignacién de recursos para

la sintesis de enzimas y sus actividades. Esta aproximacién cibernética permitié el
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calculo de distribuciones de flujo de carbono dinamicas las cuales revelaron diferentes
estados metabdlicos dependientes de las concentraciones iniciales de los substratos
en el medio. De esta forma se encontré una alta proporcién de flujo de carbono diri-
gido a través de las vias de las pentosas fosfato y de Entner-Doudoroff senalando a la
eritrosa-4-fosfato como el compuesto limitante para la produccion de acido shikimico.
Se observé también un incremento en la actividad del ciclo de producciéon-consumo
de acetato entre la piruvato oxidasa y la acetil-coenzima A sintetasa para contender
con la saturacién del metabolismo central de carbono en las condiciones de cultivo.
Ademas, el analisis de las superficies de respuesta construidas tanto para los flujos
de carbono como para los parametros fisiolégicos permitié localizar zonas con dife-
rentes comportamientos metabdlicos y fisiologicos. Con estos analisis se disend un
bioproceso para aumentar la productividad del shikimato. Este proceso fue disenado
para mantener constantes las concentraciones iniciales de los substratos al extender
la fase de crecimiento preservando las condiciones metabdlicas especificadas por las
superficies de respuesta calculadas para la fase estacionaria. Dicho proceso resulté en
60 g/L de titulo final de dcido shikimico (40 % de aumento) con una productividad
volumétrica de 2.45 g/L*h (70 % de aumento), manteniendo los altos rendimientos

obtenidos con esta cepa en investigaciones anteriores.
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Summary

Aromatic amino acid pathway intermediates play important roles on the pharma-
ceutical and alimentary industries. Their biotechnological production has increased
on interest on recent years thanks to the construction of bacterial strains genetically
engineered capable of producing them with relatively high yields. However, classic
metabolic engineering strategies often induce significant flux imbalances to micro-
bial metabolism, causing undesirable outcomes for valuable metabolite production.
Therefore, there has been an increasing interest on metabolism global and systemic
processes characterization. On that regard, many mathematical models have been
constructed to describe the metabolic state of microorganisms, genetic modification
target identification and process parameter optimization to enhance the production
of valuable metabolites. Despite this, few models have been developed to represent
or characterize processes under dynamic conditions and/or complex media, which
are common on many industrial production processes. On this report, a dynamic
modeling approach was used to describe the physiological and metabolic behavior
of an Fscherichia coli strain that lacks the PTS (main glucose transport system),
modified for the overproduction of shikimic acid, under complex media conditions.
Physiological an metabolic flux parameter behavioral characterization was perfor-
med by response surface analysis on a experimental design with variant substrate
conditions. Physiological models were constructed with logistic math functions to
describe growth, consumption and production of metabolites, resulting on less than
5% error compared to experimental data. This helped parameterize and characterize
the output of the strain under different initial substrate conditions. For metabolic
flux modeling, an Fscherichia coli central carbon metabolism network was construc-
ted and reduced to 9 elementary modes by yield space analysis. Dynamic behavior
of these elementary modes were described by differential equations constructed ba-
sed on the physiological models and regulated by cybernetic variables accounting
for resource allocation for enzymatic synthesis and activity. This approach allowed
the calculation of dynamic flux distributions which revealed different metabolic sta-
tes dependent on the initial concentration of substrates on media composition. The
obtained flux distributions indicate the presence of high fluxes through the pento-
se phosphate and Entner-Doudoroff pathways, which could limit the availability of



Indice de cuadros XIV

erythrose-4-phosphate for shikimic acid production even with high flux redirection
through the pentose phosphate pathway. In addition, highly active glyoxylate shunt
fluxes and a pyruvate/acetate cycle are indicators of overflow glycolytic metabolism
in the tested conditions. The analysis of the combined observed physiological and
flux with response surfaces, enabled zone allocation for different physiological out-
puts within variant substrate conditions. Information was then used for an improved
fed-batch process designed to preserve the metabolic conditions for shikimic acid pro-
ductivity enhancement. This resulted in a 40 % increase in the shikimic acid titer (60
g/L) and 70 % increase in volumetric productivity (2.45 gSA /L*h), while preserving

yields, compared to the batch process.
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1.1. INTRODUCCION

A principios de la tltima década la produccién anual de aminodacidos se estimé en
el orden de 4.5 millones de toneladas, dentro de los cuales los aminoacidos aromaticos
triptéfano (TRP) y fenilalanina (PHE) presentaron tamanos de mercado superiores a
las 14,000 y 30,000 toneladas anuales respectivamente (Rodriguez et al., 2014). Esta
demanda se debe a que estas moléculas son utilizadas en la produccion de compues-
tos de alto valor comercial como L-DOPA, fenilalanina, aspartame, p-aminobenzoato,
pirrolnitrina, ciclomarina, entre otros (Flores et al., 1996; Patnaik y Liao, 1994; Po-
len et al., 2005). Los aminoacidos arométicos son producidos de forma natural en
diversos organismos a través de la ruta metabdlica de los aminodcidos aromaticos
(AAAP), la cual se encuentra presente en bacterias, plantas, hongos y algunos parasi-
tos del género apicomplexa (Diaz-Quiroz et al., 2014; Herrmann y Weaver, 1999).
Ademas de los compuestos finales de esta ruta metabdlica, los compuestos interme-
diarios y derivados tienen también un papel importante en la industria farmacéutica
y alimentaria, ya sea como materias primas, aditivos o productos terminados (Béez
et al., 2001; Baez-Viveros et al., 2004; Bongaerts et al., 2001; Chavez et al., 2005;
Gosset, 2009; Patnaik y Liao, 1994; Yi et al., 2003).

La AAAP comienza con la condensacién aldélica entre el fosfoenolpiruvato (PEP)
y la eritrosa-4-fosfato (E4P) provenientes del metabolismo central de carbono, es-
pecificamente de las rutas de Embden-Meyerhoff-Parnas (EMP) y de la ruta de
las pentosas fosfato (PPP) respectivamente (Figura 1.1). Dicha reaccién produce D-
arabino-heptulosonato-7-fosfato (DAHP), el primer intermediario de la via. E1 DAHP
se trasforma posteriormente en corismato (CHO) por medio de reacciones secuen-
ciales en lo que se conoce como ruta comin de los aminoacidos arométicos o via
del shikimato, para ramificarse en varias rutas individuales para la produccion de
los aminodcidos aromaticos y otros compuestos arométicos (Diaz-Quiroz et al., 2014;
Flores et al., 1996; Patnaik y Liao, 1994). La AAAP es esencial para el crecimiento de
los organismos, para la producciéon de los aminodcidos aromaéticos esenciales: PHE,
TRP y tirosina (TYR) y para la produccién de una gran diversidad de compuestos
relevantes para diferentes procesos biolégicos como cofactores, vitaminas, sideréforos

entre otros (Diaz-Quiroz et al., 2014; Herrmann y Weaver, 1999).
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Por estas razones, esta ruta metabdlica se encuentra altamente regulada en los
organismos para mantener un nivel homeostatico y de produccién adecuada para
el crecimiento y mantenimiento celular (Gosset, 2005; Patnaik y Liao, 1994; Ro-
driguez et al., 2013). Debido a la importancia de la AAAP para el crecimiento de
los organismos, asi como la gran relevancia industrial de varios de sus compuestos
intermediarios, diferentes grupos de investigaciéon han desarrollado alternativas de
modificacién, control y optimizacién de esta ruta con fines de obtener fuentes de
produccién biotecnolégica por diferentes organismos de forma confiable y con altos

rendimientos.

1.1.1. Importancia del acido shikimico

Uno de los intermediarios de la AAAP que méas ha generado interés de inves-
tigacién e industrial es el dcido shikimico (SA). Este es un compuesto conformado
por un anillo de seis carbonos altamente funcionalizado, el cual contiene tres centros
asimétricos en su estructura, por lo que es usado como materia prima precursora para
la produccion de compuestos aromaticos. Ademads, sus caracteristicas estructurales
han facilitado su uso en la industria como precursor enantiomérico para la produc-
cién de moléculas biolégicas de alto valor agregado (Diaz-Quiroz et al., 2014; Estévez
y Estévez, 2012). Hasta la fecha el SA ha sido utilizado como materia prima para
la produccion de compuestos con actividades antipiréticas, antioxidantes, anticoagu-
lantes, antitrombdticas, antiinflamatorias, analgésicas, antibacterianas, hormonales
y antivirales (Diaz-Quiroz et al., 2014; Estévez y Estévez, 2012). Dentro de los deri-
vados mas importantes provenientes del SA se encuentra la ciclohexano (-)zeylenona,
la cual presenta actividad inhibitoria y citotéxica para células de carcinoma de Ehr-
lich y otras lineas tumorales humanas (Diaz-Quiroz et al., 2014; Estévez y Estévez,
2012; Liu et al., 2012). Otro compuesto derivado del SA interesante es el triacetil
shikimato, el cual ha sido utilizado como agente antitrombdtico y protector cerebral
durante episodios de isquemia focal (Diaz-Quiroz et al., 2014; Huang et al., 2002).
Ademas de estos, se han estudiado otros derivados para el tratamiento de colitis ul-
cerosa, entre otras enfermedades (Diaz-Quiroz et al., 2014; Estévez y Estévez, 2012;

Ma et al., 2004; Tang et al., 2009).



Capitulo 1. INTRODUCCION y ANTECEDENTES 4

Sin embargo, el uso mas importante del SA en la industria en los anos recientes es
como precursor del Oseltamivir fosfato (Tamiflu®), un antiviral ampliamente usado
en el tratamiento de la influenza A y B, influenza aviar por virus H5N1 y la influen-
za humana HIN1 (Chandran et al., 2003; Diaz-Quiroz et al., 2014; Escalante et al.,
2010; Kramer et al., 2003). En el afio 2009 Roche™ report6 ventas de Tamiflu® por
3.5 billones de dolares y la capacidad de producir hasta 33 millones de tratamientos
al mes, es decir 400 millones de tratamientos al ano (Roche, 2009). Sin embargo,
esta capacidad de produccion podria resultar insuficiente en caso de un brote de in-
fluenza pandémica, ya que el estimado para la produccién necesaria es de 30 billones
de dosis, requiriendo 3.9 millones de kilogramos de SA (Bradley, 2005; Rawat et al.,
2013). Tan s6lo en Europa, Japén y Estados unidos alrededor de 100 millones de
personas son afectadas anualmente por cepas comunes de influenza, mientras que en
pandemias anteriores al ano 2010, entre el 20 % y el 40 % de la poblacién mundial
fue infectada causando més de 20 millones de muertes (Roche, 2009). La limitacién
de la existencia de tratamientos y su obtencién en casos de pandemia se exacerba
para paises en vias de desarrollo como México. Segun el reporte de la World Health
Organization (WHQO) sobre la preparacién para brotes de influenza, en el 2011 se
tenia cobertura sélo para 66 millones de personas con ingresos medios y bajos en
paises en desarrollo, lo que representa sélo el 2.25 % de su poblacién (WHO, 2011).
En este sentido, el inventario de este medicamento en almacenes de las instituciones
de salud gubernamentales y privadas debe ser aumentado y renovado constantemen-
te, y aun con estos a maxima capacidad, la disponibilidad podria ser insuficiente
(Neumann et al., 2009; WHO, 2011). Las razones anteriores, aunadas a la capacidad
de mutacion, recombinacién y rearreglo del virus que aumentan la probabilidad de
generar nuevas cepas de influenza con capacidades pandémicas, supone serios retos a
los organismos de salud publica y a las comunidades cientificas para la bisqueda de
alternativas de logistica, obtencion y produccion de medicamentos para el combate
de la influenza (Kao et al., 2010; Neumann et al., 2009; Raghavendra et al., 2009).
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Por lo tanto, siendo el SA el precursor principal de este medicamento y de otros
derivados importantes para la industria farmacéutica y de la salud, este se convier-
te en un blanco de estudio de gran interés cientifico e industrial. En el caso de la
biotecnologia, se busca el disenio de cepas con capacidades de produccién mejoradas
y procesos de fermentacién optimizados capaces de competir con las formas de pro-
duccién tradicionales (Johansson y Lidén, 2006; Nie et al., 2009; Raghavendra et al.,
2009).

1.1.2. Produccion de acido shikimico en la industria

La mayoria de los compuestos pertenecientes a la AAAP incluyendo el SA son pro-
ducidos a escala industrial por medio de sintesis quimica, desde materias primas no
renovables como el petréleo, y/o son extraidos directamente de plantas (Béez et al.,
2001; Gosset, 2009). Sin embargo, estas estrategias por lo general resultan costosas
e ineficientes (Krdmer et al., 2003). Para el caso especifico del &cido shikimico, la
mayor parte de la produccion se obtiene de la semilla de anis chino Illicium verum.
Dicha semilla contiene entre el 2 % y el 7 % de acido shikimico (Raghavendra et al.,
2009). Las técnicas de extraccion, aunque son de bajo costo y faciles de implementar,
sélo permiten obtener rendimientos bajos, cercanos a los 30 mg/Kg (Li et al., 2007;
Raghavendra et al., 2009; Rawat et al., 2013; Wang et al., 2011). Adema4s, la obten-
cién de las semillas ocurre hasta después de 6 anos de crecimiento de la planta en su
primera floracién y de ahi en adelante estacionalmente en los meses de septiembre
y octubre (Li et al., 2007; Raghavendra et al., 2009; Wang et al., 2011). A pesar
de estas limitaciones, reportes del 2007 indican que aproximadamente el 90 % de la
cosecha de semillas de anis en China fue utilizada por Roche para la manufactura
de Tamifli ® (Chandran et al., 2003; Escalante et al., 2010; Krimer et al., 2003; Li
et al., 2007), siendo esta la fuente primordial de obtencién de SA por parte de esta
compania. Sin embargo, a través de la ultima década la proporcion de uso de otras
fuentes de obtencion como la biotecnolégica, ha ido incrementando gracias a la apa-
ricién de mejores cepas y procesos fermentativos (Chandran et al., 2003; Diaz-Quiroz
et al., 2014; Martinez et al., 2015; Rodriguez et al., 2014).
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Una de las alternativas méas viables a los procesos extractivos clasicos, es la pro-
duccién mediante microorganismos recombinantes con altos rendimientos y produc-
tividades. Por este motivo, muchos grupos de investigacién se han enfocado en la
produccién de SA en diferentes microorganismos. Los avances en este campo van
desde la busqueda de cepas naturalmente productoras, la modificacion genética y
metabdlica de las capacidades de acumulacion de este compuesto, la optimizacion de
procesos biotecnoldgicos en reactores de gran capacidad hasta el mejoramiento de
los procesos de recuperacién y purificacion desde los caldos de cultivo (Diaz-Quiroz
et al., 2014; Ghosh et al., 2012; Martinez et al., 2015). La conceptualizacién y cons-
truccién de cepas sobreproductoras es resultado de la ingenieria de vias metabdlicas
(IVM), la cual disena e implementa modificaciones genéticas para alterar las propie-
dades celulares y aumentar asi la capacidad de formacién de productos de interés
(Stephanopoulos y Sinskey, 1993). En este sentido, la bacteria E. coli ha sido la més
extensivamente utilizada por varios grupos de investigacion; cepas genéticamente
modificadas de esta bacteria ya han incluso alcanzado niveles de uso industrial para
la produccién de SA (Chen et al., 2013; Frost et al., 2002; Li et al., 2007).

1.1.3. Ingenieria de vias metabdlicas para elevar y optimizar

la produccién de acido shikimico

El proceso de desarrollo de cepas sobreproductoras por IVM, comienza por la
seleccion de organismos adecuados para la produccién. Estos organismos deben po-
seer las caracteristicas adecuadas para realizar diversas modificaciones a sus rutas
metabolicas, eliminar los subproductos no deseados y desregular las reacciones desea-
das para llegar al metabolito de interés (Patnaik y Liao, 1994). Una de las bacterias
mas utilizadas por la IVM en la produccion biotecnolégica de metabolitos, tanto
autélogos como heterdlogos, es Fscherichia coli. Particularmente, esta bacteria ha
sido estudiada de forma extensiva para la produccion de SA debido al amplio co-
nocimiento de sus caracteristicas, genéticas, fisiologicas y metabdlicas, su capacidad
de crecimiento con bajos requerimientos nutricionales, a las variadas y poderosas
metodologias que existen para su modificacion genética y a su amplio y estable uso
en la industria (Chen et al., 2013; Flores et al., 2004; Frost et al., 2002; Li et al.,
2007; Yu et al., 2011).
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Una vez seleccionado el organismo a modificar, se estudian sus particularidades
genéticas y metabdlicas con respecto a la produccién del compuesto de interés. En
este sentido, la produccion del acido shikimico en Escherichia coli comienza con la
condensacién de fosfoenolpiruvato (PEP) y eritrosa-4-fosfato E4P por medio de tres
iso-enzimas DAHP sintasas (DAHPs) codificada por los genes aroG, aroF y aroH
(Figura 1.1). Estas enzimas se encuentran altamente reguladas por la concentracién
de aminoacidos aromaticos en el citoplasma, por lo que son reprimidas en su ac-
tividad cuando estos ultimos llegan a concentraciones suficientes para mantener el
crecimiento (Gosset, 2005; Keseler et al., 2013; Martinez et al., 2015). Posteriormente
el D-arabino-heptulosonato-7-fosfato (DAHP) es convertido en dcido dehidroquinico
(DHQ) por la enzima 3-dehidroquinato sintasa codificada en el gen aroB, seguida por
una deshidratacion catalizada por la 3-dehidroquinato deshidratasa codificada por el
gen aroD y generando acido dehidroshikimico (DHS). Este dcido es posteriormente
convertido en acido shikimico por medio de la enzima &cido shikimico deshidrogenasa
codificada por el gen aroF. Finalmente, el dcido shikimico es dirigido hacia la sintesis
de CHO y aminoacidos aromaticos mediante las isoenzimas dcido shikimico cinasas
codificadas en los genes aroK y aroL. El esquema general de la ruta metabdlica del

shikimato en Fscherichia coli se puede observar en la Figura 1.1.

De acuerdo con el conocimiento que se tenga de la via, se disenan modificaciones
al metabolismo a través de las estrategias clasicas de IVM con el objetivo de me-
jorar el comportamiento celular y los parametros como consumo de substrato y de
produccion del metabolito, asi como de tolerancia a compuestos téxicos, altas tem-
peraturas, fluctuaciones de pH entre otras, que otorguen un mejor desempeno para
la produccién. Entre las estrategias especificas de IVM que se han utilizado para la
produccién de SA en Escherichia coli se encuentran: i) el aumento de la produccién
de los compuestos precursores de la via (Chandran et al., 2003; Chen et al., 2012;
Cui et al., 2014; Escalante et al., 2010; Flores et al., 2005, 1996; Kramer et al., 2003;
Lin et al., 2014; Rodriguez et al., 2013), ii) la eliminacién de las rutas metabdlicas
de competencia (Chen et al., 2012; Escalante et al., 2010; Rodriguez et al., 2013),

iii) la desregulacion de la ruta metabdlica deseada a nivel de actividad enzimatica y
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Figura 1.1: Representaciéon esquematica del sistema principal de transporte de
glucosa, metabolismo central de carbono (CCM) y su interconexiéon con la ru-
ta metabdlica del SA y aminoacidos arométicos en FEscherichia coli. PTS: sis-
tema de fosfotransferasa:PEP:glucosa; TCA: ciclo de los acidos tricarboxilicos;
E4P: eritrosa-4-fosfato; PGNL: 6-fosfo-d-glucono-1,5-lactona; PEP: fosfoenolpiru-
vato; PYR: priruvato; ACoA: acetil-CoA; CIT: citrato; OAA: oxaloacetato; zwf:
glucosa-6-fosfato-1-deshidrogenasa; tktA: transcetolasa I; pykA,pykF: piruvato ci-
nasas Il y I; Ipda, aceE y aceF: genes codificantes para las subunidades de la
piruvato deshidrogenasa; glta: citrato sintasa; pck: PEP carboxicinasa; ppc: PEP
carboxilasa; ppsA: PEP sintasa; DAHP: 3-deoxy-d-arabino-heptulosonato-7-fosfato;
DHQ: 3-hidroquinato; DHS: 3-dehidroshikimato; SA: acido shikimico; S3: SK3-
3fosfato; ESPS: 5-enolpiruvil-shikimato-3-fosfato; CHA: Corismato; aroF, aroG y
aroH: DAHP sintasas; aroB: DHQ sintasa; aroD: DHQ deshidratasa; aroE y ydiB:
SHK deshidroquenasa y SHK deshidrogenasa/quinato deshidrogenasa; aroA: 3-
fosfosjikimato-1-carboxiviniltransferasa; aroC: CHA sintasa. TRP: triptéfano, PHE:
fenilalanina; TYR: tirosina. Flechas continuas indican reacciones enzimaticas in-
dividuales; flechas discontinuas indican varias reacciones enziméticas conjuntas;
discontinuas-punteadas (azules) muestran la represién alostérica y circuitos de re-
gulacién. Tomada de (Martinez et al., 2015)
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de niveles de transcripcién (Chandran et al., 2003; Chen et al., 2012; Cui et al.,
2014; Escalante et al., 2010; Lin et al., 2014; Rodriguez et al., 2013) y iv) la sobre-
expresion de enzimas para los pasos limitantes de reaccién (Chandran et al., 2003;
Cui et al., 2014; Rodriguez et al., 2013).

Siguiendo la primera estrategia de aumentar la biodisponibilidad de los precur-
sores de la ruta del SA (PEP y E4P), una de las principales modificaciones es la
eliminacién del sistema principal de transporte y fosforilacién de carbohidratos (glu-
cosa entre otros) por el sistema de fosfotransferasas (PTS), el cual consume PEP para
tal efecto (Chandran et al., 2003; Escalante et al., 2010; Flores et al., 2004, 1996,
2002; Rodriguez et al., 2014). Esta eliminacién permite aumentar la disponibilidad
de PEP ademaés de incrementar el rendimiento maximo teérico molar de produccién
de SA en FEscherichia coli de 43% a 86 % (Chandran et al., 2003; Escalante et al.,
2010). Sin embargo, esta modificacién resulta en una disminucién significativa de la
capacidad de consumo de glucosa de las cepas (Flores et al., 2004, 2005). Por tal
motivo, diversos estudios se han enfocado en el desarrollo de estrategias para reco-
brar la capacidad de consumo y crecimiento como: la sobreexpresion de enzimas que
transporten y fosforilen glucosa (gif y glk de Zymomonas mobilis) (Chandran et al.,
2003; Frost et al., 2002) o la adaptacién adaptativa en reactores continuos (Aguilar
et al., 2012; Escalante et al., 2010; Flores et al., 1996, 2002; Rodriguez et al., 2013).
Ademas de la eliminacién del PTS, se han realizado estudios de sobreexpresién de
la enzima fosfoenolpiruvato sintasa (PpsA) para la redireccién del piruvato (PYR)
hacia PEP (Chandran et al., 2003; Chen et al., 2012; Cui et al., 2014), y ademads
de la sobreexpresién de diversas enzimas de la ruta de las pentosas fosfato (PPP)
para aumentar el flujo de carbono dirigido a la produccién de E4P (Bongaerts et al.,
2001; Chandran et al., 2003; Chen et al., 2012; Cui et al., 2014; Draths et al., 1999;
Escalante et al., 2010; Patnaik et al., 1995; Rodriguez et al., 2013).

Con respecto a la estrategia de eliminacion de las rutas metabdlicas de competen-
cia, diferentes grupos de investigacion han estudiado la eliminacion de las enzimas
piruvato cinasas, para evitar el consumo de PEP hacia PYR (Escalante et al., 2010)

y la eliminacion de las shikimato cinasas para evitar el consumo de SA hacia CHO
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(Chandran et al., 2003; Chen et al., 2012; Cui et al., 2014; Escalante et al., 2010;
Rodriguez et al., 2013). Esta iltima modificacién provoca que las cepas se tornen
auxotrofas a los aminoacidos aromaticos, por lo que deben entonces ser crecidas en
medios enriquecidos. Para este efecto, usualmente se utiliza extracto de levadura
como substrato, debido a su viabilidad industrial comparada contra medios defini-
dos formulados con los aminoécidos purificados. Otros estudios también han tenido
por objetivo la generaciéon de mutantes carentes de enzimas de la ruta que desvian
intermediarios hacia otros compuestos no deseados, como por ejemplo YdiB, que

convierte el DHQ en &dcido quinico (Knop et al., 2001).

Continuando con la estrategia de desregulacién de la ruta metabdlica, se han
utilizado o desarrollado variantes mutantes de las iso-enzimas DAHPs que presen-
tan insensibilidad a la inhibicién alostérica por producto. De esta forma se evita
la limitaciéon del flujo hacia la AAAP en presencia de los aminodcidos aromaticos
esenciales para el crecimiento (Chandran et al., 2003; Escalante et al., 2010; Keseler
et al., 2013; Lin et al., 2014; Patnaik et al., 1995; Rodriguez et al., 2014). Ademas, se
han realizado diversos experimentos de evolucién adaptativa en fermentadores utili-
zando diferentes fuentes de estrés y de incremento de mutacion, para generar cepas
variantes con flujos mayores hacia la produccion de SA, como limitaciéon de carbono
y evolucién cromosomal inducida por agentes quimicos (CIChE) como triclosan (Cui
et al., 2014; Flores et al., 2005, 2007, 1996). Finalmente, con respecto a la estrategia
de sobreexpresion de las enzimas de la via para evitar pasos limitantes de flujo, se
han sobreexpresado los genes que codifican para las enzimas AroB, AroD y AroE en
diversos sistemas de expresion, a nivel de plasmidos o de integraciones cromosomales,
y bajo diferentes promotores para regular la expresién de las enzimas en diferentes
etapas del cultivo, y la proporcion entre estas, asi como para aumentar su fuerza de
expresion (Cui et al., 2014; Rodriguez et al., 2013).

El uso de estas estrategias de IVM llevaron a la construccién de diversas cepas
sobreproductoras de SA, de entre las cuales sobresalen las mostradas en el Cuadro
1.1. Dentro de estas, la cepa con mayor capacidad productora hasta el momento es la
cepa E. coli SP1.1pts-/pSC6.090B (Chandran et al., 2003), la cual alcanza un titulo
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final de 87 g/L de écido shikimico y un rendimiento mol/mol del 36 % cuando es
cultivada en glucosa en modo lote alimentado de 10 L. Esta cepa fue construida a
partir de la SP1.1 construida por Draths y colaboradores en 1999 y contiene la inser-
cién del gen aroB en el locus de serA, ademas de la interrupcion de los genes aroK
y aroL (Draths et al., 1999). Chandran y colaboradores le interrumpieron el sistema
PTS de transporte de glucosa dependiente de PEP para acumular el intermediario y
redirigirlo hacia la via de los aminodcidos aromaticos (Chandran et al., 2003). Esta
cepa SP1.1pts- fue posteriormente transformada con el plasmido pSC6.090B, el cual
contiene los genes gIf y glk de Zymomonas mobilis, que codifican para un transporta-
dor de glucosa y la enzima glucosa cinasa, con lo que lograron recuperar la capacidad
de la cepa para internalizar y fosforilar glucosa sin el sistema PTS. Ademas, tam-
bién contiene los genes tktA, aroE y serA que codifican para la transcetolasa A,
la shikimato deshidrogenasa y la D-3-fosfoglicerato deshidrogenasa respectivamente.
De esta forma Chandran y colaboradores lograron aumentar la biodisponibilidad de
los metabolitos precursores de la via (PEP y E4P) por medio de la interrupcién del
sistema PTS y mediante la expresion del gen tktA, aumentar el flujo de carbono
hacia shikimato por medio de los genes aroF y aroB, permitiendo la acumulacién de
shikimato por medio de la interrupcién de los genes aroK y aroL (Chandran et al.,
2003).

Los estudios de este grupo de investigacién derivaron en una patente para un
proceso fermentativo para la produccién de dcido shikimico desde glucosa, con cepas
modificadas de Escherichia coli que, alcanzaron producciones de hasta 71 g/L de SA
en el cultivo con rendimientos del 27 % mol/mol(Frost et al., 2002). Esta patente a
su vez derivo en la creacion de una empresa que logré en el 2005 tener una capacidad
instalada de produccién de 200 toneladas de acido shikimico por ano (Bradley, 2005).
Este éxito aumenté el interés en el desarrollo de cepas genéticamente modificadas
para la sobreproduccion de SA a escala laboratorio e industrial, permitiendo llegar a
rendimientos relativamente altos (entre 40-50 % mol/mol) (Diaz-Quiroz et al., 2014;
Ghosh et al., 2012; Kramer et al., 2003; Martinez et al., 2015; Rodriguez et al., 2013).
En este sentido la cepa AR36 es la que presenta el rendimiento molar més alto al

momento (0.42 mol/mol en glucosa, al rededor del 50 % del rendimiento maximo
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tedrico) (Rodriguez et al., 2013), aunque el titulo final es menor al reportado por

Chandran et al. (2003) y atn se encuentra lejana al maximo tedrico (86 % mol/mol).

Cuadro 1.1: Cepas productoras de acido shikimico, produccion y rendimiento. Mo-
dificada de Martinez et al. (2015).

Cepa Caracteristicas Fenotipicas Observaciones Tiitulo Rendimiento
(8/L)  (mol/mol)
SA112 BW25113AaroKL, CIChE: evolucién 1.70 0.25
(Cui et al., 2014) Ppps::PlacQ1,PcsrB::PlacQ1Pt5 para optimizar SA
-pps,PT5-csrB, 5Ptac-tktA
DHPYAAS-TT DH5a AptsHIcrr, AaroKL, Expresién plasmidica 1.066 0.23
(Chen et al., 2012) AydiB pAOC-TGEFB:aroE, de genes relacionados al SA
aroB, glk, tkta, aroFfbr
PB12.SA22 JM101 AptsH,ptsI,crr::Kmr Evolucionada en laboratorio 7.05 0.22
(Escalante et al., 2010) AarokL::cmr pJLBaroGfbrtktA, derivada PTS-
pTOPO-aroBaroE
SA5 B0013 AarokL::dif AptsG::dif Expresién plasmidica 14.6 0.3
(Chen et al., 2014) AydiB:dif AackA-pta::dif de genes relacionados al SA
pTH-aroGfbr-ppsA-tktA
SA114 BW25113AaroKL, Ppps::PlacQ1, CIChE: evolucién 2.99 0.31
(Cui et al., 2014) PcsrB::PlacQ1 PT5-pps,PT5-csrB, para optimizar SA
5Ptac-tktA, 5Ptac-pntAB
SP1.1pts-/ DH5a AptsH-ptsl-crr glk y glf heterdlogas 84 0.33
pSC6.090B AserA::aroB AaroL:: Tnl0 de Z. mobilis

(Chandran et al., 2003) A aroK::Cmr Ptacglf glk, aroFfbt tktA
PtacaroE, serA

SA116 BW25113AaroKL, CIChE: evolucién 3.12 0.33
(Cui et al., 2014) Ppps::PlacQ1,PcsrB::PlacQ1 para optimizar SA
PT5-pps, PT5-csrB, 5Ptac-tktA,
5Ptac-nadK
AR36 JM101 AptsH, ptsl, crr::Kmr Expresién fuerte, constitutiva 41.8 0.42
(Rodriguez et al., 2013) AarokL::cmr ApykF Alacl por medio de operdén sintético
pTrcAro6-aroB, tktA, aroGfbr, en pldsmido

aroE, aroD zwf

Para que estas cepas puedan ser competitivas en la industria es necesario crear
procesos de produccion de bajo costo manteniendo la eficiencia de la sintesis a gran
escala de forma que los costos de produccion sean menores o similares a los de las
sintesis tradicionales (Béez et al., 2001; Béez-Viveros et al., 2004; Chévez et al., 2005;
Leib et al., 2001; Patnaik et al., 1995). En especifico para el proceso de obtencién de
SA, es necesario aumentar tanto el rendimiento como las productividades del proce-
so. Esto es debido a que las caracteristicas, del producto y del mercado, requieren

que sea producido en reactores de gran escala.

La ingenieria de vias metabdlicas (IVM) ha permitido redirigir flujos de carbono
en una red bioquimica hacia la sintesis del acido shikimico por medio de la ma-
nipulaciéon genética. Sin embargo, a menudo estas modificaciones inducen efectos
secundarios y desequilibrios en el CCM que provocan resultados no deseados o usos

incompletos de las capacidades de conversion de la cepa. Esto se debe a que pueden
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interferir con la disponibilidad de algunos precursores importantes y los balances de
energia en el organismo, causando la acumulacién de intermediarios y subproductos
no deseados. De esta forma reducen la aptitud de la cepa para crecer y producir
compuestos de interés (Biggs et al., 2014). Dicha problemética surge de la dificultad
de predecir los resultados finales de un sistema complejo con informacién parcial,
como lo es el metabolismo celular compuesto por varias capas de informacion inter-
relacionadas (genoma, transcriptoma, proteoma y metaboloma, entre otros), y donde
generalmente se utilizan estrategias de modificacién local para las rutas metabdlicas
en estudio (Cloots y Marchal, 2011; Fong, 2014; Matsuoka y Shimizu, 2013). Debido
a la importancia no sélo de encontrar modificaciones a la via metabdlica particular
sino también de informacién metabdlica sistémica y su relacion con la fisiologia celu-
lar, para entender con mayor detalle y atender las limitaciones en la sobreproduccién
de metabolitos de interés, es necesaria una aproximacion de biologia de sistemas. Es-
ta aproximacién ha crecido en interés gracias a la posibilidad de obtener informacién
global de los diferentes componentes de los organismos (genes, transcritos, proteinas
y metabolitos, entre otros) como de la capacidad de estudiarlos y modelarlos como

sistemas complejos.

1.1.4. La modelacion matematica como herramienta para la

ingenieria de vias metabdlicas

En anos recientes se ha generado un creciente interés en el desarrollo de técnicas y
modelos que ayuden a describir y comprender en mayor detalle los procesos metabdli-
cos y su regulacién a nivel sistémico. Impulsado por las mas recientes técnicas de
obtencién de informacién de alto rendimiento (dmicas) se ha logrado un importante
avance en modelos matematicos para resolver y clarificar comportamientos de las
redes metabodlicas complejas y sus interacciones (Akesson et al., 2004; Covert et al.,
2001a; Kim et al., 2012; Stelling, 2004). En efecto, la construccién de modelos ma-
tematicos ha probado ser capaz de generar hipétesis, informacion y predicciones que
pueden ser acotados y validados experimentalmente. A la fecha, se han desarrollado
varios marcos de modelaciéon matematica y sus aproximaciones han resultado ttiles
para la identificacién de blancos genéticos de modificacién (genes, rutas y sistemas),

y para la seleccion y mejoramiento de caracteristicas fenotipicas relevantes para el
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mejoramiento de la produccién de compuestos de interés (Jouhten, 2012; Long et al.,
2015). Dichos marcos de modelacién han ayudado a revelar propiedades de los me-
canismos de regulacion y han clarificado algunas de las complejas interacciones de

la red metabdlica, asi como de caracteristicas sistémicas metabdlicas (Stelling, 2004).

De forma general, los modelos inician con la generacién de una representacion
matricial de redes metabdlicas construidas con suficiente detalle y curadas con los
datos obtenidos de genomas, transcriptomas, metabolomas u otras técnicas. Dicha
matriz es después cruzada con operadores matematicos derivados de informacién es-
tequiométrica, termodindmica y/o cinética disponible para las condiciones deseadas.
Debido a la complejidad de los microorganismos, que comprenden de cientos a miles
de reacciones, el conjunto de parametros requeridos para describir el comportamien-
to y las caracteristicas con estas redes metabdlicas en estos operadores matematicos
es generalmente mayor a la cantidad de datos posibles a obtener. Esto significa que
los sistemas de ecuaciones resultantes son indeterminados y por lo tanto es necesario
desarrollar aproximaciones de modelacién y computo intensivas y eficientes (Price
et al., 2003). Por estos motivos, la mayoria de los modelos hoy en dia se construyen
para condiciones con el menor ntimero de substratos posibles y asi reducir los balan-
ces de materia necesarios asumiendo estados pseudo-estacionarios (Akesson et al.,
2004; Fong, 2014; Jouhten, 2012; Kim et al., 2012). Aun asi, este tipo de sistemas de
ecuaciones indeterminados presenta la caracteristica de no tener una solucién tnica,
por lo que se genera un espacio convexo que contiene todas las soluciones individua-
les del sistema. Dicho espacio puede ser acotado después con datos experimentales
adicionales o algunas suposiciones derivadas del conocimiento del comportamiento
celular que contribuyan a encontrar una solucién significativa y util (Akesson et al.,
2004; Fong, 2014; Jouhten, 2012; Kim et al., 2012). Dentro de las aproximaciones
desarrolladas para encontrar dichas soluciones se encuentran las basadas en mecanis-
mos, en interacciones y variables de regulacion, y las basadas en restricciones. Estas
ultimas son las mas usadas, debido a que pueden reducir el espacio a una sola dis-
tribucién de flujo, incluso con poca informacién sobre el sistema (Price et al., 2003;

Stelling, 2004).
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A pesar del rapido desarrollo del area, todavia existe un campo desafiante para la
construccién de modelos en condiciones dindmicas y con medios de crecimiento poco
o indefinidos, asi como una mayor integracion de informacién derivada de las técnicas
omicas (Kim et al., 2012; Long et al., 2015; Machado y Herrgard, 2014; O’Brien y
Palsson, 2015; Patil et al., 2004; Ramkrishna y Song, 2012; Saha et al., 2014; Schuetz
et al., 2007; Stelling, 2004). De esta forma el presente trabajo tiene la finalidad de
contribuir al desarrollo de la produccién de SA en Escherichia coli mediante el uso de
modelacién matematica para la determinacion de los flujos metabdlicos en una cepa
sobreproductora de SA previamente construida con estrategias clasicas de ingenieria
de vias metabdlicas y de esta forma determinar posibles blancos de modificacién
genética y parametros de fermentacién para el mejoramiento de sus capacidades de

produccion.
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1.2. ANTECEDENTES

1.2.1. Cepas de Escherichia coli carentes del sistema PTS,
incluyendo la AR36

El grupo de investigacién del Dr. Bolivar, ha generado varias cepas sobreproduc-
toras de acido shikimico. En especifico, se ha trabajado con cepas a las que se les
eliming el sistema principal de transporte y fosforilacién de glucosa (PTS) (Escalante
et al., 2010; Flores et al., 1996). Flores et al. (1996) reportaron la construccién de
una cepa, derivada de la cepa silvestre de Escherichia colt JM101, carente de este
sistema PTS (PB11). Esta cepa presenta una capacidad reducida de crecimiento en
medio minimo con glucosa como unica fuente de carbono (fenotipo PTS- Glucosa-),
aproximadamente 0.1 h™! (reduccién del 85 % con respecto a la cepa silvestre). Pa-
ra recuperar la capacidad de crecimiento en glucosa, la cepa PB11 fue sometida a
un experimento de evolucion adaptativa en cultivo continuo en medio minimo con
glucosa como unica fuente de carbono, aumentando la tasa de dilucién del sistema
lavando asi células con menor tasa de crecimiento que la tasa de dilucion. Con este
sistema se seleccionaron mutantes espontaneas dentro de las cuales destaca la PB12
que presenté un aumento en la velocidad de crecimiento hasta valores de 0.4 h™! de-
bido al aumento de la capacidad de consumo de glucosa (fenotipo PTS- Glucosa+)
(Flores et al., 1996). Las mutaciones sufridas por la cepa PB12 durante la evolucion
adaptativa fueron estudiadas por Aguilar y colaboradores al secuenciar, analizar y
comparar su genoma respecto al de la PB11. De esta forma se encontré que la cepa
PB12 carece de un fragmento cromosomal de 10,328 pares de bases que contiene los
genes rpph, mutH y galR. Se encontraron también varias mutaciones puntuales en ge-
nes reguladores como arcB, rpoS, barA, rna, yjjU, rssA'y ypdA (Aguilar et al., 2012,
2018). Ademas, debido a la escision del operén ptsHIcrr del sistema PTS, ambas
cepas carecen de represion catabdlica por glucosa, haciéndolas capaces de co-utilizar
varias fuentes de carbono (Hernandez-Montalvo et al., 2001; Martinez et al., 2008).
Los efectos de las diversas mutaciones fueron estudiados posteriormente en diversos

trabajos publicados por el grupo de investigacion y se discuten a continuacién.
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Las mutaciones en los genes arcB, rpoS y rpph en la cepa PB12 generaron ma-
yores niveles de transcripciéon de los genes glicoliticos y otros genes del metabolismo
central del carbono, incluyendo los de TCA y los involucrados en el metabolismo
de ppGpp (Flores et al., 2008, 2005, 2007, 1996, 2002). La mutacién en arcB fue
relacionada con la modificacion de la capacidad de represion del sistema de dos com-
ponentes ArcA-ArcB, al posiblemente alterar la conformacién de ArcB por un cambio
de aminodcido tirosina a cisteina en la posiciéon 71, y provocando la sobreexpresion
de genes de produccién y consumo de acetato como pozB y acs (Flores et al., 2004,
2005). Se estudiaron ademds los efectos de inactivar el gen arcA en PB12; lo que
generd un aumento de la transcripcion de los genes de TCA y un incremento en la
velocidad de crecimiento del 246 % (Flores et al., 2007). Por su parte la inactiva-
cién total de rpoS en PB12 provocd una disminucién de la velocidad de crecimiento
(Flores et al., 2008). La inactivacién del gen galR, el cual codifica para el represor
del operén gal, fue responsable del aumento en la expresién del gen galP (transpor-
tador GalP). GalP es el responsable del transporte de glucosa en medio minimo en
ausencia del sistema PTS (Flores et al., 2005, 2002). La inactivacién del gen rppH,
que codifica para una RNA pirofosfodihidrolasa que inicia la degradacién del mR-
NA, fue establecida como la responsable de las altas concentraciones de transcrito
observadas en PB12 comparadas con las cepas JM101 y PB11 (Aguilar et al., 2012;
Flores et al., 2008, 2005, 2002). Esta ultima caracteristica permitié la sobreexpresién
de los genes de glicolisis y, por lo tanto, un aumento conjunto del transporte por
GalP y la fosforilacién por Glk (Flores et al., 2002). Por su parte, la ausencia del gen
mutH que codifica para la endonucleasa del complejo MutHLS, fue implicada en la
acumulacién de mutaciones en la cepa PB12 durante la evolucién adaptativa(Aguilar
et al., 2012; Flores et al., 2005).

La cepa PB12 se caracterizo para produccion de aminodcidos aromaticos y al-
gunos intermediarios de esta via, resultando capaz de redirigir el fosfoenolpiruvato
que no utiliza para el transporte y fosforilacion de glucosa hacia la via del shikimato
(Flores et al., 2005, 1996, 2002). Para lograr que esta cepa obtuviera mejores ren-
dimientos y titulos, en el laboratorio del Dr. Francisco Bolivar se llevaron a cabo

estrategias de modificacion genética basadas en estrategias clasicas de ingenieria de
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vias metabdlicas como las mencionadas en la seccion de introduccién. Dentro de las
cepas construidas resalta la cepa PB12.5A22/JLBaroG™ tktA /pTOPOaroBaroE, la
cual es capaz de una produccién de shikimato de 7.5 g/L con un rendimiento de 0.29
mol/mol con respecto a la glucosa en volimenes de cultivo de 500 mL (Escalante
et al., 2010). Esta cepa tiene inactivos los genes aroK y aroL, que limitan la via
de los aromaticos hasta la produccion de shikimato. Ademaés, contiene dos plasmi-
dos: pJLBaroG™'tktA y pTOPOaroBaroE, con los cuales se sobrexpresan los genes
aroGP" tktA, aroB y aroF haciendo uso de promotores lacUV5 inducibles por IPTG
(Escalante et al., 2010). Con construcciones derivadas de esta cepa se establecié que
la inactivacion adicional del gen pykF permite obtener rendimientos mas altos de
compuestos aromaticos totales (0.5 molTAC/molGlc), indicando que la cepa PB12
puede redirigir ain més carbono hacia la via de los aromaticos (Escalante et al.,

2010).

Estos antecedentes llevaron finalmente a la construccién de la cepa AR36 (Ro-
driguez et al., 2013), cepa derivada de la PB12 a la cual se le eliminaron los genes
aroK y aroL para permitir la acumulacién del SA, y el gen pykF para disminuir
el consumo de PEP por vias alternas a la ruta del SA. Finalmente, a la cepa se le
removio el gen lacl para hacer constitutiva la expresion de los genes que dependen de
los promotores inducibles por IPTG. Esta cepa ademés contiene el plasmido de alto
numero de copias pTrcAro6, en el que se encuentra un operdn sintético compuesto
por los genes: aroB, tktA, aroG'*, aroE, aroD y 2wf (Rodriguez et al., 2013). La
expresion sincronica y constitutiva de todos los genes involucrados en la ruta de los
aminoacidos aromaticos hasta el SA, y de los genes tktA y zwf para aumentar la
biodisponibilidad de E4P, permitié que la cepa acumulara hasta 43.3 g/L de shiki-
mato, con un rendimiento de 0.42 mol/mol y una productividad volumétrica de 1.44
gSA/Lh (Rodriguez et al., 2013). Adem4s, este sistema de expresién permitié redu-
cir la acumulacién de otros intermediarios de la via en cantidades menores al 6.7 %
mol/mol GLC. Es importante notar que estos resultados fueron obtenidos en fermen-
tadores con 100 g/L de glucosa suplementados con 30 g/L de extracto de levadura,
condiciones de alta presiéon osmética y saturacion metabdlica, lo que generalmente

provoca grandes producciones de acetato y la concomitante perdida de aptitud celu-
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lar. Sin embargo, las fermentaciones presentaron concentraciones relativamente bajas
de acetato (cercanas 8.65 g/L) y no disminuyeron las velocidades de crecimiento y
consumo de glucosa (Rodriguez et al., 2013). Esto fue atribuido especificamente al
sistema de expresion y al operdn sintético utilizado en AR36, dado que se comprobd
que su inclusién en la cepa aumenta el metabolismo glicolitico, la velocidad de cre-
cimiento y disminuye la proporciéon de acetato producido al aumentar la produccién
de SA por medio de experimentos de metaboléomica y fluxémica en medio minimo
(Rodriguez et al., 2017).

Substrate concentration 50g/L Gle | 100g/L Gle | 100g/L Gle
+15g/L YE | + 15g/L YE | + 30g/L YE
Yuae relative to Y (%) 54 48 49
Yrac relativeto Y (%) 67 61 61
SA : DHS : QA : DAHP 187:1.6: | 146:1.0: | 174:1.4:
10:1.1 1.1:1.0 1.1:1.0

Figura 1.2: Porcentajes molares de los compuestos aromaticos producidos en la cepa
AR36en cultivos lote con concentraciones altas de substrato. Tomada de Rodriguez
et al. (2013).

Debido a estas caracteristicas, la cepa de Escherichia coli AR36, presenta gran
potencial de uso industrial ya que esta mas cerca del rendimiento maximo tedrico,
no necesita inductor durante las fermentaciones, presenta poca acumulacién de in-
termediarios no deseados de la via de SA (lo que facilita la purificacién de SA) y
produce relativamente bajas cantidades de acetato en condiciones de alto contenido
de substratos. Sin embargo, esta claro que ain existen retos importantes para el me-

joramiento de la produccion de SA en esta cepa, tanto en aumentar el rendimiento a



Capitulo 1. INTRODUCCION y ANTECEDENTES 20

valores cercanos al maximo tedrico como en mejores estrategias de fermentacién que

aumenten la productividad del proceso utilizando la visién de la biologia de sistemas.

1.2.2. Modelos metabdlicos para la optimizacién de la pro-

duccidon de acido shikimico

Con respecto a la produccién de SA en FE. coli, pocos estudios de modelacion
existen en la literatura. Chen y colaboradores (2011) usaron un andlisis basado en
el balance de flujos (FBA), asumiendo cero crecimiento y utilizando la produccién
de SA como el objetivo de optimizacién. Los modelos identificaron a los genes aroF,
tktA, ppsA y glf como candidatos para sobreexpresiéon, asi como a los genes IdhA y
ackA para inactivacion (Chen et al., 2011). Dichos genes y nodos estdan en concor-
dancia con reportes previos para la produccién de intermediarios AAAP (Chandran
et al., 2003; Gosset, 2009; Martinez et al., 2015). Sin embargo, los modelos también
identificaron al gen zwf como responsable de la redireccion de flujo de carbono hacia
la AAAP. Su sobreexpresién ha resultado en conversiones molares de GLC hacia
aminoacidos aromaticos de hasta en un 47 % (Chen et al., 2011; Flores et al., 2002;
Rodriguez et al., 2013). Por su parte, Ahn et al. (2008) construyeron un modelo para
maximizar la produccion de SA desde GLC, el cual resalté la importancia de genes
del CCM como tktA y zwf (Ahn et al., 2008). Sin embargo, tampoco en este mode-
lo fueron considerados el crecimiento y los requerimientos de mantenimiento. Rizk
y Liao (2009) (Rizk y Liao, 2009) usaron un modelado por conjuntos, basados en
mecanismos de reaccién, para identificar a tktA como responsable de la reaccion de
control, lo que significé que la sobreexpresion del gen ppsA aumenta la produccion de
intermediarios aromaticos s6lo cuando tktA se sobreexpresa simultdneamente (Rizk
y Liao, 2009).

Aun con estas aportaciones, todavia existen muchos desafios que deben afrontarse
y atender con respecto a la construccién e implementacién de modelos matemati-
cos para este sistema. Los modelos a menudo se encuentran limitados por supuestos
especificos como el del estado estacionario. En especifico, el asumir el estado estacio-
nario provee sélo informacién limitada sobre las propiedades dindmicas de regulacién

del sistema metabdlico. Esta limitacion puede resultar en algunas contradicciones de
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los resultados de los modelos con el comportamiento real de las cepas en condiciones
dinamicas de crecimiento, causadas por la existencia de los complejos mecanismos de
regulacion. Nuevos modelos y herramientas que ayuden a tomar en cuenta los siste-
mas bioldgicos de forma sistémica y en condiciones dindmicas podrian resultar en un

mejor entendimiento del comportamiento de los microorganismos sobreproductores

de SA.

De hecho, para cepas de E. coli construidas para la sobreproduccion de SA, la
mayoria del trabajo ha sido enfocado en el diseno e implementacién de plataformas
de expresién, estudio de diferentes fondos genéticos y uso de estrategias de cultivo
basados en informacion obtenida por métodos clasicos. Pocos estudios se han en-
focado en la generacion de informacién basada en la modelaciéon de metabolismo
para entender y disenar cepas productoras de SA, y aun menos se ha hecho en la
construccién de modelos para cepas usando medios complejos de crecimiento y/o
en condiciones dinamicas, las cuales son comunes en los procesos de produccién de
SA u otros compuestos. En este reporte, se describe una aproximacion dinamica de
modelado del comportamiento fisiologico y de las distribuciones de flujo metabdlico
para una cepa de F. coli modificada por ingenieria de vias metabdlicas para la so-

breproduccién de SA, en medio complejo.

1.2.3. Modelado cibernético

Como se establecié en las secciones anteriores, el desarrollo de estrategias ma-
tematicas que nos permitan estudiar de forma sistémica las relaciones entre las di-
ferentes enzimas, metabolitos, flujos y sus caracteristicas de regulacién, es de vital
importancia para el desarrollo de nuevas estrategias de IVM y de mejores procesos de
produccion. El metabolismo celular esta compuesto por diversas reacciones que van
desde el consumo de nutrientes hasta su transformacién en numerosos componentes
intracelulares y extracelulares (Ramkrishna y Song, 2012). Estas reacciones forman
una compleja red de caminos metabdlicos catalizados por enzimas especificas. Dentro
de cada uno de estos caminos metabdlicos puede existir una o mas enzimas criticas

o limitantes para la velocidad de flujo de carbono a través de estos (Ramkrishna y
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Song, 2012). Los marcos matematicos de modelacién desarrolladas hasta la fecha se
han concentrado en general en estrategias basadas en la estequiometria y disenando
sistemas lineales de ecuaciones diferenciales en estado estacionario. La inclusién de
la temporalidad y la regulacién en este tipo de sistemas de ecuaciones ha sido poco
estudiada. Esto se debe a la complejidad y cantidad de parametros desconocidos o
dificiles de calcular experimentalmente que hacen, casi imposible, obtener una des-
cripcién completa. Esto representa un serio reto para lograr el objetivo tultimo de la
modelacién matemadtica: la generacién de estructuras y conocimientos sistémicos de
la complejidad del metabolismo que sean capaces de ser predictivos y contribuyan
en la toma de decisiones para el desarrollo de nuevas cepas y procesos productivos
(Rizk y Liao, 2009).

Lo anterior significa que es necesario desarrollar nuevas estrategias que tomen
en cuenta funciones de estado dependientes de las concentraciones de los metaboli-
tos en el sistema a partir de una distribuciéon estequiométrica dada restringida por
uno o varios objetivos metabdlicos; Sino también incluir funciones sobre la dindmi-
ca de la regulaciéon derivada de perturbaciones o cambios constantes en el medio
en el que se crecen los microorganismos. Con respecto a este objetivo dindmico de
modelacién, la mayoria del esfuerzo realizado ha sido enfocado a la deduccién de
parametros cinéticos mecanisticos y a la construccion de sistemas de ecuaciones di-
ferenciales deterministas mediante el uso y aproximacion de ecuaciones clasicas de
cinética enzimatica (Rizk y Liao, 2009). Con respecto a la regulacién la mayoria de
los modelos incluyen estos efectos como valores de restriccién y en formulaciones ad
hoc. Por ejemplo, inactivando o activando flujos de rutas metabdlicas por medio de
operadores booleanos derivados de datos transcriptémicos (Covert et al., 2001a,b;
Ramkrishna y Song, 2012; Rizk y Liao, 2009).

En las dltimas décadas diferentes esfuerzos no convencionales de racionalizacion
del problema dindmico y de regulacién derivaron en la construccién de estrategias de
modelado capaces de atacar tanto la dinamica como la asignacion de recursos limi-
tados a través del sistema celular, ain con poca informacién mecanistica detallada

sobre los procesos. El principal marco de modelacién matematica con estas carac-
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teristicas particulares es el desarrollado por Ramkrishna y colaboradores (2012),
denominado marco cibernético. Esta aproximacion de modelaciéon permite incluir
respuestas de regulacion dinamica a través de la red metabdlica y por tanto tomar
en cuenta la plasticidad metabdlica y su multiplicidad atendiendo a cambios cons-
tantes de los pardmetros extracelulares e intracelulares (Ramkrishna y Song, 2012).
El marco cibernético de modelacién es de hecho uno de los pocos, si no el tnico, que
permite una representacion sistematica de la influencia de la regulacién metabdlica
en cuanto al control de la actividad enzimatica, asi como de su expresién de forma

dindmica (Ramkrishna y Song, 2012; Varner y Ramkrishna, 1999).

La base conceptual del marco cibernético recae en la hipotesis de que los siste-
mas metabdlicos han evolucionado hacia la optimizacién de “programas” orientados
a resultados. Es decir, que su proceso de evolucién les ha permitido construir siste-
mas de reaccion concretos, especificos y eficientes para contender con perturbaciones
extracelulares, intracelulares e inclusive genéticas, permitiendo su supervivencia y
mejorando su aptitud en diversos ambientes (Ramkrishna y Song, 2012; Varner y
Ramkrishna, 1999). El uso de este tipo de objetivos de optimizacién es habitual en
marcos de modelacién como el andlisis basado en flujos (FBA), en el cual se utiliza
por lo general la optimizaciéon del rendimiento de biomasa como funcién objetivo.
Esto se realiza bajo la premisa fundamental de que los organismos utilizan su maqui-
naria para maximizar su biomasa, aunque también se han utilizado otros objetivos
metabodlicos con buenos resultados como el consumo de oxigeno, consumo de carbono,
produccién de ATP, entre otros. Sin embargo, en los marcos basados en restriccio-
nes mas comunes, se utiliza generalmente una solucién tnica del espacio convexo y
es representada por ecuaciones de estado estacionario. Mientras que, por su parte,
la modelacién cibernética usa por lo general varias soluciones del espacio convexo
de forma simultanea y coordina su participacion en el metabolismo mediante la in-
clusion de funciones dinamicas de regulacion. Dichas funciones evalian a través del
tiempo cada una de las distribuciones de flujo asociadas a diversos objetivos celula-
res para representar el resultado final del comportamiento metabdlico. Tal es el caso
de la combinacién y competencia de diferentes rutas metabdlicas por los recursos

necesarios para asegurar su aptitud de acuerdo al medio externo y las alternativas
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de crecimiento, produccién y consumo de metabolitos (Ramkrishna y Song, 2012;
Varner y Ramkrishna, 1999).

De forma especifica, el marco de modelacion cibernética introduce la regulacion
mediante el uso de dos vectores u = [ug, Uz, Uz, ..., U] ¥ © = [01, V2, V3, ..., U] Es-
tos vectores estan asociados con la distribucion fraccional de los recursos necesarios
para la sintesis de enzimas y su actividad (Ramkrishna y Song, 2012). Estas varia-
bles son calculadas a lo largo del proceso biolégico y modifican la participacién de
cada conjunto de flujos expresados como modos elementales (EMs) obtenidos del
analisis estequiométrico de la matriz metabdlica. Estos EMs son conjuntos de reac-
ciones en rutas metabodlicas minimas e indecomposibles que relacionan metabolitos
de entrada y de salida. El conjunto total de EMs describe, por tanto, todas las po-
sibilidades metabdlicas del organismo. La descripcién matematica utilizando todos
los EMs resultaria en un problema de optimizacién matematica imposible, debido
al gran numero de pardmetros necesarios para el calculo de un resultado integrado.
Sin embargo, no todos los EMs son utilizados de forma simultanea por el micro-
organismo, por lo que es posible seleccionar un subconjunto de EMs que puedan
describir el comportamiento metabdlico en una escala paramétrica asequible. Para
estos efectos, se utilizan estrategias de reduccién por medio analisis de rendimientos
o flujos, para obtener el conjunto minimo 1til para describir el comportamiento en
las condiciones experimentales (Song y Ramkrishna, 2009). Una vez seleccionados
los EMs participantes se puede construir el marco de ecuaciones diferenciales que
van a dictar las velocidades de flujo para cada uno de ellos. El marco de modelacién
cibernética incluye también las velocidades de sintesis de enzimas criticas y/o limi-
tantes para cada EMs, lo que lo ha hecho distintivo de otros marcos de modelacion
(Ramkrishna y Song, 2012). Este marco describe la velocidad de flujo y la velocidad
de produccién de enzimas clave por medio de ecuaciones tipo Michaelis-Menten, y
son estas velocidades las que se regulan por los valores de v y u respectivamente
para cada EMs, multiplicindolas con valores entre 0 y 1 derivados de una o varias
funciones objetivo para cada tiempo t dado. Estas variables son calculadas de forma
general por medio de ecuaciones basadas en leyes de igualacién. Generalmente para

u se relaciona el retorno de la funcién objetivo de cada EM con la sumatoria de
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los retornos de todos los EMs, mientras que para v se relaciona el retorno de cada
EMs con el retorno mas alto encontrado para el conjunto de EMs. De esta forma, las
variables cibernéticas regulan la participacion final de los flujos producidos, por cada
EMs en el metabolismo para cada diferencial de tiempo (¢ + At) aun teniendo poca
informacién mecanistica de las particularidades de la regulacién celular (Ramkrishna
y Song, 2012; Song y Ramkrishna, 2009; Varner y Ramkrishna, 1999).

En el presente trabajo se hizo uso de este marco de modelacién matematica para
poder revelar las caracteristicas de las distribuciones de flujo de la cepa AR36 de
forma dindmica para fermentaciones en condiciones variadas de concentracion de los
substratos utilizados para su crecimiento y produccién de shikimato. Los detalles
particulares de la construccion del modelo se trataran méas a fondo en la seccion de

materiales, métodos y modelos.
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2.1. JUSTIFICACION e HIPOTESIS

2.1.1. Justificacion

La mayoria del trabajo reportado para mejorar la producciéon biotecnologica de
SA en Escherichia coli, ha sido enfocado en el disenio e implementacién de platafor-
mas de expresion, estudio de diferentes fondos genéticos y de estrategias de cultivo
basados en informacion obtenida por métodos clasicos de ingenieria metabdlica. Sin
embargo, estas estrategias a menudo inducen desequilibrios en el CCM que provo-
can resultados no deseados. Esto se debe a que pueden modificar la disponibilidad
de algunos precursores biosintéticos y energéticos, causando la acumulacion de sub-
productos no deseados o el agotamiento de metabolitos o cofactores. Pocos estudios
se han enfocado a la generacién de informacion basada en la modelacion del me-
tabolismo celular. Menos aun se han desarrollado modelos para cepas modificadas
por ingenieria de vias metabdlicas creciendo en medios complejos conteniendo mas
de un substrato (glucosa y extracto de levadura) y/o en condiciones dindmicas, las
cuales son comunes en los procesos de produccion industrial de SA. Por tal motivo,
la generacion de nuevos modelos y herramientas que ayuden a tomar en cuenta el
comportamiento de forma sistémica en condiciones dindmicas, pudieran favorecer un
mejor entendimiento del comportamiento de los microorganismos y con ello el poder

mejorar las capacidades de produccion de compuestos de interés como el SA.

2.1.2. Hipéotesis

El comportamiento fisiologico y metabdlico de la cepa AR36 en fermentaciones
realizadas en medio complejo y a diferentes concentraciones de substrato podran ser
representados por medio de modelos dinamicos basados en un marco de modelacién
cibernética. Dicha representacion permitird generar informacion suficiente y relevante

para el mejoramiento de la produccion de acido shikimico con AR36.
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2.2. OBJETIVOS

2.2.1. Objetivo general

Disenar, construir y validar modelos dinamicos fisiolégicos y metabdlicos que
permitan caracterizar el comportamiento de la cepa FEscherichia coli AR36 sobre-
productora de acido shikimico en medio complejo con variaciones en la concentracién
de glucosa y extracto de levadura, y que sirvan para identificar pardmetros que per-

mitan mejorar la produccién de SA.

2.2.2. Objetivos particulares

1. Disenar y construir modelos para describir el comportamiento fisioldgico en

variaciones de la concentracion de los dos substratos utilizados.

2. Caracterizar el comportamiento fisiolégico mediante la construccién y analisis
de superficies de respuesta de los parametros modelados, en diferentes etapas

de la fermentacion.

3. Validar las superficies modeladas mediante la comparacién de predicciones del

comportamiento contra experimentos no contenidos en el diseno experimental.

4. Disenar y construir modelos para describir el comportamiento de las distribu-
ciones de flujos metabdlicos en variaciones de las concentraciones de los dos

substratos utilizados.

5. Caracterizar el comportamiento de las distribuciones de flujo mediante la cons-
truccién y analisis de superficies de respuesta de los flujos modelados en dife-

rentes etapas de la fermentacion.

6. Analizar y comparar los resultados obtenidos de los modelos fisiologicos y me-
tabolicos para la determinaciéon de blancos genéticos y metabdlicos para el

mejoramiento de la produccién de acido shikimico

7. Mejorar la produccion de acido shikimico mediante el uso de la informacion

obtenida por la modelacion matematica.
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3.1. MATERIALES Y METODOS

3.1.1. Diseno experimental

Para realizar el estudio de caracterizacion fisiolégica y metabdlica, se utilizé una
matriz experimental simétrica para las variables de los substratos glucosa y extracto
de levadura a 3 niveles. El rango experimental utilizado fue de 75 a 125 g/L de
glucosa y de 15 a 45 g/L del extracto de levadura. Esto genera una matriz de 9
puntos con el punto central siendo la condicién inicial de 100 g/L de glucosa y 30
g/L de extracto de levadura de acuerdo con el Cuadro 3.1. Esta zona experimental
fue disenada tomando como centro el punto experimental donde fue encontrada la
mejor condicién de produccién de acido shikimico en la investigacién de Rodriguez
y colaboradores. (Rodriguez et al., 2013). De esta forma la matriz nos permitird
explorar condiciones donde la cepa AR36 tenga mejor produccion, asi como estudiar
la respuesta metabdlica de la cepa ante los cambios de concentracién de las fuentes

de carbono.

Cuadro 3.1: Puntos experimentales para la matriz experimental disenada para la
caracterizacién fisiolégica y metabdlica de la AR36 en variaciones de substrato.

Experimento  Glucosa E. Levadura

(GLC) (YE)
1 75 15
2 75 30
3 75 45
4 100 15
5 100 30
6 100 45
7 125 15
8 125 30
9 125 45

*Punto central realizado por triplicado.

Los experimentos de la matriz experimental fueron realizados de acuerdo con la
subsiguiente seccion, midiendo las respuestas de biomasa, consumo de glucosa y pro-
duccion de acido shikimico y acético. Los datos obtenidos permitieron el calculo de
los siguientes parametros de fermentacion: velocidad de crecimiento, biomasa maxi-
ma, concentracion final de shikimato y acetato, glucosa consumida, productividades

volumétricas globales, productividades especificas de fase exponencial y estacionaria
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y velocidades de consumo especificas de fase exponencial y estacionaria. Con estos
parametros fueron construidas superficies de respuesta para la caracterizacion del
comportamiento de fermentacion, asi como para develar el metabolismo celular de
la cepa, en las diferentes composiciones de glucosa y extracto de levadura como se

describira en los siguientes apartados.

3.1.2. Cepas, cultivos y procedimientos analiticos

La cepa E. coli AR36 construida por Rodriguez y colaboradores (2013) (Rodri-
guez et al., 2013) fue utilizada para todos los experimentos y calculos. Esta cepa
es auxdtrofa a aminoacidos aromaticos debido a la inactivacion de los genes aroK
y aroL, por lo que extracto de levadura (YE) (BD Bacto) y GLC (Fermentas) fue-
ron utilizados como fuente de carbono y nitrégeno (Rodriguez et al., 2013). Para
los experimentos de fermentacion se utilizaron reactores Applikon con controladores
ADI 1010 y consolas ADI 1025 y jarras con volumen maximo de 1 L, usando 0.5
L de volumen de trabajo. El medio de cultivo base tiene la composicién mostrada
en el Cuadro 3.2. Las concentraciones de glucosa y el extracto de levadura fueron
ajustados en cada experimento de acuerdo con las condiciones deseadas de cultivo.
El medio de cultivo de los fermentadores se prepara disolviendo KoHPO,, KH,PO,
, Ac. Citrico y Citrato de Amonio Fe(III) hasta un volumen de 310 ml con agua
bidestilada desionizada, se le agregan 600 pL de HySO4 concentrado y se neutraliza
con NH4OH 10 N después de disolver. Este medio se coloca en el fermentador armado
con los electrodos de pH y de tension de oxigeno y se esteriliza por 20 minutos a 121
centigrados. Las demas sales inorganicas son adicionadas en soluciones 100 X este-
rilizadas previamente por filtrado, al igual que la tiamina, tetraciclina y la betaina.
La glucosa es preparada por separado a 400 g/L y esterilizada por filtracién para los
experimentos. Todos los componentes del medio son adicionados al fermentador en
condiciones de esterilidad justo antes de realizar la inoculacion, llevando el volumen

a 500 mL con la adiciéon de agua bidestilada desionizada estéril.

Los inéculos fueron hechos en matraz de 500 mL con 50 mL de volumen de trabajo
con composicién de medio base igual a la utilizada en los reactores, pero con 15 g/L

de levadura y 25 g/L de glucosa. Los matraces fueron puestos en incubadora a 300
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rpm y 37° C durante 12 horas para que crecieran alrededor de 7 D.O. (600 nm). Se
inocularon 25 mL del inoculo a los reactores para obtener una concentracién en el
reactor de alrededor 0.3 D.O.

Cuadro 3.2: Composicion del medio de cultivo base empleado en los experimentos

Compuesto Concentracién final
KQHPO4 7.5 g/L
KH2P04 7.5 g/L
Ac. Citrico 2.1 g/L
Citrato de Amonio Fe(III) 0.3 g/L
MgSOy 0.64 g/L
CaCls 0.06 g/L
(NH4)6(Mo7024) 0.0037 g/L
7ZnSO4 0.0029 g/L
H3BO3 0.0247 g/L
CuSOy4 0.0025 g/L
MnCly 0.0158 g/L
CoCly 0.00129 g/L
Tiamina 1 mg/L
Tetraciclina 30 ug/ml
Betaina 2mM

Los reactores fueron operados a 37 °C, 1 vvm de aireacién, manteniendo la D.O.T.
mayor al 20 % por medio de cascadas de agitacién de forma manual que variaron en-
tre los 500 y 1200 rpm. El pH en los experimentos realizados fue mantenido en 7
por medio de la adicién de base(NH,OH al 10% ) y acido (H3POy al 3.5%). Los
puntos muéstrales fueron tomados cada 2 horas durante las primeras 12 horas, cada
cuatro horas desde la hora 12 hasta la hora 24 y finalmente cada 6 horas de la ho-
ra 24 hasta el fin de la fermentacién. La concentracion de biomasa fue medida por
medio de la densidad 6ptica a 600 nm con un espectrofotémetro Beckman DU700.
La GLC, el SA y el AC fueron determinado por HPLC con un equipo Waters (600E
bomba cuaternaria, inyector automatico 717, detector de indice de refraccién 2410 y
un detector de arreglo de fotodiodos 966) con una columna aminex HPX-87H (300 x
7.8 mm; 9 pm), usando HySO4 5 mM como fase mévil a 50°C'. Los pardmetros me-
didos fueron corregidos volumétricamente con adiciéon de acido o base. Las muestras
tomadas fueron de 3 mL en viales Eppendorf plasticos con tapa de 1.5 mL donde
inmediatamente después de la toma de muestra uno de ellos fue centrifugado du-
rante 2 minutos, decantado y congelado para andlisis de sobrenadante por HPLC.

Las muestras de sobrenadante fueron diluidas en la fase mévil del HPLC 0.5mM de
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H>SO,4 para su analisis. La otra muestra se utilizo para la correccion de la medicién
de la densidad optica; se centrifuga durante 2 minutos, decanta y utiliza para la

medicién de D.O. a 600 nm y realizar asi la correccién del medio de cultivo.

3.2. MODELOS MATEMATICOS

3.2.1. Diseno y construccién de modelos para describir el
comportamiento fisiolégico en variaciones de las con-

centraciones de los dos substratos utilizados.

Para poder caracterizar y describir el comportamiento fisiolégico de la cepa AR36
dentro del area de diseno experimental, se construy6 un sistema de modelos extra-
celulares para caracterizar el comportamiento del crecimiento celular, el consumo
de glucosa y la produccion de shikimato. De esta forma para la descripcion del cre-
cimiento celular se utilizé6 un modelo logistico cléasico, del cual se establecieron los
parametros de velocidad maxima de crecimiento y la maxima biomasa producida, de

acuerdo a las ecuaciones siguientes:

dX X
@ x(1- 31
a P ( Xma) (3.1)

Xoeﬂmazt

L (S (et

= X =

donde X(4) es la biomasa calculada al tiempo ¢ por el modelo de crecimiento logisti-
co, Xy es la biomasa inicial, X,,,, es el pardmetro de biomasa maxima y fiye: €S
el pardmetro de velocidad maxima de crecimiento. Este modelo permite seguir la
concentracion de la biomasa a través de la fase exponencial de crecimiento, la fase
de desaceleracion y la fase estacionaria. Este modelo es cominmente usado en la
descripcion de procesos de fermentacion tanto en investigacion como en la industria
biotecnoldgica, donde ha demostrado ser robusto y eficiente para diferentes microor-
ganismos, cepas y procesos. Estas caracteristicas permiten tener una buena base para
la construccion de los modelos de consumo y produccién de metabolitos. Dicha cons-

truccién inicié mediante la representacion simplificada del proceso de fermentacion
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por medio de una reaccion de primer orden:
S+X X' +P+ .. (3.3)

donde S se refiere a substrato, en este caso GLC, y P se refiere a producto, SA
en este diseno experimental. Por lo que las velocidades de aparicién de producto y

desapariciéon de substrato pueden ser descritas como:

das dX
o 0 4
FTT (3-4)
dP dX
E = Qpﬁ (3-5>

donde ¢ se refiere a la velocidad especifica para cada uno de estos, como marca
el subindice. Dado que en el fermentador se encontraran poblaciones de células en
crecimiento y poblaciones en estado estacionario, reescribimos las ecuaciones de la

forma siguiente:

ds dxerr dxste
N QL D 3.6
i e M (3.6)
dP dX P dxste
— ETp sta 37
@~ Ty T T (3.7)

exp s . ey 2 .
donde d)fit esta relacionada con la apariciéon de nuevas células en estado de creci-

dXSta
dt

ciales se pueden describir con respecto a X total de forma tal que se construyeron

miento y con la aparicion de células que han dejado de crecer. Estas diferen-

las siguientes ecuaciones:

AXewp dX
e T2 e 3.8
dt - dt (3:8)

AXpa dX .
i (3.9)
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donde W& y W5t son funciones que describen la proporcién de células en cada estado

de acuerdo con las siguientes ecuaciones:

X
perr = 1 — 3.10
( Xmaz) ( )

X
Pt — 3.11
(Xma:r:) ( )

De esta forma integrando e intercambiando los subindices por los substratos y pro-

ductos utilizados en esta investigacion, llegamos a las siguientes ecuaciones construi-
das para describir el comportamiento de substratos y productos en nuestro diseno

experimental:

St = Sen - G X(0) (1- 2 )| - [aiexo@o) (£ )] e

max max

max

Py = Py + 2 Xoa0) (1- )] + |@gexgao) (£ 2)] - @

donde q;fcp y 5P son las velocidades especificas en la fase exponencial para el con-

sumo de GLC y la produccién de SA respectivamente. %2 y ¢z son las velocidades
especificas en la fase estacionaria para el consumo de GLC y la producciéon de SA
respectivamente. Se observa que en estas ecuaciones la participacion de cada una de
estas velocidades especificas esta determinada por el término que contiene el radio de
relacién entre la biomasa existente al tiempo ¢ y la biomasa méxima X,,,,, obteni-
das de Ue? y W5t Finalmente, para determinar los limites del modelo se utilizaron

restricciones basadas en desigualdades las cuales se presentan a continuacion:
as
dt

dP
E = 0 ) P(t) Z Pmax (315)

0 ; Suy<o (3.14)

Los parametros para los modelos construidos en esta investigacién fueron aproxima-
dos por medio de la minimizacién de la suma cuadratica del error (SEE) por medio
de programacién en MATLAB con respecto a los datos experimentales. Para todos
las modelos el escalon de tiempo At para la integracién numérica fue fijado a 1 mi-

nuto. Una vez optimizados los parametros se evaluaron por medio de la estimacién
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del error calculado por la relacion entre el SSE y la suma del cuadrado de los puntos

experimentales (SSEP) de acuerdo con la ecuacion %ERR = ( S%%EP) 100. Ademas,

la aproximaciéon matematica fue descrita como una regresién lineal entre los valo-

res experimentales y los obtenidos del modelo. Esto permitié la construcciéon de un
indicador de porcentaje de desviaciéon con respecto a la pendiente esperada (1 para
la equivalencia entre el modelo y los experimentos), un coeficiente de regresién de
Pearson (describiendo la dispersién) y un pardmetro de significancia determinado
por el p-valor, los cuales permitieron calificar la aceptacion de los modelos como

descriptores del comportamiento experimental observado.

Es importante notar que el AC presento un comportamiento distinto al SA, descri-
biendo un patrén de consumo y produccion simultanea a lo largo de la fermentacion.
Por este motivo no pudo ser descrito por las ecuaciones previamente presentadas.
Sin embargo, velocidades especificas iniciales en la fase exponencial (¢;”) y veloci-

sta

dades especificas iniciales en la fase estacionaria (g;'*), fueron aproximadas por las

siguientes ecuaciones:

qlf)iﬂfp = Yaecx/pm,umam (316)
sta
%" =5 (3.17)

donde el rendimiento fue calculado con una regresién lineal del AC contra la biomasa
y la velocidad volumétrica fue calculada con la regresion lineal del acetato contra el

tiempo en la fase estacionaria.
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3.2.2. Construccién y validacion de superficies de respuesta

Los parametros obtenidos de la modelacién fueron utilizados para construir su-
perficies de respuesta tridimensionales con una ecuacién de segundo orden polinomial

bivariada:
Z=a+bx(GLO)+cx(YE)+d* (GLC)? +ex (YE)?> + f x (GLC) * (YE) (3.18)

Otras ecuaciones polinomiales de mayores ordenes fueron probadas, sin embargo,
esta fue la del tamano minimo encontrada capaz de describir el comportamiento
de los parametros a través del area del diseno experimental. A pesar de que ecua-
ciones polinomiales de mayor orden pueden dar resultados con valores de SSE mas
pequenos, su uso podria llevar a una sobreestimacion de la morfologia de superficie
y por ende limitar sus capacidades predictivas. Por este motivo, y resultando sufi-
ciente, la de menor grado fue utilizada, su evaluacion y caracterizacién se describira

en las siguientes secciones.

La aproximacién no lineal de las superficies fue realizada en MATLAB por medio
de la reduccién del SSE. Las ecuaciones de las superficies de respuesta resultantes
fueron analizadas cualitativamente por medio de la obtencion de gréficas tridimen-
sionales y mapas de contorno. Asi mismo, evaluadas matematicamente por medio del
criterio de LaGrange. El criterio de LaGrange permite la definicién de la naturaleza
geométrica de los puntos criticos observados. Este criterio consiste en el cédlculo de

la determinante de Hessian para la funcién modelo de la superficie R dada por:

8%z %z
Y ESGLC SY E?

5%z 5%z
H = SGLC? SGLCSYE

_ §%Z 52z 527 52z
H = (JGLCQ)(JYEQ) - (JGLCzSYE)(zSYEéGLC)

donde esta los puntos criticos se obtienen de la solucién del sistema de ecuaciones
resultante de las derivadas de Z con respecto a las diferentes variables igualadas
a 0 y se pueden evalian de la siguiente forma: maximo si H(GLC,YE) > 0y
6?Z/8GLC?* < 0, minimo si H(GLC,YE) >0y 6*Z/6GLC? > 0 y punto de silla si
H(GLC,YFE) < 0 (Ferreira et al., 2004).
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Finalmente, las superficies fueron evaluadas por coeficientes de regresion, valores
p, SSE y porcentajes de error. Su capacidad de descripcion y prediccion del comporta-
miento fue validada con la prediccién del comportamiento de puntos experimentales
en condiciones iniciales de 75:20, 80:40 y 115:45 GLC:YE. Los parametros obtenidos
de las superficies de respuesta para estas condiciones fueron utilizados para el calculo
de los modelos logisticos de crecimiento, consumo y produccién y comparados con
los puntos experimentales. Ademas, se calcularon los parametros derivados de los ex-
perimentos y comparados con los estimados por las superficies mediante porcentaje

de error.

3.2.3. Diseno y construccién de modelos para describir el
comportamiento de las distribuciones de flujos me-
tabdlicos en variaciones de la concentracion de los dos

substratos utilizados.

Para caracterizar y describir el comportamiento metabdlico de la cepa AR36 den-
tro del area de diseno experimental, se construyé una red metabdlica basada en el
metabolismo central (CCM) de Escherichia coli. La red metabdlica del CCM fue
conformada por 60 reacciones, 44 metabolitos internos y 6 metabolitos externos, co-
rrespondientes a las vias Embden-Meyerhoff-Parnas (EMP), la via de las pentosas
fosfato (PPP), ciclo de los acidos tricarboxilicos (TCA), el metabolismo del piruva-
to, las reacciones anapleroticas, reacciones de respiracion y metabolismo energético,
reacciones de consumo de YE, reacciones biosintéticas de SA y reacciones de gene-
racion de biomasa. Los metabolitos externos definidos fueron AC, GLC, SA, YE,
biomasa y el mantenimiento. El consumo de YE fue introducido a la red metabdlica
como un solo metabolito y su consumo deriva en un precursor de biomasa (BIOMp),
aminodcidos aromaticos (tomados como un metabolito unificado), alanina (ALA)
y acido glutamico (GLU). Los valores estequiométricos para la conversién de YE
a estos metabolitos fueron estimados del promedio de composiciéon descrita por el
fabricante. La representacién simplificada de la red metabdlica utilizada en este tra-
bajo se puede observar en la Figura 3.1, los nombres de las reacciones serén referidos

de ahora en adelante como se indican en esta figura. La representacion completa de
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todas las reacciones incluidas en el modelo se muestra en el Cuadro 3.3.

Cuadro 3.3: Definicién de las reacciones de la red metabdlica utilizada para la mo-
delacion

EMP
GalP GLC + HEXT => GLCi
Glk GLCi + ATP => G6P
Pgi G6P <=> F6P
Ptk F6P + ATP => FDP
Fba FDP <=> T3P1 + T3P2
TpiA T3P2 <=> T3P1
GapA T3P1 <=> NADH + 13PDG
Pgk 13PDG <=> 3PG + ATP
Pgm 3PG <=> 2PG
Eno 2PG <=> PEP
PykA PEP => PYR + ATP
PpsA PYR + 2 ATP => PEP
LpdA PYR => ACCOA + NADH
PPP
G6Pdh G6P <=> D6PGL + NADPH
Pgl D6PGL => D6PGC
Gnd D6PGC => NADPH + RL5P
Rpi RL5P <=> R5P
Rpe RL5P <=> X5P
TktA1l R5P 4+ X5P <=> T3P1 + S7P
TktA2 F6P 4 T3P1 <=> X5P + E4P
TalA T3P1 + S7TP <=> E4P + F6P
PGdh D6PGC => 2KD6PG
KDPGa 2KD6PG => T3P1 4+ PYR
TCA
Csyn ACCOA + OA => CIT
Acn CIT => ICIT
IcdA ICIT <=> NADPH + AKG
KGdh AKG => NADH + SUCCOA
SucCD SUCCOA <=> ATP + SUCC
SdhABCD SUCC => FADH + FUM
Fum FUM <=> MAL
Mdh MAL <=> NADH + OA
Metabolismo de piruvato
Pta ACCOA <=> ACTP
AckA ACTP <=> ATP + ACin
Acs 2 ATP + ACin <=> ACCOA
ActPin AC => ACin
ActPout ACin => AC
Reacciones anapleréticas
PckA OA 4+ ATP => PEP
Ppc PEP => OA
MaeB MAL => NADPH + PYR
MaeA MAL => NADH + PYR
Icl ICIT => GLX + SUCC
Msn ACCOA + GLX => MAL
Energia y respiracién
Ndh NADH => QH2
Nuo NADH => QH2 + 3.5 HEXT
PoxB PYR => ACin + QH2
Cyo QH2 => 2 HEXT
Sdh FADH <=> QH2
PntA NADPH => NADH
PntB NADH + 2 HEXT => NADPH
AtpABCD 4 HEXT <=> ATP
Catabolismo de YE
YEa YE + HEXT => 0.51 BIOMp + 0.25 AAA + 0.63 GLU + 0.62 ALA
Gdh AKG + NADPH <=> GLU
DadA ALA => PYR + FADH
Biosintesis de SA
DAHPs E4P + PEP => DAHP
DHQd DAHP => DHQ
DHSs DHQ => DHS
SAdh DHS + NADPH => SA

Biomasa y mantenimiento :

BIOMSp 1.496 3PG + 3.7478 ACCOA + 59.8100 ATP + 0.0709 F6P + 0.1290 T3P1 + 0.2050 G6P + 5.1464 GLU + 13.0279
NADPH + 1.7867 OA + 0.1581 PEP + 2.8328 PYR + 0.8977 R5P => BIOMp + 4.1 AKG + 3.5 NADH BIOMS BIOMp + 0.3610
AAA => BIOM

ATPdrain ATP => MAINT
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Figura 3.1: Mapa simplificado de las reacciones del metabolismo central de carbono

tomadas en cuenta para el modelo cibernético y el analisis de flujos.
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Con esta red metabdlica se realizd el calculo y extraccion de los EMs, por me-
dio del protocolo de efmtool (Terzer y Stelling, 2008) embebido en un programa de
MATLAB. El conjunto de EMs fue después reducido mediante el protocolo de anali-
sis de rendimientos usando los parametros obtenidos del punto central como describe
Song et al. (Song y Ramkrishna, 2009). Para estos efectos se construyeron dos fa-
milias de andlisis, la primera contendria los EMs preferidos en fase exponencial al
restringir la seleccién a aquellos EMs que consumieran simultaneamente GLC y YE
a su vez que produjeran SA. La segunda familia de EMs contendria las restricciones
de aquellos que sélo consumieran GLC y produjeran SA sin consumir YE, y por lo
tanto deberian ser preferidos en la fase estacionaria de las fermentaciones. La selec-
cién de los EMs fue realizada para cada familia fue realizada con los rendimientos
de biomasa, shikimato y acetato con respecto a la glucosa calculados por medio de
la relacion de las velocidades especificas de cada uno de estos para el punto central
experimental. De esta forma se seleccionaron 9 modos elementales, 6 para la familia

de fase exponencial y 3 para la familia de la fase estacionaria.

Una vez seleccionados los EMs, se construyé un conjunto de modelos metabdlicos
dindmicos basados en el marco cibernético publicado por Ramkrishna y colabora-
dores como se describe a continuacién (Kompala et al., 1986; Ramkrishna y Song,
2012, 2016; Varner y Ramkrishna, 1999). Este marco inicia con el supuesto de que
cada modo elemental puede ser descrito de forma simple como la asimilacién de un
substrato o un conjunto de substratos (.5;) catalizados por una enzima critica (E;)
para la produccién de biomasa y/o otros productos. E; representa el conjunto total
de enzimas que catalizan reacciones en dicho modo elemental. De forma que se puede

escribir:
Si+X = (1+Y,)X+... €E (3.19)

De la misma forma que la biomasa la enzima FE; es catalizada para su sintesis por la

presencia del substrato especifico S;, lo que se puede expresar como:

SS+X =X +E,.. €85 (3.20)
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Donde X' representa la biomasa excluyendo la enzima critica F;. Estas dos reaccio-
nes pueden describirse cinéticamente por medio de ecuaciones tipo Michaelis-Menten,
utilizadas generalmente para reacciones de catélisis enzimatica. Por lo tanto, se es-

criben de la siguiente forma de manera general:

/{:ieisiX
= 3.21
" Kl + S5 ( )
as; X
= = 3.22
TE; KZ, T s, ( )

donde r; es la velocidad de la reacciéon enzimatica y rg, es la velocidad de la pro-
duccion de enzima. El parametro e; es la concentracion especifica de la enzima F;
de forma que e; X es la concentracion de esta. « es la velocidad de sintesis enzimati-
ca maxima y k;e; substituye a la velocidad de flujo maxima del modelo clasico de
Michaelis-Menten. Estas velocidades méaximas de reaccién por su parte, son modifi-
cadas en el metabolismo por medio de procesos regulatorios de inhibicién/activacién
y represion/induccién, por lo que se introducen en este marco las variables cibernéti-

cas u y v de forma que la velocidad real de sintesis de enzima E; se escribe como

rp (0<u; <1; ) u;=1) (3.23)

Ademas, introduciendo el efecto del crecimiento, disolucién y decaimiento de la pro-
teina la velocidad para e; se puede entonces describir como:
de; ;8;

d

donde «; y fB; son constantes de produccién y degradacién enzimatica conocidas
para Fscherichia coli (Kompala et al., 1986; Ramkrishna y Song, 2012). Dado que es
practicamente imposible medir las concentraciones de las enzimas e;, ademas de ser

una enzima critica representativa, se realiza la siguiente inferencia, dado que podemos
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definir una velocidad médxima en relacién a una cantidad méaxima de enzima como:

kM = ke (3.25)
o
e = 3.26

Se puede deducir que para la modelacion dindmica el valor real de la enzima no es

relevante sino su valor relativo, dado que:
€;
kie; = k" = [—] (3.27)

Finalmente, de la misma forma que para la sintesis de enzima, tanto los substratos
como los productos derivados del fluyjo de cada EMs (m) son sujetos a control de
actividad enzimatica por medio de la variable cibernética v de forma que:

dmi

Las variables cibernéticas u y v son calculadas a través del tiempo por medio de
leyes de igualacién para la comparacion de “retornos” comparados con una funcién
objetivo, ya sea el crecimiento, el consumo de carbono, el consumo de oxigeno entre
otros. Donde R; representa el retorno de cada EMs alternativo con respecto a la
funcién objetivo. Las ecuaciones que gobiernan dichas variables se escriben de la

siguiente forma:

R;

Zj Rj
R;
= 3.30
U many(R)) (330)

De esta forma se puede introducir este valor para los calculos de las velocidades
de flujo y de sintesis enzimética. Ademas de la estructura del modelo construido
por Ramkrishna y colaboradores (Kompala et al., 1986; Ramkrishna y Song, 2012,
2016; Varner y Ramkrishna, 1999) y previamente detallada, en esta investigacién la
ecuacién de velocidad de flujo de los diferentes EMs fueron descritos por ecuaciones

diferenciales modificadas del tipo Michaelis-Mentem. Estas ecuaciones de velocidad
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fueron disenadas para acoplar cada familia a su fase de la fermentacién por medio
de la inclusion de términos similares al de las ecuaciones integradas de los modelos
fisioldgicos WP y W@ Ademds, se les agregd un término para tomar en cuenta la

inhibicién por AC. Las ecuaciones utilizadas se presentan a continuacion:

ks GLC) (0 [AC] i\ X
M _ max,i 1 (t) 1— ®) 31
i (K%i+[GLC](t) ( M Xoas (3:31)
kS . JGLO] [AC) )\ " [ X
G maz,i (1) (1) (t)
G _ 1 32
K (Kﬁ,ﬁ[GLC](t)) ( TUEr ) <Xmax> (882

donde los indices M y G se refieren a los EMs de la familia exponencial (consumo
mixto) y a la familia estacionaria (consumo sélo de GLC) respectivamente. El indi-
ce i se refiere a cada uno de los i* EM de cada una de las familias; K,,.. v K
son los pardmetros de Michaelis-Menten para cada ecuaciéon, K7 es la constante de
inhibicién y X,,.. se refiere la méaxima biomasa calculada del modelo logistico de
la caracterizacién fisiologica para cada uno de los puntos del diseno experimental.
[GLCw), [AC]w), X se refieren a las concentraciones de GLC, AC y biomasa en
cada tiempo t en mmol/L para los primeros dos y en g/L para la biomasa. La con-
centracion de enzima relativa inicial fue asignada como 0.95 para el primer EM, y 0.5
para los subsiguientes EMs de la primera familia y 0.1 para la los EMs de la segun-
da familia. Todos los otros parametros del modelo, como velocidades de produccién
y degradacion enziméatica entre otras, fueron utilizadas como se describe por Ram-
krishna et al.(Kompala et al., 1986; Ramkrishna y Song, 2012; Song y Ramkrishna,
2012). Los valores de los pardmetros K. v K, fueron aproximados mediante el

uso de un algoritmo genético.

Las distribuciones de flujo fueron usadas para construir superficies de respuesta
tridimensionales usando ecuaciones polinomiales de segundo orden bivariadas para
diferentes puntos de la fermentacion. Las superficies fueron calificadas de acuerdo con
las técnicas descritas anteriormente y utilizadas para analizar el comportamiento
del metabolismo de la cepa durante la produccién de SA. Durante el andlisis de
rendimientos para la seleccién de EMs, se estudié por separado la distribucién del

porcentaje de flujo sobre el nodo de la Fosfoglucosa isomerasa (Pgi)/Glucosa 6-
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fosfato-1-deshidrogenasa (G6Pdh). Los conjuntos fueron evaluados por regresiones
lineales entre los valores experimentales y los valores modelados para cada uno de
los metabolitos externos con respecto al porcentaje de desviacion de la pendiente,
el porcentaje de error y los valores de los coeficientes regresién de Pearson y sus p-
valores. El conjunto con la mejor regresién fue el utilizado con 0.5 de rendimiento. Los
conjuntos de proporciones superiores resultaron en la seleccién de EMs que elevaban
el SSE y en su inspeccién mostré una baja adecuacion a los datos experimentales.

Por estos motivos se utilizaron los EMs del set de 0.5 para los anélisis posteriores.

3.3. PROCESO DE PRODUCCION DE ACIDO
SHIKIMICO

3.3.1. Diseno de un bioproceso mejorado para la produccion
de acido shikimico

Para evaluar la utilidad de los modelos y las superficies de respuestas construi-
das, un proceso fermentativo fue disenado con la informacién adquirida de los flujos
y la caracterizacion fisiologica para incrementar la productividad de SA. El proceso
fue disenado para mantener constantes las concentraciones iniciales de GLC y YE.
Esto en teoria mantendrian constantes las variables cibernéticas (las cuales son una
representacion de pardmetros de regulacién) y por lo tanto se mantendrian cons-
tantes las distribuciones de flujos y su evolucién dindamica. Las condiciones iniciales
escogidas fueron 80:45 g/ GLC:YE. El proceso fue operado en modo lote donde la
alimentacion fue regulada mediante la manipulacién manual cada 15 minutos de una
bomba peristaltica de acuerdo con las necesidades de alimentacion calculadas con
los valores de velocidad de crecimiento y consumo. La alimentacion consistié en dos
soluciones anadidas simultaneamente con 400 g/L GLC y amortiguador de fosfatos
adicionado con 400 g/L YE. Después de 12 horas de alimentacién fue detenida y la
fermentacion entr6 a fase estacionaria para consumir la GLC restante. Oxigeno fue
anadido segun lo necesario para mantener la DOT sobre 20 % en conjunto con las
cascadas de agitacion. Los otros componentes del medio, como sales, y antibidticas

fueron adicionados a las soluciones de alimentacién para evitar su disolucién.
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4.1. RESULTADOS

4.1.1. Caracterizacion del comportamiento fisiolégico de la
cepa AR36 mediante la construccién y analisis de su-
perficies de respuesta de los parametros modelados en

diferentes etapas de la fermentacion.

La Figura 4.1 muestra los resultados para las nueve fermentaciones de la cepa
AR36 realizadas en el disenio experimental, con el punto central realizado por tri-
plicado. Los valores promedio y las desviaciones estandar para la condiciéon central
(100:30 GLC:YE g/L) se encuentran resumidas en el Cuadro 4.1. Las desviaciones
estandar muestran valores relativamente bajos, teniendo en cuenta que se utilizaron
experimentos con extracto de levadura (YE) de tres diferentes lotes. La desviacién
estandar mds alta corresponde al SA final producido ([SA]y), la glucosa consumida
final (A[GLC]) y la velocidad de consumo especifica en fase exponencial (¢5*7). A pe-
sar de esto, como se observa en la Figura 4.1, los modelos siguen en buena forma los
datos experimentales tanto para el punto central como para todas las otras condicio-
nes experimentales. El comportamiento observado y los datos estadisticos obtenidos
para el seguimiento de estos modelos con respecto a los datos experimentales sugie-
ren que los modelos son adecuados para describir y parametrizar el crecimiento, el
consumo de glucosa y la produccion de SA en la cepa AR36 como se muestra en el
Cuadro 4.2.

Cuadro 4.1: Parametros promedio y desviaciones estandar para el punto central
experimental, 100 g/L GLC y 30 g/L YE.

‘ D " a ass®  agie 2 Yps  Ypo oo qffP @il

ls/L] [g/L] [g/L] [g/L] [h='] [g/Lh] [g/TLh] [g/Lh] [g/Lh] [g/e] [g/g] [g/Lh] [g/Lh]
P 12.80 99.82 32.80 9.24 0.58 1.24 0.35 0.45 0.13 0.36  0.76 0.52 0.50
o2 0.77 4.77 8.13 0.95 0.12 0.48 0.09 0.19 0.08 0.03  0.16 0.19 0.19

De acuerdo con lo que se describe en el capitulo de materiales, modelos y métodos,
las superficies de respuesta construidas para los parametros se pueden observar en
la Figura 4.2. La superficie de respuesta para la biomasa maxima (X,,,,) presentada
en la Figura 4.2 A, muestra un aumento de la cantidad de biomasa principalmente

con respecto del aumento de la concentracién de YE, y sélo pequenios aumentos con
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incrementos de la concentracion de GLC. Por su parte la superficie de respuesta para
A[GLC] (Figura 4.2 B) muestra que el consumo de GLC aumenta proporcionalmente
con respecto a concentraciones iniciales més altas de GLC y YE. Esta observacién
es mas evidente en concentraciones altas de GLC donde se puede establecer que son
necesarios al menos =40 g/L de YE para consumir completamente concentraciones
de GLC mayores a ~110 g/L. Con respecto a la concentracién final de SA ([SA]y),
la morfologia de su superficie es similar a la de A[GLC]. Sin embargo, el andlisis de
LaGrange revela la aparicién de un punto critico maximo en la condicion ~110:40
g/L GLC:YE (Figura 4.2 C).

Cuadro 4.2: Valores estadisticos para la comparacion de los perfiles experimentales
con los resultados de los modelos

GLC 75 (0] (0] 100 100 100 125 125 125
YE 15 30 45 15 30 45 15 30 45
Biomass %ERR | 0.10 0.10 0.14 0.07 1.88 0.31 0.34 0.28 1.27
GLC %ERR 0.02 0.23 0.02 0.07 0.72 0.03 0.14 0.66 0.12
SA %ERR 0.26 0.09 0.19 0.41 3.58 0.02 0.43 0.08 0.91
Biomass %SPD | 0.02 0.74 1.85 0.53 2.48 0.81 1.05 0.62 1.64
GLC %SPD 0.00 0.00 0.00 0.00 1.63 0.00 4.70 0.00 1.05
SA %SPD 0.63 0.26 0.00 0.93 0.75 0.00 3.42 0.00 6.33
Biomass R? 0.996 0997 0998 0.997 0950 0.993 0.988 0.992 0.962
GLC R? 0.998 0993 0999 0.993 0977 0999 0.983 0.962 0.997
SA R? 0.995 0998 0996 0.991 0932 1.000 0.992 0.998 0.986
X p —walor 3E-11  5E-09 3E-09 9E-12 1E-20 5E-10 3E-09 8E-09 2E-09
GLC p —wvalor | 8E-14 6E-09 1E-11 2E-12 2E-26 6E-13 2E-11 6E-08 4E-15
SA p — valor 5E-12  7E-11 6E-10 1E-11 3E-19 4E-15 3E-13 1E-13 1.0E-11

Con respecto a los parametros cinéticos, la velocidad de consumo de GLC en fase
exponencial (q;ff ) muestra una morfologia de silla de montar con el punto critico
en ~96:37 GLC:YE g/L (Figura 4.2 E). Este tipo de punto critico esta caracteriza-
do por su condicién de ser maximo para la variable de glucosa y simultaneamente
minimo para la variable YE. Estos resultados sugieren fuertemente la aparicién de
respuesta de control no lineales en el metabolismo celular de AR36, modificando la
velocidad de consumo. De esta forma, en concentraciones de 75 g/L a 96g/L se incre-
menta el consumo y en concentraciones superiores a estas, se regula negativamente
la velocidad de consumo, posiblemente derivado de una saturacién metabdlica en
nodos glicoliticos importantes como PYR, PEP, FDP (Shimizu, 2014). Las super-

ficies muestran que los valores mds altos de ¢, 7

Je Se encuentran en las condiciones
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con concentraciones iniciales mas bajas de YE y GLC. Mientras que los valores mas
bajos para este parametro se encuentran en las condiciones de mayor concentracién
inicial de GLC. Por su parte, la superficie para la velocidad de produccion especifica
de SA en fase exponencial (¢57), muestra una tendencia a aumentar con respecto a
condiciones menores de [YE] iniciales. En efecto, se observa para esta variable hasta
un 50 % de disminucién a valores mayores de 40 g/L de YE (Figura 4.2 E y F).
Con respecto a la velocidad de crecimiento maxima (f;q.), €l andlisis de superficie
mostré la existencia de un punto minimo en las condiciones ~105:21 g/L GLC:YE
(Figura 4.2 K). Los valores més altos de velocidad de crecimiento se encontraron en
la zona de menor [GLC] inicial en combinacién con las [YE] mds altas. Finalmente,
la velocidad de produccién de acetato en fase exponencial (¢5*P) muestra una clara
tendencia a tener valores mas altos conforme las concentraciones iniciales de YE y
GLC aumentan (Figura 4.2 I). Esté aumento podria estar interrelacionado con la
reduccién de las velocidades de crecimiento y de produccién de SA observadas en
esta zona, especificamente en condiciones con concentraciones superiores a los x40
g/L [YE] y =110 g/L GLC. La morfologia de todas las velocidades especificas en esta
fase de crecimiento sugiere la localizacién de cuadrantes especificos de maximizacién
de los diferentes productos de la fermentacion, como se describe a continuacién: en
las zonas de altas [GLC] y [YE]| iniciales, la produccién de AC es predominante;
en las condiciones de baja [GLC] y alta [YE] inicial, la produccién de biomasa es
predominante; a alta [GLC] pero con baja [YE] inicial, la produccién de SA es pre-
dominante; finalmente, en condiciones bajas de ambos substratos, el crecimiento y
la produccién de SA esta méas balanceado evitando también la produccion de AC
(Figura 4.2 E.F K e I).

En la fase estacionaria, se observa una reduccién generalizada de la actividad en

sta
glc

(Figura 4.2 G) muestra la tendencia a presentar valores mas altos en condiciones

todos los parametros de velocidad de consumo y produccién. La superficie para ¢

iniciales de substrato mds altas de los dos substratos (GLC y YE). La velocidad

de produccién de SA en fase estacionaria (g5t

) presenta una superficie (Figura 4.2
H) que revela la tendencia a incrementar sus valores hacia concentraciones bajas de

GLC combinadas con concentraciones iniciales altas de YE. Esta superficie muestra,
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Figura 4.1: Resultados para las nueve condiciones de fermentacién realizadas con la
cepa AR36, aproximacion de los modelos fisiolégicos a los datos experimentales.
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un comportamiento contrario a la superficie de la ¢52* (Figura 4.2 J). El andlisis
de las morfologias de superficie para estos pardmetros muestra la aparicién de regio-
nes de predominancia para la formacién de productos de la forma siguiente: la zona
de preferencia de produccién de SA se encuentra en la region superior a una linea
imaginaria que corta el drea del diseno experimental de bajas a altas concentraciones
de ambos substratos. Por su parte la zona de preferencia de produccion de AC se en-
cuentra en el area debajo de esta misma diagonal. Es importante notar que las zonas
de preferencia localizadas en esta fase se encuentran en lados opuestos con respecto

a las zonas identificadas para las velocidades especificas en la fase exponencial.

%NMZ

90 100 110 120 GBO 90 100 110 120 H80 920 100 110 120

45

YE [g/L]

90 100 110 120 KSO 90 100 110 120 80 90 100 110 120
GLC [g/L]

YE [g/L]

80 920 100 110 120 80 90 100 110 120 80 90 100 110 120

GLC [g/L]
GLC [g/L] GLC [g/L]

Figura 4.2: Contornos de las superficies de respuesta para los parametros estimados

por los modelos. A) X0 [8/L], B)JA[GLC] [g/L], C) [SA]; [¢/L], D) [AC]; [g/L], E)
q;%”f [g/L?], ])QE? [g/Lh], G)gy¢ [g/Lh], H)gze® [g/Lh], )gse? [g/Lh], J)gze* [g/Lh],
K) fimas [h71].
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4.1.2. Validacion de las superficies modeladas mediante la
comparacion de predicciones del comportamiento con-
tra experimentos no contenidos en el diseno experi-

mental.

La calidad de la capacidad descriptiva y predictiva de las superficies de respues-
ta construidas para caracterizar el comportamiento fisiologico de la cepa AR36, fue
validada por medio de su comparacién con el comportamiento experimental de esta
en condiciones no incluidas en la matriz para el calculo de los modelos. Las condicio-
nes elegidas para la validacién fueron 75:20, 80:40 y 115:45 GLC:YE g/L iniciales.
La Figura 4.3 muestra los resultados obtenidos de los modelos logisticos para el
crecimiento, el consumo de GLC y la produccion de SA calculados con los pardme-
tros obtenidos de las superficies para los parametros X,,qz, i, q;fcp , qop, qéff},qﬁfﬁ
Y SAfina. Asi mismo, se muestran en las mismas graficas los puntos experimenta-
les obtenidos para las condiciones de validacién. Como se puede observar, todos los
modelos siguieron adecuadamente el comportamiento experimental de las distintas
fermentaciones realizadas. Las diferencias observables mas grandes se encontraron
en el maximo SA producido en la condiciéon 80:40 GLC:YE, esto podria deberse a la
contribucion de YE para la produccion de SA derivada del metabolismo de varios de
sus componentes como aminoacidos y carbohidratos. Adicionalmente, se realizd la
evaluacion estadistica de acuerdo con lo estipulado en el capitulo de materiales, mo-
delos y métodos. El porcentaje de error calculado de la relaciéon de SSE con el SSEP
presentd valores de entre 0.14 a 0.91 para la biomasa, de 0.04 a 0.08 para la GLC y
de 0.04 a 0.26 para el SA, sugiriendo desviaciones relativamente pequenas entre los
modelos y los puntos experimentales a lo largo de toda la fermentacién. Los valores
de R? presentaron valores altos de entre 0.96 a 0.99 para las tres curvas, ademés de
presentar desviaciones percentiles de la pendiente SDP menores al 1% en todos los
casos con p — valores menores a 0.05. Estos valores estadisticos y la observacion de
los comportamientos que se muestran en la Figura 4.3 senalan que los modelos y
las superficies construidas pueden describir y predecir el comportamiento de la cepa

AR36 razonable y comprensivamente bien dentro del area del diseno experimental.
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Figura 4.3: Prediccién fisiologica de los modelos a tres experimentos de validacion y
puntos experimentales.

Los parametros calculados de las superficies se compararon con los valores cal-
culados directamente de los valores experimentales. En el Cuadro 4.3 se pueden
observar todos los pardametros y el promedio del porcentaje de error calculado pa-
ra los tres experimentos de validacién analizados. El acetato presento el error més
alto, probablemente porque en los experimentos con concentraciones iniciales bajas
de [GLC] y altas de [YE] no fue producido acetato en la fase estacionaria y las su-
perficies calculadas de la ecuacién polinomial no puede predecir adecuadamente el
comportamiento limitado a estos valores. La q;fcp y por lo tanto el Y, s también mos-
traron errores superiores al 10 %. Esto puede estar relacionado con la contribucién del
YE, ya que este no contiene solamente aminoédcidos aromaéticos, sino también otros
aminoacidos y carbohidratos que pudieran contribuir a modificar el comportamiento
y los efectos previamente observados. Sin embargo, se realizé una prueba estadistica
de t-Student para la comparacion de los datos, utilizando la varianza obtenida para
el punto central por triplicado. Los resultados indican que los valores comprobados
fueron estadisticamente similares, rechazando la hipodtesis de diferencia de medias
con p — valores superiores a 0.05. Lo anterior indica que los valores de los parame-
tros predichos por las superficies se encuentran razonablemente en rango y pueden
ser utilizados para comparar, caracterizar y estudiar el comportamiento de la cepa
AR36 dentro de los limites del diseno experimental y que las inferencias a realizar

en el analisis comparativo de las superficies podran ser tomados como validos.
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Cuadro 4.3: Valores experimentales, modelados y error promedio para la validacion
de las superficies.

GLC:YE g/L | 75:20 80:40 115:45 %Error
Exp. Mod. | Exp. Mod. | Exp. Mod. | Promedio
Xmazlg/L] 9.30 840 | 14.30 16.03 | 19.76  18.05 7.18
AGLC [g/L] | 70.03 70.70 | 80.11 78.19 | 115.76 113.84 1.18
[SA]f [g/L] | 24.62 22.13 | 33.19 26.62 | 31.84  32.96 7.88
[AC]f [g/L] 525 6.45 | 0.00 0.85 4.90 8.73 35.70

fmaz [0 | 0.62 073 | 0.78 0.77 | 0.55  0.65 8.56
qF [g/Lh] | 0.89 117 | 0.93 097 | 073  0.99 17.03
gsa’ [g/Lh] | 0.36 0.42 | 032 028 | 024  0.24 7.35
¢ [g/Lh] | 033 032 | 038 039 | 041 042 2.07
¢l [g/Lh] | 015 0.13 | 0.18 0.18 | 0.15  0.15 2.88
Yps [2/¢] 041 036 | 035 029 | 034 023 14.49
Yo [2/g] 0.59 059 | 042 0.38 | 044  0.38 5.68

4.1.3. Caracterizacion del comportamiento de las distribu-
ciones de flujo mediante la construccién y analisis de
superficies de respuesta de los flujos modelados en di-

ferentes etapas de la fermentacion.

Para obtener una mejor comprension con respecto a las zonas encontradas para
las salidas metabdlicas observadas para la cepa AR36 en el drea experimental, se
construyeron modelos de flujo metabdlico dinamicos de acuerdo con lo presentado
en el capitulo de materiales, modelos y métodos. Esto se debidé a que fue evidente
que la cepa AR36 mostraba una regulacion no lineal dentro del area experimental
que generaban zonas definidas entre salidas preferenciales. Los célculos de los flujos
internos por medio de la aproximacion cibernética usada permitieron determinar el
comportamiento de salida biomasa, GLC, SA y AC. Como se puede observar en la Fi-
gura 4.4, el comportamiento modelado para las entradas y salidas metabdlicas sigui6
los puntos experimentales de buena forma. Es importante notar que, estos modelos
metabolicos pudieron a diferencia de los fisiolégicos presentados en la seccién ante-
rior, describir adecuadamente el comportamiento del AC. La principal caracteristica

encontrada en los perfiles de AC para las fermentaciones fue una produccion inicial
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Figura 4.4: Comparacion de los datos experimentales con los perfiles de metabolitos
externos resultantes de la modelacién de las distribuciones de flujos para cada punto

del diseno experimental.



Capitulo 4. RESULTADOS vy DISCUSION 56

de AC en fase exponencial hasta un pico maximo local durante esta fase. Después
de este punto el AC es consumido casi en su totalidad en todas las fermentaciones
hasta el punto de entrada de la fase estacionaria. Posteriormente, un segundo proceso
de produccion de acetato comienza en esta seccion en todos los experimentos excep-
tuando los realizados en las condiciones 75:30 y 75:45 GLC:YE, posiblemente debido

al agotamiento de la GLC en tiempos mas cortos para estas iltimas condiciones.

Los modelos metabdlicos presentaron valores de entre 0.15 y 2.28 % de error para
las aproximaciones de biomasa, de 0.56 a 2.3% de error para la GLC, de 0.25 a
4.19% de error para el SA y de 0.35 a 10.53 % de error para el AC. Los valores de
R? de Pearson para las regresiones lineales entre los valores del modelo y los valores
experimentales resultaron todas arriba de 0.9 y el valor de significancia para la linea-
lizacién fue menor a 0.05 para todas las comparaciones. Con respecto al parametro
de comparacién SPD, los valores mas altos de desviacién se encontraron para los
perfiles de GLC y de AC. Especificamente, un 21 % de SDP fue encontrado para el
perfil de GLC en la condicién 100:15. Con relacién a este valor, el modelo presenta
un mayor consumo de GLC en la parte final de la fermentaciéon comparada con los
valores experimentales. En este sentido, se puede observar en la Figura 4.4, que en
esta condicién particular el modelo casi agota la GLC mientras que el valor experi-
mental de punto final para este compuesto es de 156 mM, indicando que el modelo
sobrestima el consumo de GLC. En comparacién, en todas las otras fermentaciones,
el modelo se observa subestimando el consumo de GLC en la ultima fase de fermen-
tacién, generando valores de SDP de entre 1.07 a 19 %, donde las desviaciones mads
altas corresponden a las fermentaciones que contienen concentraciones iniciales de
YE més altas. Para el caso especifico de la condicién 75:15 g/L, esta subestimacién
del consumo (encontrada de forma casi generalizada), podria significar que la GLC

fuera agotada en un tiempo menor al estimado por el modelo.

Con respecto a las desviaciones en los perfiles de AC, los valores de SDP variaron
de 1.31 a 9% en todos los casos, excepto para las fermentaciones en las condiciones
de 100:30 y 100:35 donde se estimaron del orden de 21 % y 42 % respectivamente.

Para la condicién 100:45, la desviacion fue derivada de la diferencia en el pico de
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AC en la mitad de la fase exponencial y a la falta de produccion de AC en la fase
estacionaria experimentalmente. Estos grandes valores de SDP pueden deberse a que
la contribucién de YE fue simplificada a sélo considerarlo como fuente de precursor
de biomasa (BIOMp), glutamato (GLU), alanina (ALA) y aminoécidos arométicos
de forma acoplada, lo que podria generar incrementos no deseados en el consumo
de fuentes de carbono y la acumulacién exacerbada de AC. A pesar de estos valo-
res de SDP, los deméds valores estadisticos y la observacién del seguimiento de los
modelos con respecto a la comparacion de Datos experimentales con los perfiles ex-
perimentales mostrados en la Figura 4.4, sugieren que los modelos construidos son
aproximaciones suficientemente viables para describir el comportamiento metabdlico

de la cepa dentro del area de diseno experimental.

Para realizar la caracterizacién del comportamiento metabdlico de la cepa AR36,
los flujos calculados fueron normalizados con respecto al flujo de consumo de GLC y
utilizados para construir superficies de respuesta en las diferentes etapas de cultivo.
De esta forma se generaron superficies de respuesta de distribuciones de flujo me-
tabdlico al inicio de la fase exponencial (IEx), mitad de la fase exponencial (MEx)
y mitad de la fase estacionaria (MST). Las superficies calculadas para los puntos
[Ex y MEx presentaron comportamientos y valores similares, por lo que el anélisis

y caracterizacién fue realizado solo sobre 1Ex.

Caracterizacion del comportamiento de las distribuciones de flujo en el

metabolismo central de carbono durante el crecimiento

Se presentan superficies de distribucion de flujo de reacciones selectas del CCM
en el tiempo IEx en las Figuras 4.5 y 4.6. La Figura 3.1 muestra las vias del meta-
bolismo central utilizadas y los nombres presentados en esta seran empleados como
referencia en las siguientes secciones. Las superficies para las reacciones glicoliticas
del EMP durante el crecimiento, presentan la misma morfologia desde la entrada de
la, glucosa-6-fosfato (G6P) hasta su conversién en PEP. Estas reacciones presentan
superficies con estructura de silla de montar, teniendo los mayores valores de flujo
relativo en condiciones iniciales bajas de [GLC|. A pesar de tener la misma mor-

fologia, los valores entre estas presentan diferencias importantes. En especifico, las
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reacciones de Pgi (Figura 4.5 A), Pfk y FBA presentan valores relativamente bajos
a los esperados, acumulando sélo entre ~6 a 25% del flujo relativo al consumo de
glucosa por parte de las reacciones GalP y Glk. Esto provoca que, en los modelos, la
mayor parte del flujo glicolitico pase a través de las reacciones oxidativas de la via
de PPP, entrando a este por medio de la reaccién catalizada por G6Pdh codificada
por el gen zwf y la 6-fosfogluconolactonasa (Pgl). G6Pdh presenta valores de ~75
a 95% de flujo relativo (Figura 4.5 E) y su morfologia presenta las caracteristicas
inversas morfolégicas a la de Pgi, teniendo los valores mas altos entre mayores sean
las concentraciones iniciales de [GLC] y [YE]. A pesar del bajo flujo sobre Pgi, se
observan flujos relativos de entre el 75 y 88 % para las reacciones catalizadas por
la gliceraldehido-3-fosfato deshidrogenasa-A (GapA) (Figura 4.5 B), y las reacciones
lineales subsiguientes del EMP hasta el PEP. Esto es posible ya que en el nodo de
las PPP de las reacciones catalizadas por las enzimas 6-fosfogluconato deshidrogena-
sa(Gnd) /fosfogluconato deshidratasa(PGdh), el flujo relativo revela valores hacia la
via de Entner-Doudoroff (EDP) de entre ~80 a 95 %, y s6lo entre (=6 a 8 %) hacia
la ruta no oxidativa de las PPP (Figura 4.5 F' y G respectivamente). Esto indica que
la mayoria del carbono redirigido hacia la seccién oxidativa de la PPP tiene por des-
tino el glicerol-3-fosfato (G3P) y el piruvato (PYR). Lo anterior sugiere que, atin con
bajos valores de flujo sobre Pgi, la glicdlisis puede tener valores altos de distribucién
de flujo con el nodo de G3P y que la enzima GapA podria resultar importante para
el control para la velocidad de flujo de G6P a PEP.

Las superficies de flujo sobre las reacciones catalizadas por Pgl, Gnd, Pgdh y la 2-
ceto-3-deoxy-6-fosfogluconato aldolasa (KDPG1) muestran la misma morfologia que
la de G6Pdh. Esta esta caracterizada por una zona de tendencia a la maximizacion
hacia valores iniciales més altos de [YE] (Figuras 4.5 E a G). En estas condiciones,
en las superficies de descripcion de los parametros fisiologicos se habia observado
la zona de maximizacion de la producciéon de biomasa, lo cual podria estar relacio-
nada con esta observacién de maximizacion de flujo a través de la via oxidativa de
PPP, la cual sintetiza NADPH, ademas de R5P para la sintesis de RNA y DNA, y
por lo tanto podria estar estimulando la formacion de bloques biosintéticos para la
biomasa. Con respecto a las reacciones de la seccién no oxidativa de la ruta de las

PPP, la transcetolasa I (TktA) y la transaldoslasa (Tal) presentan superficies con
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Figura 4.5: Contornos de superficies de respuesta para la fase de crecimiento pt.1 (%
Flujo relativo al consumo de GLC). A)Pgi, B) GapA, C) PykA, D) LpdA, E)G6Pdh,
F)Gnd, G)PDdh, H)TktA 1, I)TktA 2, J)DAHPs, K) PckA, L) Ppc

flujos relativos bajos, ~6 a 8 % (Figura 4.5 H) con una tendencia de incremento en
condiciones iniciales bajas de [YE]. Esto indica que la mayor proporcién de flujo de
carbono hacia E4P estd siendo dirigido desde el EMP a través de la reaccion secun-
daria de TktA, la cual convierte F6P y G3P en E4P y X5P. Esta reaccion presenta
flujos relativos de ~ 12 a 16 % (Figura 4.5 I). Estos tltimos, sumados al flujo de la
via no oxidativa de las PPP, permite una distribucion de flujo relativo de ~ 18 a 24 %
hacia la ruta del SA por medio de la reaccion catalizada por la enzima 2-dehidro-3-

deoxifosfoheponato aldolasa (DAHPs) durante la fase de crecimiento (Figura 4.5 J).
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Una consecuencia interesante de este bajo flujo, aun con sobreexpresiones constitu-
tivas y fuertes de los genes zwf y tktA, es que la mayoria del flujo en el modelo esta
siendo redirigido hacia la formaciéon de PYR por medio de la enzima piruvato cinasa
IT (PykA), con valores de ~72 a 90 % (Figura 4.5 C). Lo anterior significa que el
substrato limitante para la produccion de SA es en efecto la E4P, provocando en la
cepa un sobreflujo sobre PEP. En este sentido la fosfoenolpiruvato carboxilasa (Ppc)
muestra valores de flujo relativo de ~31 a 41 % para la conversién de PEP hacia OA
(Figura 4.5 L), presentando la misma morfologia de los genes glicoliticos. Mientras
tanto, la reaccién catalizada por la fosfoenolpiruvato carboxicinasa (PckA) (Figura
4.5 K) presenta valores de ~0 a 30 % de flujo con la tendencia a incrementar hacia
condiciones iniciales de baja [YE], lo que indica la aparicién de un ciclo de consumo
de ATP.

En esta etapa de fermentacién, se observa una gran proporcion de flujo hacia
PYR, causado por el flujo a través de EDP y PykA principalmente. Ademds, tam-
bién se observan contribuciones realizadas por una alta cantidad de flujo relativo de
las rutas malicas, reincorporando esqueletos de carbono desde el ciclo de los acidos
tricarboxilicos (TCA). Estas ultimas presentan valores de ~28-38 % para la enzima
dependiente de NADPH (MaeB) (Figura 4.6 L) y de ~0-30 % para la enzima depen-
diente de NADH (MaeA). En el modelo, el PYR también puede ser producido de
la reaccion de consumo de YE derivada de la conversion de ALA a este compuesto
por la alanina-D-aminodcido deshidrogenasa (DadA). Todo lo anterior sugiere que el
PYR, que es un nodo recolector y de distribucién de carbono en el CCM, se encuen-
tra posiblemente saturado en la cepa AR36 en las condiciones experimentales. En
este sentido, la reaccién de conversion de PYR hacia acetil coenzima-A (ACCOA),
presenta un flujo relativo con valores dex28-42 % los cuales se esperarian fueran més
altos dada la cantidad de carbono llegando a PYR. Esto tltimo se debe a que, en
el modelo, se observa que la mayoria del PYR esta siendo convertido a ACCOA a
través de un ciclo extendido a la producciéon y consumo de AC iniciado por la piru-
vato oxidasa (PoxB). Esta reaccién presenta flujos relativos de ~176-186 % (Figura
4.6 E). El AC producido es posteriormente consumido de vuelta ya sea por la acetil-

CoA sintetasa (Acs) o la acetato cinasa (AckA). Es importante notar que para las
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reacciones de AckA y Acs ninguna restriccién fue impuesta en el modelo, por lo que
la diferenciacion es realizada por la produccién y consumo de ATP. Debido a que la
reaccién de AckA es més favorable energéticamente (menos requerimiento de ATP)
el modelo parece preferir esta reaccion para la reincorporaciéon del AC al CCM. Por
tanto, la velocidad de consumo de Acs presenta valores mas bajos con respecto a
AckA (Figuras 4.6 C a E). Este ciclo de produccién/consumo estd relacionado con
la observacion de la aparicién del pico de AC en fase exponencial descrito anterior-
mente. Relacionado a esto, los flujos de transporte extracelular de AC muestran una
mayor proporcién de flujo en zonas de alta concentracién inicial de YE. Esto puede
ser atribuido a la introduccién de esqueletos de carbono al CCM a través del consumo
de ALA y GLU derivados del catabolismo de los componentes del YE (Figura 4.6 A
y B). Esta inferencia se podria extender a otros aminoacidos no tomados en cuenta
en el modelo. Por otro lado, el importe de AC presenta una tendencia a maximizarse
hacia concentraciones iniciales menores de YE, presentando flujos en toda el area de

diseno experimental de entre =~ 90 a 115 %.

Para validar y clarificar la distribucion de flujo alrededor de la reaccion de PoxB,
se construy6 una mutante de AR36 carente del gen poxB. Esta cepa AR36ApoxB
fue cultivada en condiciones iniciales de alta concentracién de GLC y YE, las cua-
les fueron determinadas como condiciones de maximizacién para la produccion de
AC, tanto por las superficies de flujo (Figura 4.6 E) como por las superficies de
comportamiento fisiolgico (Figura 4.5). Interesantemente, el perfil de productos de
fermentacién para esta cepa en las condiciones 145:45 GLC:YE g/L, mostré la pérdi-
da del pico de concentracion de AC observado en todas las fermentaciones realizadas
con la cepa parental AR36 (Figura 4.7). Estos resultados apoyan a la distribucién de
flujo encontrada por los modelos metabdlicos que sugieren a PoxB como la principal
enzima contribuidora a la produccion de AC en la cepa AR36. Aunado a lo anterior,
la cepa AR36ApoxrB mostré una disminucion de la velocidad de crecimiento has-
ta valores de 0.21 h™!, relacionada a una disminucién de la velocidad de consumo
de GLC en fase exponencial hasta valores de 0.61 g/gh. Esto resulté, ademds, en
una disminucién de la produccién de SA cercana al 50 %. Esto podria indicar que

su inactivacion causa una acumulacién en la concentracion intracelular de PYR, lo
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cual provoca cascadas de senales de regulacion (ej. reguladores globales como Crp)
que derivan en una menor velocidad de consumo (Shimizu, 2014). Ademés, podria
ocasionar una concomitante reduccion de la produccién de ATP por la cadena de
transferencia de electrones, debido a que uno de los subproductos de la reaccion de
PoxB es una molécula oxidada de hidroquinona utilizada por los complejos de esta
cadena (Causey et al., 2004).
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Figura 4.6: Contornos de superficies de respuesta para la fase de crecimiento pt.2 (%
Flujo relativo al consumo de GLC). A)ActPout, B)ActPin, C)AckA, D)Acs, E)PoxB,
F)Csyn, G)IcdA, H) Icl, I)KGdh, J)SdhABCD, K)Mdh, L)MaeB

Con respecto a las distribuciones de flujo en el TCA, la reaccién catalizada por
la enzima citrato sintasa (Csyn) presenta valores de ~56 a 75 % de flujo (Figura 4.6
F). De forma esperada, la reaccién de la aconitasa (Acn) presenta el mismo compor-

tamiento de la reaccion anterior, donde ambas tienen caracteristicas morfolégicas de
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Figura 4.7: Perfiles de fermentacion de la cepa AR36Apox B cultivada en condiciones
iniciales 145:45 GLC:YE g/L izq. seccién hasta las 20 horas (fase de crecimiento).
der. Perfil completo de fermentacion. Las lineas punteadas representan el resultado
del calculo de los modelos logisticos obtenidos para esta cepa.

superficie inversas a las relacionadas con la produccién de AC, indicando un com-
portamiento competitivo entre estas dos secciones del metabolismo. Un resultado no
intuitivo encontrado en el comportamiento del TCA, fue que la reaccién siguiente
catalizada por la isocitrato deshidrogenasa (IcdA), parece no estar enviando flujo en
la direccion oxidativa del TCA. De forma contraria, el modelo presenta la reacciéon
en el sentido reversa, transportando el exceso de GLU posiblemente derivado del
consumo de YE hacia isocitrato (ICIT) (Figura 4.6 G). Los cédlculos de este flujo en
si mismo son relativamente pequenos, ya que la enzima glutamato deshidrogenasa
(Gdh) presenta distribuciones de entre 3.1 a 3.7 %, sugiriendo una aportacién me-
nor de los componentes del YE hacia la via de TCA. Derivado de esto, el flujo se
distribuye preferencialmente a través de las reacciones catalizadas por las enzimas
isocitrato liasa (Icl) y malato sintasa (Msn) de la via de la lanzadera de glioxilato,
presentando valores de flujo relativo contabilizando del ~60 al 82 % del flujo relativo
(Figura 4.6 H). Estas superficies muestran las mismas caracteristicas morfoldgicas
que la reaccién de entrada de flujo de carbono hacia el TCA (Csyn). Por otro lado,
las enzimas 2-cetoglutarato deshidrogenasa (KGdh) y el complejo de las succinil-

CoA sintetasas (SucCD) presentan distribuciones de flujo bajas o casi nulas hacia
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la produccién de succinato (SUC) (Figura 4.6 I), indicando que la mayoria del SUC
estd siendo producido por la via GSP. Subsecuentemente, el SUC es transformado
en malato (MAL) por medio del complejo de succinato deshidrogenasas (SAhABCD)
(Figura 4.6 J) y la fumarasa (Fum). Estas dos reacciones comparten por lo tanto las
caracteristicas morfolégicas de las reacciones del GSP. En consecuencia, la malato
deshidrogenasa presenta flujos més altos, de entre ~85 a 115 % (Figura 4.6 K) dado

que asimila otra molécula de ACCOA derivada de las reacciones de GSP.

La observacion de las caracteristicas morfolégicas de las reacciones del CCM en
la fase de crecimiento exponencial sugieren también, la localizacion de diferentes flu-
jos predominantes en diferentes zonas del disenio experimental. De forma tal que: la
produccién de SA predomina en zonas de baja concentracién inicial de YE. Ademés,
se observa una disminucion del flujo hacia AC producido con respecto a la disminu-
cién de la concentracion inicial de GLC, indicando que en estas regiones se favorece
un crecimiento mas balanceado. Esto genera, una zona de preferencia de flujo ha-
cia la produccién de biomasa en condiciones de baja concentracion inicial de GLC
que aumenta conforme se incrementa la concentracién inicial de YE. Finalmente,
se aprecia una zona de mayor velocidad de produccion y consumo de AC en zonas
de alta concentracién inicial de ambos substratos, GLC y YE. Esta distribucién de
zonas concuerda con las superficies generadas a partir de los parametros calculados

con los modelos logisticos.

Caracterizaciéon del comportamiento de las distribuciones de flujo en el

metabolismo central de carbono después del crecimiento

En la fase estacionaria de la fermentacion también se observé una distribucion
de flujo hacia la via de las PPP, con valores de entre el 97 al 108% a través de
las reacciones catalizadas por las enzimas G6Pdh y Pgl (Figura 4.8 E). Estas dos
enzimas de la seccién oxidativa de la PPP presentan morfologias de superficie que
indican una tendencia a la minimizacién en forma circunyacente hacia valores bajos
de concentracién inicial de GLC y altos de YE. En contraste con la fase de creci-
miento, la reaccién catalizada por Gnd presenta valores de flujo relativo mas altos

con ~40 a 100 % (Figura 4.8 F'). Mientras que la reaccién competidora catalizada por
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PGdh, presenta valores de entre =0 a 70 % de flujo hacia la via EDP. Estas superfi-
cies presentan morfologias de comportamiento invertidas como se puede observar en
las Figuras 4.8 E y F. Interesantemente, la superficie de la PGdh tiene su zona de
maximizacion en la misma regién que la superficie de la superficie de G6Pdh, lo que
sugiere que el exceso de flujo es lo que promueve el uso de la via EDP. Por su parte,
la morfologia de Gnd presenta un comportamiento anillado con la tendencia a un
méximo hacia la regién de baja [GLC] y alta [YE] inicial, esquina superior izquierda
del area del diseno experimental. Debido a esta distribucion, la reacciéon de TktA y
Tal hacia la produccién de R5P, E4P y F6P en la seccién no oxidativa de la PPP

exhibe el mismo comportamiento que la Gnd.

El F6P producido por estas reacciones entra entonces a la via de EMP donde es di-
rigido hacia la formacion de PEP a través de las reacciones glicoliticas, entre ellas las
catalizadas por las enzimas Ptk y Fba, cuyos valores de flujo relativo fueron estima-
dos en ~10-55%. La morfologia de superficies para estas tltimas enzimas, también
muestran una superficie anillada con la tendencia a un maximo hacia condiciones
iniciales de baja [GLC] y alta [YE]. De hecho, estas caracteristicas morfoldgicas son
observadas a través de todas las reacciones glicoliticas subsiguientes del EMP hasta
la formacién de PEP, pero con valores de flujo relativo mds altos de ~90 a 99 %
(Figura 4.8 B). De forma poco intuitiva, el modelo describe un flujo bajo a través
de la enzima Pgi de =0 a 9% (Figura 4.8 A) en la direccién de la F6P a G6P, el
cual es consumido por la G6Pdf, en un ciclo que podria estar perdiendo un carbono
a través de dicha reaccion, pero ganando poder reductor en forma de NADPH, en
casi toda el area del diseno experimental. Consecuentemente, Pgi presenta sélo un
flujo bajo en la direccién oxidativa estandar de G6P a F6P en condiciones iniciales
de baja [GLC] y alta [YE], representando sélo entre el ~0-2% del flujo relativo.
Con respecto a las reacciones del nodo de PEP, la reaccion de la fosfoenolpiruvato
sintasa (PpsA) es poco significativa, sugiriendo que no existe flujo gluconeogénico
del PYR hacia el PEP en ninguna de las condiciones evaluadas. En la misma me-
dida, la reaccién catalizada por la PckA presenta valores de flujo relativa bajos, de
entre ~0-5% donde sélo en condiciones de alta concentracién inicial de YE existe
flujo de oxaloacetato (OA) hacia PEP (Figura 4.8 K). Por el otro lado, la reaccién
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de Ppc muestra valores mas altos (~0-50 %), con valores mayores hacia la zona de
baja [YE] inicial y en la direccién de aumento de la concentracién inicial de GLC
(Figura 4.8 L). Estas dos superficies muestran también morfologias anilladas, pero

con tendencias de maximizacién/minimizacién invertidas.
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Figura 4.8: Contornos de superficies de respuesta para la fase estacionaria pt.1 (%
Flujo relativo al consumo de GLC). A)Pgi, B) GapA, C) PykA, D) LpdA, E)G6Pdh,
F)Gnd, G)PDdh, H)TktA 1, I)TktA 2, J)DAHPs, K) PckA, L) Ppc

Subsecuentemente, el consumo de PEP por PykA y la DAHPs presentan la mis-
ma morfologia, pero con la tendencia de maximizacién hacia baja [GLC] inicial y
altas [YE] iniciales, similares a los genes glicoliticos. En contraste con las observa-

ciones hechas en la fase exponencial de crecimiento, estas dos superficies presentan
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distribuciones de flujo similares en toda el area de diseno experimental con valores
de entre ~15-55% (Figuras 4.8 C y J), debido a una mayor proporcién de flujo
pasando por la via no oxidativa de la PPP y su concomitante aumento en la produc-
cién de E4P. La zona de mayores flujos relativos a través de la DAHPs hacia SA se
encuentra efectivamente sobre la misma zona caracterizada por las mayores veloci-
dades especificas de produccién de SA por los modelos logisticos. Las reacciones de
PykA y DAHPs compiten con las reacciones de produccion de acetato, en especifico
con PoxB, la cual exhibe una tendencia a la maximizacién de su flujo relativo hacia
valores altos [GLC] inicial y bajas [YE] iniciales en las fermentaciones (Figura 4.9
E). Por estos motivos la superficie de PoxB muestra caracteristicas de superficies
inversas a estas ultimas. La reaccién de exportacion de AC sigue el comportamiento
de la superficie de PoxB, por lo que esta es la principal via de produccién de AC
también en esta fase de fermentacién (Figura 4.9 A). Por otro lado, la reaccién de
importacién de AC presenta valores de casi ~0 % de flujo relativo en condiciones ini-
ciales de baja [YE]. En efecto s6lo se observan flujos de consumo extracelular de AC
en concentraciones bajas de GLC y concentraciones iniciales altas de YE, esquina
superior izquierda del area de diseno experimental (Figura 4.9 B). Esto podria estar
relacionado con el hecho de que, en concentraciones iniciales mas altas de YE, mas
biomasa es producida y por lo tanto mas GLC ha sido consumida, lo que significa
que a la entrada de la fase estacionaria se esperan concentraciones menores de GLC
y consecuentemente una disminucion de la produccién de acetato. Esto sugiere que
concentraciones altas de YE podrian estar contribuyendo a la asimilacion de AC en
fase estacionaria. Ademas, se ha reportado que algunos de sus aminoacidos podrian
provocar la sobreexpresion del metabolismo gluconeogénico y la concomitante fija-
cion del ciclo de AC en fases de crecimiento exponencial (Aguilar et al., 2012; Flores
et al., 2004, 2005, 2002; Rodriguez et al., 2013; Sigala et al., 2008).

Con respecto al comportamiento del TCA y del GSP, sus superficies también
exhiben morfologias de superficie anilladas con tendencias particulares de maximi-
zaciéon o minimizacion hacia la esquina superior izquierda del diseno experimental.
Especificamente, las reacciones catalizadas por Csyn y Acn presentan la tendencia a

un minimo en esta zona y valores de flujo relativo de ~54 a 70 % (Figura 4.9 F).
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Figura 4.9: Contornos de superficies de respuesta para la fase estacionaria pt.2 (%
Flujo relativo al consumo de GLC). A)ActPout, B)ActPin, C)AckA, D)Acs, E)PoxB,
F)Csyn, G)IcdA, H) Icl, [)KGdh, J)SdhABCD, K)Mdh, L)MaeB

De la misma forma, las enzimas del GSP presentan este comportamiento (Figu-
ra 4.9 H). En contraste con la fase de crecimiento, las reacciones de IcdA, KGdh
y SucCD presentan flujos oxidativos en el TCA en toda el area del diseno experi-
mental, presentando flujos entre ~10 al 55% (Figuras 4.9 G, I, J). Sus superficies
presentan una morfologia de maximizacién hacia la regién de condiciones iniciales de
baja [GLC]| y alta [YE]. Las reacciones catalizadas por la Sdh y Fum siguen el mismo
comportamiento que Csyn. Adicionalmente, conforme mayor porcentaje de flujo es
jalado hacia TCA, mayor es el flujo de la reaccién malica catalizada por MaeB, la

cual compite con Mdh en la formacién de OA (Figuras 4.9 L y K respectivamente).
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Esto estd relacionado con el aumento de flujo hacia PYR y la concomitante expresién
del ciclo de reciclaje de carbono a través del AC. En efecto en esta zona se observa
que el ciclo de reciclaje de carbono tiene un recorrido desde el PYR pasando por
AC hacia TCA y las vias del GSP, conforme més saturaciéon de carbono existe en el

ambiente extracelular.

Las superficies de las distribuciones de flujo generadas por los modelos dinamicos
en la zona de la mitad de la fase estacionaria de crecimiento sugieren la localizacién
de dos zonas primordiales de salida de flujo en el area del diseno experimental. De es-
ta forma se puede nuevamente trazar una diagonal que corte el area experimental de
las condiciones iniciales bajas a altas de concentracién de ambos substratos. Donde
la zona de produccién predominante de SA se encuentra en la parte superior a esta
diagonal imaginaria, mientras que la zona de predominancia de produccién de AC
se encuentra debajo de la misma. Esta localizaciéon de zonas se relaciona de buena
forma con las establecidas por los pardmetros de fermentacion de la caracterizacién
de la cepa AR36 (Rodriguez et al., 2013, 2017).
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4.2. DISCUSION

4.2.1. Discusion, analisis y comparacion de los resultados ob-
tenidos de los modelos fisiolégicos y metabdlicos pa-
ra la determinacion de blancos genéticos y metabdli-
cos para el mejoramiento de la produccién de acido

shikimico.

Como se observa en las secciones anteriores, las superficies de respuesta construi-
das de la ecuacién polinomial fueron capaces de caracterizar de forma adecuada el
comportamiento fisiolégico de la cepa AR36. El aumento observado en X, prin-
cipalmente con respecto a la [YE] esta relacionado con el hecho de que éste ultimo
es la unica fuente de aminodcidos aromaticos (Figura 4.2 A). Esto indica que, en
toda el area del diseno experimental, el YE puede tomarse como el substrato limi-
tante para la produccion de biomasa. Esta inferencia también se puede observar en
los perfiles de fermentacion mostrados en la Figura 4.1, donde a la entrada de la
fase estacionaria existen concentraciones de GLC superiores a limitantes en todos
los experimentos. Es un resultado esperado que la produccién de SA siga el per-
fil de superficie de la del consumo de GLC, debido a que es la principal fuente de
carbono para la produccion de PEP y E4P, como se puede observar en las Figuras
4.2 B y C. Sin embargo, la producciéon de SA muestra un punto maximo antes de
las condiciones de consumo total de GLC. Esta diferencia puede ser explicada por
la produccién final de AC ([AC]y), la cual incrementa conforme las concentraciones
iniciales de GLC aumentan. Este 1ltimo proceso se ve exacerbado ademaés conforme
las condiciones iniciales de [YE| son menores (Figura 4.2 D). Esto sugiere que el
extracto de levadura promueve una menor produccion de AC. Esto puede ser debido
posiblemente a una mayor cantidad de biomasa en los fermentadores consumiendo
mayores cantidades de GLC, al estrés de produccion de AC por exceso de fuente
de carbono, asi como a que algunos componentes del extracto de levadura pueden
fomentar un consumo mayor de las diferentes fuentes de carbono, inclusive de AC
(Aguilar et al., 2012; Arense et al., 2010; Flores et al., 2004, 2005, 2002; Matsuoka y
Shimizu, 2013; Rodriguez et al., 2017; Sigala et al., 2008).
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El aumento de la cantidad de AC en las condiciones de alta [GLC] y baja [YE],
podria también estar inhibiendo la capacidad de consumo de glucosa y de produccién
de écido shikimico. En efecto, altas [AC] pueden desajustar el balance de iones H*
en la membrana plasmatica de las bacterias, y dado el caso de que la cepa AR36
usa el simportador GalP, el transporte de GLC podria verse comprometido (Rodri-
guez et al., 2013). Ademds, se ha reportado que altas concentraciones de AC hacen
mas costosa la produccion de ATP en términos energéticos debido a la perdida de
potencial electroquimico a través de la membrana, y en consecuencia también la fos-
forilacién ATP-dependiente de GLC por medio de la glucocinasa GLK (Rodriguez
et al., 2013). Finalmente, el desbalance electroquimico en la cadena trasportadora de
electrones podria estar modificando el balance en los cofactores redox NADH/NAD y
NADPH/NADP lo cual impactaria sobre la velocidad de reacciones dependientes de
éstos tultimos como el SA. La produccion de AC se relaciona cominmente con la sa-
turacion cinética de las rutas metabodlicas, debido al desbalance entre la velocidad de
las reacciones glucoliticas y la capacidad de oxidacién de los intermediarios por TCA
(Matsuoka y Shimizu, 2013). En este sentido, se ha reportado que los metabolitos
PEP y PYR son sensores celulares para regular la velocidad de consumo de glucosa
y los procesos de reciclaje de carbono y producciéon de AC (Matsuoka y Shimizu,
2013; Shimizu, 2014). En la cepa AR36, el gen de la piruvato cinasa pykF se en-
cuentra inactivo lo que modifica el balance de las concentraciones de PEP/PYR. La
disminucién del flujo de PEP a PYR envia senales de regulacion para la disminucién
de las reacciones glucoliticas y sobreexpresa enzimas de produccién de AC que a su
vez compiten por esqueletos de carbono y recursos energéticos para la produccién de
SA (Aguilar et al., 2012; Flores et al., 2004, 2005; Martinez et al., 2008; Matsuoka y
Shimizu, 2013; Rodriguez et al., 2017).

De hecho, se observa que en las zonas donde la produccién de AC se encuentra
exacerbada, disminuye el consumo de GLC y la produccién de SA (alta [GLC] y baja
[YE] inicial). Las superficies permiten delimitar un limite virtual entre la preferencia
de produccién de SA con respecto a AC en valores cercanos a los 100 g/L de GLC,

donde a concentraciones superiores, la produccién de AC se torna perjudicial para la
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eficiencia metabdlica celular. Es importante notar que en todo el diseno experimen-
tal las concentraciones de GLC utilizadas tipicamente resultarian en producciones
mas elevadas de AC y menores velocidades de crecimiento, consumo y produccion
de metabolitos en E. coli (Lara et al., 2007; Luli y Stohl, 1990). Sin embargo, se
ha reportado que la cepa AR36 puede crecer con altas velocidades de crecimiento y
mantener la produccion de SA en concentraciones elevadas de GLC en el orden de
los 100 g/L (Rodriguez et al., 2013, 2017). Esta caracteristica le fue atribuida a la
sobreexpresién constitutiva del operdon sintético en el plasmido de alto nimero de
copias para la produccién de SA| y a la falta de represiéon catabdlica derivada de su
condicion PTS™, que permite un consumo simultaneo de otras fuentes de carbono
incluyendo el AC (Aguilar et al., 2018; Rodriguez et al., 2017).

Con respecto a las velocidades especificas, se observa también una disminucion
de la velocidad de consumo con respecto al aumento de la [YE] inicial. Esta dismi-
nucién podria estar relacionada a la necesidad de energia de transporte, cofactores
y/o la asignacién de aminodcidos para la sintesis de los diversos transportadores pa-
ra poder consumir los componentes de YE. Esto puede ser posible debido a que la
inactivacién del operén crrHI en la cepa AR36, no sélo evita la represién catabdlica,
sino también aumenta la expresién de reguladores globales que inducen la sintesis
de varios transportadores de carbono alternativos a GLC, entre otros mecanismos
de busqueda de substratos (Aguilar et al., 2012, 2018; Flores et al., 2005; Martinez
et al., 2008; Rodriguez et al., 2017). Aunado a esto, en las condiciones altas de [YE]
inicial en la fase de crecimiento, el consumo de PYR podria estar siendo saturado
por la inclusién de carbono a través del consumo de alanina en el medio y por lo
tanto senalizando la reduccion del consumo de glucosa. En contraste, en la fase es-
tacionaria la velocidad especifica de consumo de glucosa presenté valores mas altos
en concentraciones iniciales altas para ambos substratos, GLC y YE. Este compor-
tamiento podria ser esperado para la GLC, dado que concentraciones mas altas de
este substrato existen en fase estacionaria en estas condiciones iniciales, por lo que la
velocidad de consumo se espera sea superior en comparacion con condiciones iniciales
mas bajas de GLC. Sin embargo, permanece poco clara la razéon de por qué altas

concentraciones iniciales de YE podrian causar velocidades especificas més altas de
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consumo de GLC en fase estacionaria. Una posibilidad es que, entre mas altas sean
las concentraciones iniciales de [YE] més grande podria ser la concentracién intra-
celular de oxaloacetato derivado del consumo de algunos aminoécidos como el GLU
y el aspartato (ASP), lo que podria aumentar la actividad del TCA y por lo tanto
aumentar el consumo de GLC (Ahn et al., 2008). Esta observacién estd relacionada
con el comportamiento del consumo total de glucosa al final de la fermentacion, en la
que sélo en concentraciones altas de [YE] se agotan completamente concentraciones
superiores a los 110 g/L de GLC.

Con respecto a los perfiles de produccién y consumo de SA y AC, respectiva-
mente, se puede observar que son los principales productos metabdlicos, junto con el
dioxido de carbono, el cual no fue medido experimentalmente. Es posible observar
tanto en la fase exponencial de crecimiento como en la fase estacionaria, zonas de
maximizacion o de preferencia inversamente posicionadas en el area experimental
(Figuras 4.2 F.H Iy J). Esta caracteristica, en conjunto con la produccién de bioma-
sa, permitio establecer las zonas descritas en las secciones anteriores. Sin embargo,
es interesante notar, que es posible encontrar velocidades similares de consumo de
glucosa dentro del espacio experimental, con salidas fisiologicas completamente dis-
tintas, indicando que la regulacién presenta un comportamiento no lineal. Este efecto
se presenta aun modificando sélo la concentracién inicial de las fuentes de carbono
en concentraciones superiores a las limitantes. Mas aun, las superficies de respuesta
presentan contornos dependientes de la interaccion de las dos fuentes de substratos,
inclusive generando puntos criticos de punto de silla de montar como se observa en
la superficie de velocidad de consumo de glucosa en fase de crecimiento. Este ti-
po de comportamiento sugiere la existencia de multiplicidad de estados metabdlicos
de forma similar a los descritos por Namjoshi y colaboradores (2001) para estados
pseudo-estacionarios en reactores continuos (Namjoshi y Ramkrishna, 2001). Las di-
ferencias en las respuestas de estas superficies de respuesta, deriva por tanto en la
naturaleza dinamica de la regulacion, lo que produce diferentes salidas dependien-
tes de las condiciones intracelulares que modifican el comportamiento metabdlico de
la cepa de acuerdo a la dinamica extracelular, distinta para cada condicién inicial
(Martinez et al., 2008; Matsuoka y Shimizu, 2013; Namjoshi y Ramkrishna, 2001).
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Para poder describir de mejor forma esta relacién y algunas caracteristicas del
sistema dificiles de abordar sélo con la informacion obtenida de las superficies del
comportamiento de los metabolitos externos, se construyeron modelos metabdlicos
dindamicos por medio de la aproximacion cibernética. Esta aproximacién fue utili-
zada debido a que incluye términos relacionados con la regulacion de la sintesis y
actividad enzimatica sin la necesidad de describir el mecanismo o las condiciones
especificas de su funcionamiento (Kompala et al., 1986; Ramkrishna y Song, 2012;
Varner y Ramkrishna, 1999). Es importante notar que el medio de cultivo utilizado
contiene un substrato no completamente descrito (YE) y por lo tanto fue utilizada
una simplificacién para la modelacion, la cual consiste en que el catabolismo de este
substrato (tomado como un solo compuesto) resulta en el consumo de GLU, ALA
y precursores de biomasa (BIOMp) como se describe en la red metabdlica descri-
ta en materiales, modelos y métodos. Esta simplificaciéon podria no sélo impactar
en la velocidad de crecimiento, sino que también significa que el consumo de otros
componentes del YE no tomados en cuenta podrian modificar los rendimientos y las
velocidades de consumo y produccién de los metabolitos incluidos en el modelo. Sin
embargo, de acuerdo con lo observado en la caracterizaciéon del modelo metabdlico
en las secciones anteriores, la simplificacién resulté suficiente para describir razo-
nablemente algunas de las caracteristicas de los flujos en la cepa AR36, y modelar
el comportamiento extracelular de los metabolitos principales con suficiente preci-
sion. De la misma forma, es importante notar que el algoritmo genético utilizado
permitio encontrar valores para los parametros del modelo adecuados y en relativa-
mente pocas generaciones. El uso de este tipo de algoritmos para precisar el valor de
parametros puede causar la sobrestimacion de modelos y por lo tanto de la pérdida
de su capacidad descriptiva y/o predictiva para diferentes condiciones. Sin embargo,
los resultados que se observan en las secciones anteriores son la respuesta de la se-
leccién de modos elementales y la construccion de ecuaciones con respecto a soélo los
rendimientos del punto central 100:30 g/L de GLC:YE. Esto significa que, en esencia,
el modelo es el mismo para los 9 experimentos y que la aproximacion fue realizada
solo en los parametros que regulan la combinacién de dichos los EMs a través del
tiempo, lo que sugiere que estos EMs son suficientes para describir el comportamien-

to metabdlico dentro del rango de variacién de las condiciones exploradas. Mas atn,
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las inferencias y la descripcién metabdlica no estdan basadas en los datos de flujo
individuales para cada uno de los modelos, sino en el analisis y caracterizacién de
las superficies de respuesta construidas para el flujo relativo al consumo de GLC. Lo
anterior significa que, aun cuando uno de los experimentos pudiera contener algin
rango de error o sobrestimacion, la combinacion de los 9 experimentos con el punto
central por triplicado ayudaria a evitar su propagacion a la descripcion del meta-
bolismo realizada. Finalmente, el andlisis y la comparacion de las superficies de los
flujos metabdlicos se relacionan de buena forma con las observaciones de los modelos
fisiologicos presentados anteriormente y con el conocimiento acumulado para la cepa
ARS36, sus cepas parentales y el metabolismo de Escherichia coli en la literatura, indi-

cando que dichas superficies describen adecuadamente el comportamiento de la cepa.

Con respecto al andlisis de los modelos metabdlicos, se encontré una inusual
distribucién de flujo en el nodo Pgi/G6Pdh, redirigiendo la mayoria del flujo de
carbono a través de la via de las PPP. Esta distribucién es posible en la cepa AR36
debido a la alta sobreexpresion del gen zwf debida al promotor fuerte en el plasmido
de alto nimero de copias reportada anteriormente (Rodriguez et al., 2013). Ademas,
en los modelos metabdlicos basados en analisis del balance de flujos (FBA) de Chen
y colaboradores (2011) (Chen et al., 2011), se estableci6 a la enzima G6Pdh como
la limitante para el flujo sobre la PPP y el control sobre este nodo. A pesar de esta
distribucién, se encontré un alto flujo glicolitico en las reacciones posteriores a la
catalizada por GapA como fue descrito por Rodriguez y colaboradoes en el 2017
para esta cepa, pero en condiciones de células en reposo (Rodriguez et al., 2017). En
especifico, el modelo predice un flujo relativo de entre el 75 al 88 % del carbono hacia
PEP y hacia su conversion a PYR. En los resultados generados por los modelos, esta
condicién es posible debido a que la mayoria del flujo de carbono distribuido hacia
la via de las PPP es dirigido a través de la via EDP hacia G3P y PYR, indicando
que estos metabolitos son receptores de la mayoria del flujo glicolitco en la cepa, y

podrian ser posibles nodos de control por IVM.
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En relacion a esta distribucién de flujo, se ha reportado anteriormente que en
cepas mutantes en pykF (como lo es AR36), los flujos sobre la via de las PPP se
incrementan hasta en un 79 % debido a la sobreexpresién de los genes zwf, gnd y edd
y a la subsecuente subexpresion de los genes pgi, pfkA y tpiA (Escalante et al., 2010;
Kabir y Shimizu, 2003; Rodriguez et al., 2017; Siddiquee et al., 2004). Ademads, en
la cepa AR36, han sido reportadas concentraciones relativamente bajas de fructosa-
1,6-difosfato (FDP) por medio de metabolémica comparativa (Martinez et al., 2008;
Rodriguez et al., 2017). Esta baja concentracién intracelular de FDP habia sido
explicada como consecuencia de la actividad de la enzima TktA. Sin embargo, los
resultados obtenidos por los modelos metabdlicos en este trabajo sugieren que podria
deberse a la distribucion de flujo encontrada hacia la via de las PPP por la G6Pdh.
Profundizando en la distribucion alta sobre la PPP, mutantes sobre pgi han sido
reportadas como cepas con velocidades de crecimiento bajos derivadas de la acu-
mulacion del cofactor redox NADPH. Sin embargo, también se ha demostrado que
la sobreexpresion de rutas metabdlicas consumidoras de esta molécula provoca que
dichas cepas recobren su velocidad de crecimiento (Kabir y Shimizu, 2003). Por lo
tanto, es posible que en AR36 al producir SA se pueda estar aliviando el desbalance
redox sobre NADPH debido al consumo de este cofactor por la enzima shikimato
deshidrogenasa codificada por aroF, promoviendo incluso velocidades de crecimiento
altas con distribuciones de flujo de carbono elevadas para la via de las PPP (Ro-
driguez et al., 2017). Esto sugiere que la produccién de SA por el operén sintético
expresado en esta cepa podria estar actuando como una ventaja de seleccion para
obtener velocidades de crecimiento y de consumo altas (Rodriguez et al., 2017). La
distribucién de flujo sobre la via de las PPP persiste para la fase estacionaria de las
fermentaciones, pero en contraste con la fase de crecimiento se favorece el flujo de
carbono hacia la via no oxidativa de las pentosas por la enzima Gnd, incluso de for-
ma casi total para algunas condiciones. Esto ultimo permite a la cepa AR26 obtener

rendimientos cercanos al 50 % para la produccién de SA (Rodriguez et al., 2013).

A pesar de esto, los resultados indican que la E4P es el substrato limitante para
la produccién de SA incluso en la condicién de alta sobreexpresion de zwf y distri-

bucién de flujo hacia PPP. Sin embargo, la sola sobreexpresion de este gen resulta
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insuficiente debido a la salida de flujo a través de la via EDP. Por este motivo, se
propone a los genes edd y/o eda como blancos importantes para su eliminacion,
en conjunto con la sobreexpresién del gen gnd, para permitir una mayor propor-
cién del flujo hacia E4P en condiciones de sobreexpresion de zwf. Esto podria evitar
también la formacién de G3P y la disminucién del flujo hacia PEP por lo que un
mejor control sobre la sobreexpresion de zwf resulta vital para tener distribuciones
de flujo adecuadas sobre el nodo Pgi/G6Pdh. Continuando con la produccién de
SA en AR36, considerando la mayor abundancia de PEP con respecto a la E4P, la
sobreexpresién del gen ppsA previamente reportada como 1til para el aumento de la
produccion de este compuesto pensamos que no aumentaria la produccién en esta
cepa (Chen et al., 2014; Cui et al., 2014; Flores et al., 2004, 2005; Martinez et al.,
2015). Més atn la reaccién de la enzima codificada por este gen presenté valores de
flujo cercanos a 0 en todas las condiciones experimentales y su posible sobreexpresién
podria derivar en una velocidad de crecimiento y de consumo de GLC mas bajas, al

reducir el flujo de carbono hacia el TCA y otras vias biosintéticas derivadas del PYR.

Los analisis también revelaron una inusual distribucién de flujo sobre PoxB en fase
exponencial de crecimiento, consecuencia de los flujos incrementados hacia el PYR.
Algunos estudios en F. coli han reportado a esta enzima como la principal produc-
tora de AC en velocidades altas de crecimiento en acelerostatos (Nahku et al., 2010).
Ademas, esta distribucion de flujo sobre PoxB y la importancia de esta enzima en
células carentes del sistema PTS, también ha sido previamente propuesta en otros
trabajos publicados para el linaje celular de la AR36 (Flores et al., 2004, 2005, 2002).
Entre éstos se ha reportado que, para estas lineas celulares, la mutacién existente
en el sistema arcA /arcB podria ser la responsable de la sobreexpresion del gen poxB
reportada durante su crecimiento exponencial. También, se ha reportado previamen-
te en la literatura, que estas cepas sin el sistema PTS sobreexpresan los genes acs
y poxB y por lo tanto sugirieron la aparicién de un ciclo de reciclaje de carbono a
través de las enzimas codificadas por estos genes (Aguilar et al., 2012; Flores et al.,
2004, 2005; Sigala et al., 2008). Lo anterior concuerda con los resultados encontrados
por el modelo, en el que se observa claramente dicho ciclo de reciclaje de carbono du-

rante el crecimiento y en algunas condiciones experimentales en la fase estacionaria.
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Finalmente, esta caracteristica del metabolismo de AC en FE. coli ha sido previa-
mente propuesta por diversas investigaciones como respuesta a la saturacion cinética
del metabolismo celular y como reguladora de desbalances de flujo entre la glicoli-
sis y el TCA (Flores et al., 2005, 2002; Matsuoka y Shimizu, 2013; Sigala et al., 2008).

Es importante hacer notar que el modelo no predice el consumo de AC a través de
Acs durante el crecimiento, y que el modelo podria estar prediciendo la distribucién
incorrecta entre AckA-Pta y Acs en esta fase, tomando en cuenta la sobreexpresién
de esta para lineas celulares derivadas de PB12 (Aguilar et al., 2012; Flores et al.,
2004, 2005; Sigala et al., 2008). Esto es resultado de que en este nodo no se realizd
ninguna restricciéon matematica o de rendimientos en el modelo, por lo que la restric-
cién principal es el balance de la produccion y consumo de ATP. En este sentido, en
el modelo la reaccién de Acs consume 2 moléculas de ATP, esto fue realizado como
simplificacion energética derivada de produccién de AMP y no ADP por esta enzi-
ma. Sin embargo, esta simplificacion podria no ser completamente adecuada para la
correcta seleccion de la reaccion de consumo por el modelo. Por otro lado, las cepas
del linaje de AR36, no presentan disminucién en las concentraciones intracelulares
de AMP ciclico de mutantes carentes de PTS, debido a la sobreexpresion encontrada
en estas cepas de la adenilato ciclasa y el ciclo de reciclaje de AC a través de Acs
(Aguilar et al., 2012; Flores et al., 2004, 2005; Sigala et al., 2008). A pesar de esto, es
interesante que los EMs utilizados para la fase estacionaria si utilizan a Acs como la
principal responsable del consumo de AC (Figuras 4.9 C y D), probablemente debido
a una menor demanda de ATP durante esta fase por el modelo al no tener activa
la reaccién de produccion de biomasa. Finalmente, como se observa en las secciones
anteriores, fue posible validar en este trabajo, el ciclo reciclaje de carbono a través
del AC producido por PoxB a través de la construcciéon de una mutante carente de
PoxB. En esta cepa observamos la reduccion de la produccién de AC durante toda la
fermentacion y una disminucion de la velocidad de consumo de GLC y de la veloci-
dad de crecimiento. Mas ain, la combinacién de este ciclo de AC con las reacciones
de exporte e importe del compuesto muestran las mismas zonas de aumento de las
velocidades de produccion de AC de las superficies de caracterizacién fisiologica para

los metabolitos externos (Figura 4.2 I).
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En cuanto a las distribuciones de flujo en el TCA, se encontré un inesperado
flujo a través de la reacciéon reversa de la IcdA en la fase exponencial de crecimiento.
Esto puede ser atribuido a la contribucién del GLU entrando al TCA a través del
a-cetoglutarato (AKG) por la enzima Gdh. Sin embargo, este compuesto es también
usado para la formacion de precursores de biomasa, por lo que sdlo si existe un
exceso del consumo, este entraria al CCM. Con respecto a lo anterior, en el modelo
se observa sélo una pequena contribucién de esta reaccién hacia la produccion de
AKG. A pesar de esto, reportes en medios complejos han demostrado que E. coli
favorece el consumo de los aminoacidos extracelulares y su catabolismo a través
de AKG con la concomitante sobreexpresion de las vias de produccion de bloque
biosintéticos y la via de la GSP (Arense et al., 2010; Lyubetskaya et al., 2006),
efectos que observamos en las distribuciones de flujo modeladas. Ademas, la alta
proporcion de flujo sobre la GSP y las enzimas malicas sugieren que la cepa AR36
estd tratando de contender con la saturacién del metabolismo central y el flujo alto
sobre PYR mediante el reciclaje de AC, y la mayor asimilacion de ACCOA a través
de TCA y GSP. Este tipo de metabolismo ha sido reportado como respuesta de
contingencia para altas presiones osmoticas, de forma que FE. coli pueda asimilar
rapidamente substratos en condiciones de alta concentracion y recuperar la velocidad
de crecimiento (Arense et al., 2010). De hecho, en condiciones de estrés osmético se
ha comprobado el incremento de la actividad de las vias GSP a través de la reduccién
en la proporcion de actividades de las enzimas IcdA/Icl, favoreciendo la produccion
de bloques para la produccién de biomasa (Arense et al., 2010). De esta forma, el flujo
alto a través de las reacciones anaplerdticas y la via GSP podria estar contribuyendo
a mantener las altas producciones de biomasa y SA en las condiciones experimentales,
mediante la reduccién de la concentracion de AC en la cepa AR36 y el balance de
transportadores de electrones como el NADH y NADPH (Aguilar et al., 2012; Arense
et al., 2010; Flores et al., 2004, 2005, 2002; Matsuoka y Shimizu, 2013; Rodriguez
et al., 2017; Sigala et al., 2008).
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De forma global, tanto las superficies de caracterizacién fisioldgica como los mo-
delos de flujo arrojaron resultados compatibles, que incluso permiten localizar las
mismas zonas de preferencia de salidas de metabolitos en las diferentes etapas de
la fermentacién. Por ejemplo, para la fase de crecimiento en la zona de altas [GLC]
y [YE] iniciales, predomina la produccién de AC; en las condiciones de baja [GLC]
y alta [YE] inicial se favorece la produccién de biomasa; a alta [GLC] pero baja
[YE]| inicial, predomina la produccién de SA; finalmente, en condiciones bajas de
ambos substratos el crecimiento y la produccién de SA es mas balanceada evitando
la produccion de AC. En contraste, para la fase estacionaria las zonas de SA y AC se
invierten ya que la produccion favorable de SA se encuentra en la parte superior iz-
quierda del area experimental y la zona de predominancia de produccién de AC en el
area inferior derecha. Particularmente, encontramos en la mayoria de las superficies
puntos criticos, de silla, méximos y minimos en las condiciones de entre 110-115 g/L
iniciales de GLC y entre 35-15 g/L iniciales de YE, desde los cuales se delimitan los
bordes del comportamiento metabdlico como se describe en las secciones anteriores.
Estos puntos criticos podrian estar delimitando la participacién de estados metabdli-
cos multiples derivados de los cambios en las condiciones extracelulares(Namjoshi y
Ramkrishna, 2001). Aunado a esto, los modelos dindmicos construidos por medio de
la aproximacién cibernética permitieron revelar comportamientos concuerdan con
los datos fisiolégicos observados y con el conocimiento disponible de esta cepa y sus
precursoras. Es importante notar que los 9 EMs seleccionados fueron suficientes para
describir todos los patrones conformados por las superficies mediante la modificacién
de pocos pardmetros en las ecuaciones de velocidad (18 en total). Estos cambios, a
pesar de que no pueden ser utilizados para describir mecanisticamente los proce-
sos regulatorios, si resultan tutiles para revelar caracteristicas importantes de dichos

procesos y su efecto en el metabolismo.
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4.3. APLICACION: PRODUCCION DE ACIDO
SHIKIMICO

4.3.1. Mejoramiento de la producciéon de acido shikimico
mediante el uso de la informacién obtenida por mo-

delacion matematica.

Para evaluar la utilidad de los modelos previamente descritos con respecto al me-
joramiento de la produccién de SA, se disené un proceso de produccién en modo lote
alimentado. Las condiciones elegidas para este proceso conforme a los datos obteni-
dos fueron con 80 g/L de GLC y 40 g/L de YE de acuerdo con las consideraciones
que se presentan a continuacion. Las superficies revelaron las mas altas velocidades
de crecimiento en condiciones de alta [YE] y baja [GLC] inicial (Figura 4.2 K). Bajo
estas condiciones también se encuentran las zonas con m&s bajas concentraciones
finales de AC asi como producciones media-altas de SA y altas concentraciones de
biomasa (Figuras 4.2 C D y A) como productos finales de fermentacién. A pesar de
que el maximo titulo de SA fue encontrado cerca de la condiciéon 110:40 GLC:YE en
las superficies (Figura 4.2 C), esta condicién también resulta en concentraciones mas
altas de produccion de AC y menores velocidades de consumo y rendimiento en la
fase estacionaria, las cuales resultan en un consumo incompleto de sustrato (Figuras
4.2 CD Hy G). En contraste con esto, las velocidades més altas de produccién de
SA, consumo de glucosa y velocidades més bajas de produccion de acetato fueron
encontradas en condiciones iniciales cercanas a los 80:40 g/L GLC:YE (Figuras 4.2
H, G y J). Por lo que en estas condiciones la acumulacién de biomasa a mayores
velocidades de crecimiento podria ser encontradas sin comprometer las velocidades
y rendimientos de produccién de SA y consumo de GLC en fase estacionaria. Es-
tas inferencias también son apoyadas por las superficies de respuesta metabdlica,
ya que en las condiciones iniciales de 80:40 GLC:YE se encuentra la zona de ma-
ximizacion para la produccién de SA y consumo de glucosa marcada debido a las
reacciones catalizadas por las enzimas Pgi, GapA, PykA, Gnd, TktA, DAHPs y Pc-
kA (Figuras 4.8 A,B,C,F H,I,J] y K). Ademds, bajo las condiciones seleccionadas,

se presentan menores flujos relativos para las reacciones catalizadas por las enzi-
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mas G6Pdh, PGdh y Ppc (Figuras 4.8 E,G y L). Lo anterior sugiere que, en estas
condiciones, menos flujo de carbono es enviado a través de la ruta de EDP y por
lo tanto es redirigido hacia E4P a través de Gnd y TktA en la fase estacionaria.
De hecho, los datos de distribucién de flujo hacia SA en estas condiciones indican
una proporcién de flujo cercana al 50 % (Figura 4.10 C), mientras que el resto del
flujo es redirigido por PykA y LpdA evitando la disminucién de las velocidades de
consumo. Mas atn, los flujos de consumo de AC en estas condiciones se encuentran
maximizados durante esta fase de fermentacién con una concomitante reduccion del
flujo sobre PoxB, lo que disminuye la produccién de AC (Figuras 4.9 B,C y E), lo
que también se observa en las velocidades especificas de produccién de acetato de los
modelos fisiolégicos (Figuras 4.2 J) . Por lo tanto, estas condiciones fueron escogidas
a pesar de no encontrarse en la zona de maximizacion de la producciéon de SA en
fase exponencial de crecimiento, donde se presenta una preferencia de la produccién
de biomasa, consumo de glucosa y un metabolismo glicolitico marcado por la zona
de mayor flujo a través de GalP (Figura 4.10 A y B). A pesar de esto las veloci-
dades de flujo a través de la reaccion catalizada por la DAHPs hacia SA presentan

valores de rango medio en las condiciones elegidas para el bioproceso (Figura 4.10 C).

Como se menciona en el parrafo anterior, la operacién del proceso en modo lote
alimentado, fue disenado para dar preferencia a la produccién de biomasa en la fase
de crecimiento exponencial y a la produccién de SA en fase estacionaria, lo que
permite maximizar la productividad. La hipétesis de diseno utilizada, se basé en que
el mantener las concentraciones extracelulares iniciales permitiria que los procesos
de regulacién derivados de la interaccién (en el modelo las variables cibernéticas),
mantuvieran constantes las concentraciones intracelulares y por tanto los perfiles de
flujo metabdlicos de acuerdo con las superficies construidas con los modelos. Ademas,
al suspender la alimentacion y entrar a la fase estacionaria, los perfiles de flujo
derivarian de forma similar a las reportadas en las superficies metabdlicas para esta
fase en estas condiciones iniciales. Lo anterior significaria que se podria aumentar la
concentracion final de SA, manteniendo los rendimientos y evitando la produccion de
AC en la parte final del proceso de fermentacién. El control fue realizado mediante

el diseno de una alimentacion pseudo-exponencial desde el inicio del cultivo. Dicha
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alimentacion contenia GLC y YE con la intenciéon de mantener las concentraciones

iniciales de estos substratos el mayor tiempo posible. Sin embargo, es importante

notar que como se ha senalado en todos los modelos, el YE fue considerado de forma

simplificada por lo que el balance del flujo para este substrato complejo fue sélo una

aproximacion.
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En la Figura 4.10 D se pueden observar los perfiles de fermentacién para el
proceso en modo lote alimentado disenado para mejorar la produccién de SA. La
alimentacion fue realizada desde la hora 3 debido a que en tiempos menores a este
los flujos calculados de alimentacion eran més bajos que la capacidad de la bomba
peristaltica. La alimentacién continué desde este punto hasta la hora 18 controlada
cada 15 minutos de forma manual para ajustarse a la velocidad de crecimiento y
consumo de GLC calculadas. Se observa que la concentraciéon de GLC fue mantenida
en un rango de entre ~75-80 g/L durante las primeras 8 a 10 horas de alimentacién,
donde un incremento de la concentracion de este compuesto fue observado aproxima-
damente a la hora 12 alcanzando los 100 g/L. Durante este proceso de acumulacién,
se observo también una disminucién de la velocidad de crecimiento que pudiera ser
posiblemente la causa de la disminucién del consumo y acumulacion de GLC. Este
efecto podria ser atribuido en principio al control manual de la alimentacién y a la
simplificacion del YE, lo que podria llevar a la sobreestimacién o subestimacion del
flujo de algunos compuestos contenidos en el YE necesarios para el crecimiento. Lo
anterior generaria desbalances entre la alimentacion de GLC y YE pudiendo llevar a
la disminucion de la velocidad de crecimiento y el consumo de substratos. La primera
velocidad de crecimiento presenté valores de 0.90 h™!, las cuales estdn en el rango
de las predichas por los modelos (0.8-0.85 h™'), mientras que la segunda velocidad
de crecimiento fue de sélo 0.18 h-1 y presenté un comportamiento mas lineal, sugi-
riendo la limitacién por un substrato desconocido (probablemente derivado del YE).
A pesar de esto, no queda clara la razén particular de estas disminuciones, por lo
que futuras mejoras a los procesos de medicién y control de la alimentacién y de
los metabolitos extracelulares en tiempo real podrian ser de utilidad para revelar la

naturaleza de este fenomeno y mejorar la eficiencia del proceso.

Con respecto a la produccién de SA, su velocidad especifica también mostro
una disminucién en las horas 8-16 relacionadas con la disminucién del consumo de
GLC. A pesar de esto, las velocidades de consumo de GLC y produccion de SA en
fase estacionaria fueron mantenidas cercanas a las esperadas agotando la glucosa en
tan solo 24h. Durante el cultivo, un total de 180.5 g de GLC fueron consumidos

para alcanzar un titulo total de 59.1 g/L de SA. Este titulo representa el méas alto
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reportado para esta cepa. Sin embargo, atin es 30 % menor al maximo reportado para
producciones con E. coli por Chandran et al. (2003). Por otro lado, la concentracién
de AC en el fermentador nunca presenté valores superiores a los 5 g/L, probando que
el diseno logrd limitar su produccion incluso en estas condiciones atipicamente altas
de concentracién y alimentacién de substratos, comparados con fermentaciones en
modo lote, donde >15 g/ AC pueden ser acumulados. Més atin, el proceso present6
productividades volumétricas del orden de los 2.45 g SA/L*h lo que representa un
incremento del 70 % comparado con la previamente reportada para esta cepa por
Rodriguez y colaboradores (1.43 gSA /L*h (Rodriguez et al., 2013) y 20 % mayor a la
cepa industrial reportada (2.04 gSA/L*h Chandran y colaboradores (Chandran et al.,
2003)). Crucialmente, los rendimientos calculados por medio de aproximacién lineal
presentaron valores de 0.40 para Y, y 0.74 para Y}/, lo que significa que ambos
rendimientos fueron mantenidos a lo largo de la fermentacion relativos a los obtenidos
en fermentadores en modo lote. Todo esto sugiere que la distribucion de flujos de
carbono, en los nodos relevantes para la produccién de SA, a lo largo del metabolismo
se mantuvieron conforme a las superficies calculadas de forma razonable y de acuerdo
con los rendimientos encontrados en trabajos previos para cepas carentes del sistema
PTS (Flores et al., 2004, 2005, 2002; Martinez et al., 2015, 2008; Rodriguez et al.,
2013, 2014).
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5.1. CONCLUSIONES

En este reporte describimos el estudio de una cepa de Escherichia coli PTS™
carente del sistema PTS y modificada por IVM para la sobreproduccion de SA, bajo
una aproximacion de modelacién dindmica de su comportamiento fisiolégico y me-
tabdlico en diferentes condiciones iniciales de substratos (Aguilar et al., 2012; Flores
et al., 2004, 2005, 1996, 2002; Rodriguez et al., 2013, 2017). Los modelos construi-
dos fueron capaces de seguir con buena precision los datos experimentales de los
perfiles de fermentacion obtenidos con esta cepa. De esta forma se pudieron obte-
ner parametros descriptores que simulan y predicen el comportamiento del consumo
y produccién final de biomasa, GLC, SA y AC, asi como del metabolismo central
de carbono basados en porcentajes de flujo normalizados al consumo de GLC. Con
estos parametros fue posible construir superficies de respuesta basadas en una ecua-
cién polinomial, las cuales resultaron tiles para caracterizar de forma morfolégica
el comportamiento de la cepa en variaciones de las concentraciones iniciales de subs-
tratos en las diferentes etapas de las fermentaciones. Ademas, permitieron revelar
caracteristicas importantes del comportamiento metabdlico de AR36. Se encontro
en este sentido, que la cepa AR36 responde de forma distinta a las diferentes con-
centraciones de sustrato variando la designacion de recursos y flujos de carbono aun
cuando presenta velocidades de consumo similares. Esta inferencia ademaés se puede
observar en las superficies de respuesta donde la morfologia presenta en la mayoria

de los casos contribuciones no lineales a cada una de las salidas metabolicas.

Los modelos dindmicos construidos tanto para la descripcion del comportamiento
de los metabolitos extracelulares basados en ecuaciones logisticas, como los modelos
cibernéticos para las distribuciones de flujo intracelular presentaron resultados simi-
lares y concordantes. Ademds, sus inferencias y anélisis estuvieron de acuerdo con la
informacion y datos previamente reportados para la cepa AR36 y su linaje carente
del sistema PTS (Aguilar et al., 2012, 2018; Flores et al., 2004, 2005, 1996; Rodri-
guez et al., 2013, 2017; Sigala et al., 2008). De esta forma las superficies construidas
resultaron tiles para localizar zonas preferenciales de salidas y flujos metabdlicos

dentro del area experimental caracterizada.
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Las superficies de flujo metabdlico ayudaron a explicar comportamientos previa-
mente observados para la cepa AR36, como la baja concentracién intracelular de
fructosa-1.6-bifosfato (FDP) en condiciones de fermentacién de altas cantidades de
substrato (Rodriguez et al., 2013), donde los modelos revelaron una posible distribu-
ciéon de flujo alto sobre la via de las PPP durante todo el proceso de fermentacion.
Ademas, determinaron que el desbalance de NADPH producido por esta distribucién
de flujos se podria ver compensado por la produccién de SA, contribuyendo a man-
tener la velocidad de crecimiento y el consumo de glucosa (Rodriguez et al., 2013).
El analisis de las superficies de flujo también reveld el uso de ciclos extendidos del
metabolismo central de carbono a través de las vias de produccién y consumo de AC,
GSP y demaés vias anaplerdticas en la cepa AR36 para contender con el estrés me-
tabolico derivado de las altas concentraciones de substrato en el medio. La reaccion
catalizada por PoxB se determiné como la principal para la producciéon de AC en la
cepa AR36 durante toda la fermentacién. Se construyé una cepa derivada carente de
esta enzima, y se cultivé en condiciones de produccién preferente de AC, mostrando
que su inactivacion reduce la produccién de acetato en conjunto con la velocidad de
consumo de glucosa y el crecimiento, probablemente debido a una sobre acumulacién
del PYR (Flores et al., 2004, 2005, 1996, 2002; Rodriguez et al., 2013, 2017; Sigala
et al., 2008).

El analisis de las superficies de respuesta también resulté util para la determina-
cién de blancos de modificacion genética para mejorar la produccion de SA en AR36.
En este sentido se determiné que los genes edd y/o eda podrian ser eliminados en
conjunto con un mejor control de la sobreexpresion de los genes zwf y gnd para ob-
tener mejores distribuciones de flujo hacia la produccién de E4P y su equilibrio con
PEP para la produccién de SA. Ademsds, se determiné que en esta cepa particular
la sobreexpresién del gen ppsA y otras modificaciones dirigidas a la acumulacion de
PEP podrian no resultar tutiles para la produccion de SA, y que inclusive podrian

resultar perjudiciales para el crecimiento y la aptitud celular.
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Finalmente, para evaluar la utilidad de los modelos y superficies construidas en
la presente investigacién con respecto a la produccién de SA, se disené un proceso
de produccién en modo lote alimentado. Dicho proceso fue disenado para mejorar la
productividad y titulo final del proceso, minimizar la produccion de AC y mantener
los rendimientos reportados hasta el momento para esta cepa. Un formato de alimen-
tacion inusual fue disenado para mantener las condiciones iniciales de fermentacion,
lo que en teoria ayudaria a mantener constantes las propiedades metabdlicas y regu-
lativas del sistema. Este proceso resulté en un aumento del 40 % del titulo y 70 % de
la productividad limitando el AC a valores sorprendentemente menores a 5 g/L. Los
titulos y rendimientos obtenidos en este trabajo son los més altos reportados para
esta cepa. Los modelos implementados aqui, representan la primera aproximacién
para establecer distribuciones de flujo metabdlico para la cepa AR36 en condiciones
de alta concentracion de los substratos GLC y YE. Asi mismo representa uno de los
pocos esfuerzos reportados hacia la modelacién para ahondar en el entendimiento

del metabolismo de FE. coli en medios complejos y en condiciones dinamicas.

5.2. PERSPECTIVAS

Las contribuciones realizadas en el presente trabajo de investigacion derivaron
ademas en diferentes puntos necesarios a investigar para que se pueda incrementar de
forma significativa el conocimiento sobre la regulacion y comportamiento metabdlico
de la cepa FE. coli AR36 y otras derivadas similares a esta en el laboratorio del Dr.

Francisco Bolivar. Por tanto, dentro de las perspectivas del trabajo se encuentran:

» Realizar las modificaciones genéticas en los blancos genéticos propuestos. Inac-
tivacién de los genes edd y eda y sobreexpresién de gnd en AR36 buscando
aumentar el rendimiento de SA. Modular la expresién del gen poxB con un

promotor controlable que permita reducir el nivel de la enzima PoxB.

= Estudio transcriptémico en las diferentes secciones de interés del diseno expe-

rimental para encontrar informacién sobre las respuestas regulatorias a nivel

de DNA/RNA
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» Estudio protedémico en las diferentes secciones de interés del diseno experi-
mental para encontrar informacién sobre las respuestas regulatorias a nivel

RNA /Proteina

= Extensiéon de la red metabdlica a escala gendémica y establecimiento de proto-

colos de reduccion de EMs eficientes para el uso de modelacién cibernética

= Extensiéon del diseno experimental a otras variables de interés, como velocidad
de transferencia de oxigeno, pH y temperatura, para la generacién de superficies

de respuesta utilizando los modelos fisiolégicos.

» Estudio de los componentes y perfiles de consumo de aminoacidos por UPLC

provenientes del YE

= Optimizacion de los perfiles de alimentacion y formulaciones de soluciones para

el aumento de la produccion de SA en modo lote alimentado con la cepa AR36.

5.3. PRODUCTOS DEL TRABAJO

5.3.1. Publicaciones cientificas

De este trabajo se publicaron 5 articulos en los cuales el M.C. Juan A. Martinez es
primer autor de dos y segundo autor de los otros 3. El articulo principal resultante de
la investigacion se titula “Metabolic modeling and response surface analysis
of an FEscherichia coli strain engineered for shikimic acid production”,
publicado en la revista BMC System biology. Dos de los cuatro articulos restantes
son ligados directamente al trabajo de investigacion doctoral y resultaron ademas en
la invitacion de escritura de los otros 2, siendo éstos revisiones relacionadas con el
area de investigacion, donde uno fue elegido para una secciéon de un libro electrénico
de concentracién de topicos de investigacién. Los articulos se listan a continuacién y

se adjuntan como anexos al final del documento.

= Juan A. Martinez, Alberto Rodriguez, Fabian Moreno, Noemi Flores, Alvaro R.
Lara, Octavio T. Ramirez, Guillermo Gosset and Francisco Bolivar. Metabolic

modeling and response surface analysis of an Escherichia coli strain
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engineered for shikimic acid production. BMC Systems Biology, 12:102,
2018.

= Alberto Rodriguez, Juan A. Martinez, Pierre Millard, Guillermo Gosset, Jean-
Charles Portais, Fabien Létisse and Francisco Bolivar. Plasmid-encoded bio-
synthetic genes alleviate metabolic disadvantages while increasing
glucose conversion to shikimate in an engineered FEscherichia col:

strain. Biotechnology and Bioengineering, 114:6, 2017.

= Juan A. Martinez, Francisco Bolivar and Adelfo Escalante. Shikimic acid
production in Escherichia coli: from classical metabolic engineering
strategies to omics applied to improve its production. Frontiers in Bio-

engineering and Biotechnology , 3:145, 2015.

= El articulo anterior es escogido para formar parte del libro electrénico “Re-
search topic: Quantitative Systems Biology for Engineering Orga-

nisms y Pathways” que contiene 11 articulos y 34 autores. Frontiers, 2016.

= Alberto Rodriguez, Juan A. Martinez, Noemi Flores, Adelfo Escalante, Guiller-
mo Gosset and Francisco Bolivar. Engineering Escherichia coli to over-

produce aromatic amino acids and derived compounds. Microbial Cell
Factories, 13:126, 2014.

= Alberto Rodriguez, Juan A. Martinez, José L. Baez-Viveros, Noemi Flores,
Georgina Hernandez-Chavez, Octavio T. Ramirez, Guillermo Gosset and Fran-
cisco Bolivar. Constitutive expression of selected genes from the pen-
tose phosphate y aromatic pathways increases the shikimic acid yield
in high-glucose batch cultures of an Escherichia coli strain lacking
PTS and pykF'. Microbial Cell Factories, 12:86, 2013.
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5.3.2. Trabajo de apoyo a docencia y desarrollo profesional

de estudiantes.

Durante el tiempo de este trabajo también se realizaron apoyos a docencia me-
diante la coordinacién y la imparticion de parte del temario del curso de “Introduc-
cion a la Ingenieria de vias metabdlicas”. Ademas, se apoy?d a la conceptualiza-
cién, desarrollo y realizacién de la tésis de licenciatura del alumno David Rodriguez
Lozada bajo el titulo:” Efecto de la expresién del gen de hemoglobina de Vi-
treoscilla stercoraria en el metabolismo y produccion de shikimato de la
cepa sobreproductora Escherichia coli PB12.AR36” durante el 2015.

5.3.3. Colaboraciones con revistas indexadas, industria y apo-

yo a actividades de investigacion.

Durante el tiempo del trabajo de doctorado se participé ademas en un proyecto
CONACYT de desarrollo y transferencia de tecnologia con una empresa instalada
en el valle de México bajo un proyecto PROINNOVA, dentro del cual participé el
grupo del Dr. Agustin Lépez-Munguia en el ano 2016. Dentro de este proyecto el
M.C. Juan Andrés Martinez participé como responsable de investigacién por parte
de la compania y siendo el enlace para el desarrollo de las secciones correspondientes

al proyecto en el Instituto de Biotecnologia de la UNAM.

Ademas, el M.C. Juan Andrés Martinez participa como revisor activo de la revista
internacional indexada “Ciencias y Tecnologias del Agua” perteneciente al “Instituto
Mexicano de Tecnologias del Agua” y fue invitado a pertenecer al comité editorial
durante el periodo 2015-2018.
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Abstract

Background: Classic metabolic engineering strategies often induce significant flux imbalances to microbial
metabolism, causing undesirable outcomes such as suboptimal conversion of substrates to products. Several
mathematical frameworks have been developed to understand the physiological and metabolic state of production
strains and to identify genetic modification targets for improved bioproduct formation. In this work, a modeling
approach was applied to describe the physiological behavior and the metabolic fluxes of a shikimic acid
overproducing Escherichia coli strain lacking the major glucose transport system, grown on complex media.

Results: The obtained flux distributions indicate the presence of high fluxes through the pentose phosphate and
Entner-Doudoroff pathways, which could limit the availability of erythrose-4-phosphate for shikimic acid production
even with high flux redirection through the pentose phosphate pathway. In addition, highly active glyoxylate shunt
fluxes and a pyruvate/acetate cycle are indicators of overflow glycolytic metabolism in the tested conditions. The
analysis of the combined physiological and flux response surfaces, enabled zone allocation for different physiological
outputs within variant substrate conditions. This information was then used for an improved fed-batch process
designed to preserve the metabolic conditions that were found to enhance shikimic acid productivity. This resulted in
a 40% increase in the shikimic acid titer (60 g/L) and 70% increase in volumetric productivity (2.45 gSA/L*h), while
preserving yields, compared to the batch process.

Conclusions: The combination of dynamic metabolic modeling and experimental parameter response surfaces was
a successful approach to understand and predict the behavior of a shikimic acid producing strain under variable
substrate concentrations. Response surfaces were useful for allocating different physiological behavior zones with
different preferential product outcomes. Both model sets provided information that could be applied to enhance
shikimic acid production on an engineered shikimic acid overproducing Escherichia coli strain.

Keywords: Metabolic modeling, Central carbon metabolism, Response surface analysis, Cybernetic modeling,
Shikimic acid

Background
The aromatic amino acid pathway (AAAP) branches

and plants. The AAAP is responsible for the produc-
tion of aromatic amino acids and aromatic vitamins.

from the central carbon metabolism (CCM) by the
aldolic condensation of erythrose-4-phosphate (E4P) and
phosphoenolpyruvate (PEP), being present in bacteria
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As a consequence, it is an essential and highly reg-
ulated pathway [1, 2]. AAAP intermediates and final
compounds play important roles in the pharmaceuti-
cal and food industries, either as raw materials, addi-
tives or final products [3-9]. Among them, shikimic
acid (SA) can be used as an enantiomeric precursor to
produce valuable biological molecules such as antipyret-
ics, antioxidants, anticoagulants, antithrombotics, anti-
inflammatories, analgesic agents, antibacterial, hormonal

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0

K BMC

International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver

(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.



Martinez et al. BMC Systems Biology (2018) 12:102

or antiviral compounds [8, 9]. SA was at first pro-
duced from the seed of the Chinese star anise plant
Lllicium verum, employing classic extraction processes
with yields of only 30 mg/Kg approximately [10-12].
For this reason, over the past years, many studies concern-
ing SA production have focused on recovery technologies,
chemical synthesis methods and biotechnological produc-
tion using different microorganisms [9, 13, 14]. The latter
resulted in many genetically engineered strains that pro-
duce SA at laboratory and industrial scales with relatively
high yields (between 40—50% mol/mol), but still far from
the theoretical maximum (86% mol/mol) [2, 9, 13-15].

Although classic metabolic engineering (ME) allows
flux redirection in a biochemical network into valuable
compounds by genetic manipulation, it often induces sig-
nificant flux imbalances to the CCM that may cause unde-
sirable outcomes. These imbalances can disrupt precursor
availability and energy balances, causing the accumula-
tion of pathway intermediates and unwanted byproducts,
reducing strain fitness and product yields [16]. These
imbalances derive from alterations to the complex con-
nectivity of biological information networks (genome,
transcriptome, proteome, and metabolome) [17, 18].
Therefore, there is an increasing interest into a more
global and detailed understanding of the metabolic and
regulatory network changes imposed by different genetic
modifications or process conditions in various production
systems. In recent years, mathematical models, advances
on informatics and the availability of big and more pre-
cise omics data sets have proved useful to resolve and
clarify the complex network interactions and system
characteristics [19-22].

To mathematically model metabolism, a metabolic net-
work must be assembled with sufficient detail and curated
from genomic data to be represented as a matrix of
equations, including all available stoichiometric, ther-
modynamic and kinetic data. Given the complexity of
microorganisms, the parameter sets required to describe
the networks for genome-scale models are quite large
and require informatically-intensive modeling approaches
[23]. Most of the constructed metabolic models use mass
balances and assume pseudo-steady state conditions to
solve the highly undetermined linear equation systems
and render a convex space, which contains all the pos-
sible solutions for the system. This solution space then
must be narrowed with experimental data and some other
assumptions to acquire a meaningful and useful solution
[18, 19, 21, 24]. Different approaches have been devel-
oped to find the most meaningful solution, such as
mechanism-based, interaction-based and the constraint-
based methodologies. The latter, are the most commonly
used for their capability to render useful flux distributions,
even with relatively small amounts of information [20, 23].
Nevertheless, a challenging ground for models still exists
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for high-throughput data acquisition and interpretation
when non-defined cultivation media and dynamic pro-
cesses are used. The challenges and achievements within
this field can be consulted elsewhere [20, 21, 25-31].
Regarding SA production with E. coli, few modeling
studies could be found in the literature. Chen et al. (2011)
[32] used a constraint-based analysis with flux balance
analysis (FBA), assumed no growth and used SA as the
objective function, to design modifications for the over-
production of AAAP intermediates. The model identified
aroF, tktA, ppsA and glf genes as candidates for over-
expression. As well, suggested the inactivation of ldhA
and ackA genes to avoid carbon waste through lactate
(LA) and acetate (AC) fluxes. These genes and nodes
are in accordance to other reports on AAAP interme-
diate production [2, 5, 7, 14]. Nevertheless, this model
also identified the non-evident zwf gene as critical for
redirection of the carbon flux into E4P on the AAAP.
Its overexpression resulted in an increase of 47% molar
conversion of glucose (GLC) to aromatic intermediates
[32, 33]. Similarly, Ahn et al. (2008) [34] constructed a
model for maximizing SA production from GLC high-
lighting the importance of CCM genes like tktA and
zwf, although growth or maintenance requirements were
not considered. Rizk and Liao (2009) [35] used ensem-
ble modeling, a mechanism-based approach, to identify
tktA as the first-rate controlling step, founding that the
ppsA gene can only augment production of aromatic
intermediates when tktA is simultaneously overexpressed.
There still are several challenges that must be addressed
regarding model construction and implementation. For
example, models are often limited by specific assump-
tions, defined conditions and are performed primarily
under stationary constraints. Importantly, the assumption
of stationary state provides only limited information on
the dynamic properties of the system or network regula-
tion. These limitations can result in some contradictions
to real cell behavior under changing conditions, given by
the existence of complex regulatory mechanisms modify-
ing metabolic fluxes. New models and tools accounting
for more complex solutions and on dynamic conditions,
would result in a better understanding of cell behav-
ior and produce new insights for strain and bioprocess
design. On the other hand, for E. coli strains constructed
for SA production, most of the work done has been
focused on testing and improving expression platforms,
genetic backgrounds, including the use of strains lacking
the main phosphoglucotransferase transport (PTS), which
lack catabolite repression and can redirect part of the car-
bon flux in to the production of aromatic compounds
[2,5,7,9, 33, 36], and culture strategies using traditional
engineering approaches. Only few studies have focused
on metabolic modeling to better understand and engineer
SA overproduction at a more global level. Even less has
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been done on modeling production strains under com-
plex media or on dynamic conditions, which are critical
considerations for further process improvement. Here, a
dynamic modeling approach of the physiological behavior
and the dynamic metabolic flux distributions for an engi-
neered E. coli strain is presented. The results were useful
for strain behavior characterization and SA productivity
enhancement on variable complex media compositions.

Results
Physiological characterization, parametrization and
modeling of strain AR36 on variant substrate conditions
Figure 1 depicts the results from the 9 experimental
design fermentations with the central point done by trip-
licate along with constructed physiological models (see
“Methods” section). Central experimental condition
(100:30 GLC:YE g/L) average parameters and deviations
are summarized in Table 1. The standard deviations show
relatively low values in accordance to experiments using
yeast extract (YE) from three different batches. The largest
standard deviations corresponded to final SA produced
([SA]f), final consumed GLC (A[GLC]) and the expo-
nential consumption rate (qﬁxp ) Nevertheless, the aver-
aged model depicts a fair agreement with data as can
be observed in Fig. 1. The observed behavior and statis-
tical data proved that the logistic models were suitable
to describe and parametrize the consumption of GLC
and production of SA in strain AR36, within the bound-
aries of the experimental design. Statistical validation and
accuracy of the models are presented in Additional file 1.
With the parameters obtained, three-dimensional
response surfaces were constructed (Fig. 2 and “Methods”
section). Maximum biomass (X,,y) response surface
(Fig. 2a) shows only small increases with higher GLC
concentrations at similar amounts of YE. A[GLC]
response surface (Fig. 2b) depicts that GLC consumption
increases proportionally with higher starting GLC and YE
concentrations. This is especially observed under high
GLC concentrations, where at least ~40 g/L of YE are
required for complete exhaustion of more than ~110 g/L
of GLC. Regarding final SA concentration ([SA]y), surface
morphology is similar to the consumed GLC surface, but
exhibits a maximum critical point at 110:40 g/L. GLC:YE
initial concentrations (Fig. 2c). For kinetic parameters,
GLC consumption rate at exponential phase (qgfcp ) shows
a saddle type behavior on its response surface (Fig. 2e).
This morphology is characterized by the existence of a
maximum critical point for GLC and a simultaneous min-
imum for YE, found at 96 g/L and 37 g/L concentrations,
respectively. These results suggest that cellular responses
to GLC concentrations lower than =75 g/L (increasing
consumption) or higher than ~100 g/L (decreasing
consumption), may be occurring in strain AR36. Surfaces
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also showed that q:,;ccp highest values are found at lower
concentrations of YE and GLC and the lowest rates under
high concentrations of initial GLC. For the SA exponential
production rate (qﬁjfp ) surface, a tendency to increase
towards lower initial [YE] was found, with an up to 50%
decrease when more than 40 g/L of YE are utilized (Fig. 2e
and f). The growth rate (i,45) displays a minimum crit-
ical point on 105:21 g/L GLC:YE initial concentrations
(Fig. 2k) with the highest values found towards lower
[GLC] in combination with higher [YE]. Finally, the AC
production rate (qf;ép ) shows a tendency to present higher
values as [YE] and [GLC] increase (Fig. 2i) and could be
responsible for reducing biomass and SA production rates
as the AC highest rates were found above ~40 g/L [YE]
and ~110 g/L GLC. In summary, all the specific rates at
exponential phase suggest an allocation of rate maximiza-
tion zones or quadrants on the experimental design as
follows: at high [GLC] and high [YE] concentrations AC
production is predominant, at low [GLC] and high [YE]
concentrations biomass production is predominant, at
high [GLC] but low [YE] concentrations SA production is
predominant and finally at lower concentrations of both
substrates a more balanced growth and production of all
final products is to be found (Fig. 2).
At the stationary phase, a reduced metabolic activity
on all consumption and production rates was observed.
gﬁf surface (Fig. 2g) tends to have larger values on higher
initial concentration of substrate sources (GLC and YE).
The SA stationary production rate (¢55) surface (Fig. 2h)
reveals a tendency to increase towards low GLC with high
YE initial concentrations, showing an opposite behavior
than ¢% (Fig. 2j). Their surface analysis helps to allocate
predominant stationary phase output zones as follows.
A SA production zone found above an imaginary diag-
onal line cutting the experimental design area from low
initial concentrations of both substrate sources to high ini-
tial concentrations and a predominantly AC production
zone found below this imaginary diagonal. It should be
also noted that zone preferences on stationary phase are
found on opposite sides respective to the allocated ones
on the exponential phase. More so, SA specific produc-
tion rates observed at higher initial [YE] and lower initial
[GLC] conditions seem to have smaller variations between
phases and AC specific production rates seem to vary less
on low initial [YE] high initial [GLC] conditions.

The descriptive viability of the constructed response
surfaces was validated by performing fermentations
using three conditions not included in the experimental
design (75:20, 80:40 and 115:45 GLC:YE initial condi-
tions). Figure 3 shows the results for the logistic growth
model and the consumption/production integrated mod-
els rendered with the surface calculated parameters:

exp exp £
Xinazr Mo Qg » sa > gl?,quz“ and SAgy,, parameters. As
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Fig. 1 Physiological model approximation to each point of the experimental design

it can be seen, all models follow the experimental data  experiment, probably due to the contribution from YE
with good agreement. The largest observable deviation to SA production. In addition, mathematical assessment
is on the maximum SA achievable on the 80:40 GLC:YE  of the validation was performed by a set of descriptive
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Table 1 Average parameters and estimated standard deviations from the central point in the experimental design

Xmax AGLO  [SAlr ATy w 9 9o i g Yos Vo Goc el

lo/L] lo/L] lo/L] lo/L] h="] lo/Lh] lo/Lh] lg/Lh] lo/Lh] [9/9] l9/9] [o/Lh] lo/Lh]
Mean 1280  99.82 3280 924 058 1.24 035 045 0.13 0.36 076 052 0.50
o? 077 477 813 095 0.12 048 0.09 0.19 0.08 0.03 0.16 0.19 0.19
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and inferential statistical comparisons between the mod-
eled data and the experimental results. Error percentage
was obtained by ratio of quadratic sums and presented
values from 0.14 to 0.91 for biomass comparisons, from
0.04 to 0.08 for GLC and from 0.04 to 0.26 for SA, sug-
gesting a relatively small deviation between experimental
and modeled data along the fermentation. R? values were
found between 0.96 and 0.99 for all three curves with per-
centile deviations from the expected slope (SPD) values
lower than 1% and p-values below 0.05. These statisti-
cal values and the depicted models from Fig. 3 show that
the models constructed by the surface predicted param-
eters can render comprehensively good representations
for biomass, GLC and SA for initial conditions within
the range of the experimental design. Surface predicted
parameters were also validated by comparison with the
ones calculated directly from experimental data. Table 2
shows the experimental and modeled parameters for all
validation experiments and the average error calculated.
The individual experimental error between predicted and
calculated parameters can be found on Additional file 1.
[AC]p presented the highest error, probably because in
experiments with high initial [GLC] and [YE] no AC was
produced on stationary phase and surfaces constructed
with the polynomial equation cannot properly render
these behavior values. q;ip and Y,/s also had relatively
high errors above 10%. This may be related to the contri-
bution of YE since it does not only contains the aromatic
amino acids needed for growth, but also other amino acids
and some carbohydrates that could contribute to some of
the previously discussed effects. However, the two-tailed
t-student test for the comparison of experimental and
modeled parameters validated all parameters as similar,
with p-values over 0.05. This means that the predicted
values can be used within reason to compare and study
the behavior of AR36 under the limits of the experimen-
tal design and that the constructed surfaces can be used
to obtain further insights on cell behavior. Parameter data
and statistical values for all experiments can be found on
Additional file 1.

Dynamic Flux Metabolic Modeling of AR36 strain on
variant substrate conditions

To get further insight into these different output zoned
behaviors, dynamic flux models were constructed. It is
evident that AR36 strain regulation showed no linear bor-
ders and contributions between predominant outcomes.
Since data on internal fluxes, constraints on regulation
or other kinetic data were not available, a cybernetic
modeling approach was used (See “Methods” section).
The simplified metabolic network used for the metabolic
models is depicted on Fig. 4, names of reactions will be
referred onward as indicated in this figure. The complete
description of the reactions can be found on Additional
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Table 2 Experimental vs Response surface predictions and statistical values calculated from fermentations used for model validation

initial GLC:.YE g/L 75:20 80:40 115:45 %Error
Exp. Model Exp. Model Exp. Model Average

Max biomass lo/L] 930 840 1430 1603 19.76 1805 7.8
Consumed GLC [g/L] 70.03 70.70 80.11 78.19 115.76 113.84 1.18
Final SA lo/U 24.62 2213 33.19 26.62 31.84 3296 7.88
Final AC [o/L] 525 645 0.00 0.85 490 873 3570
Hmax h="] 062 073 078 077 055 065 856
ae [g/Lh] 0.89 117 0.93 0.97 073 0.99 17.03
ged [g/Lh] 036 042 032 028 024 024 7.35
a5 [g/Lh] 033 032 038 039 041 042 207
gl [g/Lh] 0.15 0.13 0.18 018 0.15 0.15 2.88
Vs lo/9) 041 036 035 0.29 0.34 0.23 14.49
Ypx [9/9] 059 059 042 038 044 038 568

file 2. Calculations over this network resulted in dynamic
models which followed the extracellular experimental
data points with good agreement in all cases, as shown in
Fig. 5. It should be noted that in this case, even the behav-
ior of AC could be accurately described. The main char-
acteristics of the common AC profile for fermentations
start with an AC production section until approximately
the middle of the exponential growth phase, only to be
completely consumed in almost all fermentations towards
the end of growth. A second AC production section starts
at the stationary phase on all experiments except for the
ones with 75:30 and 75:45 g/L GLC:YE initial conditions.
For the models, values between 0.15 to 2.28% error were
found for biomass approximations, from 0.56 to 2.3%
error for GLC, from 0.25 to 4.19% error for SA profiles
and 0.35 to 10.53% error for AC models in comparison
to experimental data. All R? from Pearson linear regres-
sions were found to be above 0.9 and their significance
p-values were all found to be below 0.05. Regarding SPD,
the highest values were found for GLC and AC profiles.
Specifically, a 21% deviation was found for GLC in the
100:15 condition, where the model presents higher GLC
consumption at the last part of the fermentation com-
pared to the experimental values. As it can be seen on
Fig. 5, on this particular condition model almost exhaust
GLC but experiment presents a final GLC value of 156
mM, which means that model over estimates GLC con-
sumption on this particular condition. In comparison, in
all other cases, models tend to underestimate the con-
sumption rate on the last part of the fermentations with
values ranging from 1.07 to 19% SPD, where the high-
est deviations corresponded to fermentations with greater
initial YE concentrations. On that regard, on 75:15 g/L
the previously observed underestimation of consumption
rates at late stationary phase for the other experimental
design conditions could mean that GLC may be exhausted

on a time prior to the model estimations. Regarding AC,
SPD deviations ranged from 1.31 to 9% in all cases, except
for 100:30 and 100:45 where values where 21 and 42%
respectively. For the 100:45 condition, this overestimation
is due to the error in the AC peak found on mid exponen-
tial phase and to the lack of AC production in stationary
phase. These large deviations can be explained by taking
into account that YE contribution was simplified to only
consider it as a biomass precursor and to provide simul-
taneously glutamate (GLU), alanine (ALA) and aromatic
amino acids (taken as one individual metabolite). Never-
theless, the mathematical values along with the observed
model behaviors depicted on Fig. 5 suggest that the mod-
els constructed are viable approximations to the observed
strain behavior under the experimental conditions. All
statistical data on the dynamic flux models are available in
Additional file 1.

Calculated fluxes were normalized against GLC con-
sumption derived fluxes for their analysis and surface
construction on three different fermentation stages: ini-
tial exponential (IEx), mid exponential (MEx) and mid
stationary (MST). I[Ex and MEx presented highly simi-
lar behaviors, so their description is similar and only IEx
surfaces were addressed. However all surfaces and con-
tour plots for all reactions and time sets can be found in
Additional file 3.

Central carbon metabolism flux distribution behavior during
growth

Selected CCM genes related to IEx flux response sur-
faces are presented in Figs. 6 and 7. Glycolytic surfaces
under growth conditions show the same morphology from
glucose-6-phosphate (G6P) to PEP reactions, a saddle
critical point with greater relative fluxes at low GLC ini-
tial conditions. Pgi (Fig. 6a), Pfk and Fba flux surfaces
describe the same morphological behavior as GalP and
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Fig. 5 External metabolite model results from internal model flux computations for each point of the experimental design

Glk flux surfaces, but have smaller values than expected,
accounting for only &6 to 25% of the flux relative to
Glk (Additional file 3). This means that the majority of
the flux is predicted to enter the oxidative reactions of
the pentose phosphate pathway (PPP) by G6Pdh coded

by zwf and the 6-phosphogluconolactonase (Pgl). G6Pdh
presents relative flux values from ~75 to 95% (Fig. 6e)
and its morphology presents the inverse features than Pgi,
which presents greater relative flux values at higher [GLC]
and [YE] initial conditions. High relative flux values of



Martinez et al. BMC Systems Biology (2018) 12:102

Page 10 of 26

YE [giL]

i i T T = T

100 110 120 j 80 90 100 110 120

d 80 o0 100 110 120

100 110 120 I 80 80 100 110 120

. 2 "
80 20 100 110 120 80 90

GLC [g/L]

e G6Pdh, f Gnd, g PGdh, h TktA 1, i TktA 2, j DAHPs, k PckA, 1 Ppc

GLC [g/L]

Fig. 6 Response surface contour plots for the estimated internal fluxes at IEx (% Flux relative to GLC consumption). a Pgi, b GapA, € PykA, d LpdA,

100 110 120 80 80 100 110 120
GLC [grl]

75 to 88% were found for reactions from glyceraldehyde-
3-phosphate dehydrogenase-A (GapA) (Fig. 6b) and
the following Embden-Meyerhoff-Parnas pathway (EMP)
reactions towards PEP. Their surfaces have a simi-
lar morphological behavior as the upstream glycolytic
fluxes but with higher values, suggesting that even with
small Pgi flux distributions, high total conversion rates
of glucose to PEP can still be present. Also, the flux

distributions calculated on the 6-phosphogluconate dehy-
drogenase(Gnd)/phosphogluconate dehydratase (PGdh)
node, showed relative flux values from ~75 to 94%
going through the Entner-Doudoroff pathway (EDP)
(Fig. 6f and g respectively). This suggests that most
of the carbon flux going through to the oxidative PPP
is redirected towards glycerol-3-phosphate (G3P) and
pyruvate (PYR).
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Pgl, Gnd, PGdh and 2-Keto-3-deoxy-6-phosphogluconate
aldolase (KDPGa) flux surfaces show the same mor-
phology as G6Pdh, a marked tendency of maximiza-
tion towards higher initial [YE] (Fig. 6 e—g). In these
conditions, the maximum biomass production zone was
found that is in agreement to the previously observed
high oxidative PPP flux distribution. They also show the

inverse morphology than the EMP fluxes surfaces, as they
are expected to compete for carbon skeletons. Regard-
ing the non-oxidative reactions of the PPP, transketolase
I (TktA) and transaldolase (Tal) flux surfaces (Fig. 6h)
display low relative flux values (=6 to 8%). Their sur-
face morphology shows a tendency to increase towards
lower initial [YE]. TktA surface representing the fraction
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of carbon being redirected from EMP towards the non-
oxidative branch of PPP, shows values ranging from =
12 to 16% (Fig. 6i). These non-oxidative branch reac-
tions are responsible for the E4P formation and present
combined flux values from & 18 to 24%, which matches
the predicted flux being redirected toward SA produc-
tion by the 2-dehydro-3-deoxyphosphoheptonate aldolase
(DAHPs) during growth (Fig. 6j). An interesting con-
sequence is that up to x72 to 90% of flux modeled
is going through the pyruvate kinase II (PykA) related
reaction (Figure 6¢), meaning that the majority of PEP
is probably being converted to PYR. Phosphoenolpyru-
vate carboxylase (Ppc) surface shows the same morphol-
ogy described by the glycolytic genes (Fig. 6l), indicating
that on low [GLC] and low [YE] conditions, glycolytic
metabolism is favored. Meanwhile, Phosphoenolpyruvate
carboxykinase (PckA) (Fig. 6k) presents a tendency to
increase flux towards low initial [YE] conditions. PckA
and Ppc fluxes presented values ranging from ~31 to
41% and ~0 to 30%, respectively. Their simultaneous
flux, suggests the existence of an ATP consuming futile
cycle.

The high inflow to PYR is probably caused by the
high EDP and PykA relative fluxes and increased even
further by a high malic enzyme carbon reincorpora-
tion from the Tricarboxylic Acid Cycle (TCA), account-
ing for ~28-38% from the NADPH dependent enzyme
(MaeB) (Fig. 71) and ~0-30% from the NADH depen-
dent (MaeA). In the model, PYR can also be produced
from YE-derived ALA conversion by alanine D-amino
acid dehydrogenase (DadA) reaction. On the other hand,
for PYR conversion to acetyl coenzyme-A (ACCOA),
the reaction was attributed to pyruvate dehydrogenase
(LpdA). This reaction showed relatively small values, from
~28-42% of relative flux (Fig. 6d) compared to pyruvate
oxidase (PoxB), which presented fluxes towards AC cal-
culated to be between ~176-186% during growth phase
(Fig. 7e). It is noticeable that for AC production, no con-
straint was imposed for flux preference on either acetate
kinase (AckA), acetyl-CoA synthetase (Acs) and PoxB
reactions and the model renders consumption over the
reversible (AckA) since it is energetically favorable com-
pared to Acs (Fig. 7c—e). Surfaces for extracellular AC
export and import fluxes for AR36 (ActPout and ActPin)
show greater export rates with higher initial YE concen-
trations. This could be attributed to the introduction of
carbon to the CCM through ALA and GLU consump-
tion (Fig. 7a and b), but can also be extended to other
YE-derived amino acids catabolized through TCA not
included on the model. On the other hand, the import
of AC presents a maximization tendency towards low
initial [YE] with relative flux values between ~ 90 to
115%. To clarify the node distribution around PoxB, an
AR36ApoxB strain was constructed and cultured under
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high [GLC] and high [YE], conditions that maximize AC
production according to the response surfaces. Interest-
ingly, the initial AC concentration peak observed in all
previous experiments was not detected in this case with
the mutant strain (Additional file 4). Furthermore, the
final AC concentration was significantly lower compared
to AR36 on similar fermentation conditions. This sug-
gest that PoxB could be indeed the main contributor to
AC production in the AR36 PTS™ strain [2, 33, 36-38].
The AR36ApoxB cultures also showed lower growth
rates (0.21 h™!) and lower exponential GLC consump-
tion rates (0.61 g/gh) (Additional file 4). This may indicate
that its inactivation could be causing PYR accumula-
tion and less ATP generation via the electron-transfer
chain [39].

Regarding TCA behavior, the gita coded citrate syn-
thase (Csyn) reaction presents relative flux values from
~56 to 75% (Fig. 7f). As expected aconitase (Acn) reac-
tion (Additional file 3) presents the same behavior as the
Csyn reaction and both present the inverse morphological
features compared to the AC producing surfaces. Con-
versely, the following reaction by isocitrate dehydrogenase
(IcdA) seems to not be sending carbon flux down TCA.
On the contrary, its reversible reaction is found, transport-
ing the small excess of GLU derived from YE consumption
towards isocitrate (ICIT) (Fig. 7g). The isocitrate lyase
(Icl) and malate synthase (Msn) from this pathway, hav-
ing relative fluxes values accounting from ~60 to 82%
of relative flux (Fig. 7h), and present the same surface
morphology as the TCA carbon uptake Csyn flux sur-
face. On the other hand, 2-ketoglutarate dehydrogenase
(KGdh) and succinyl-CoA synthetase (SucCD) complexes
seem to be catalyzing very small amounts of flux towards
succinate (SUC) (Fig. 7i). Calculations for the glutamate
dehydrogenase (Gdh) show relative fluxes between ~3.1
to 3.7%, suggesting only small input by [YE] compo-
nents into TCA and apparently processed mainly by IcdA.
This means that SUC, is mostly produced by the glyoxy-
late shunt pathway (GSP) and subsequently catalyzed to
malate (MAL) by the succinate dehydrogenase complex
(SdhABCD) (Fig. 7j) and the fumarase (Fum). Their sur-
faces share the morphological characteristics of the Csyn
and the GSP surfaces. In consequence, the malate dehy-
drogenase (Mdh) reaction exhibits higher relative flux
values, from ~85 to 1125% (Fig. 7k) as it also assim-
ilates ACCOA carbon derived from the Msn reaction
on GSP.

Surface morphologies suggest the allocation of different
predominant extracellular production zones at the expo-
nential growth phase. A SA production predominance
flux zone is found at low initial [YE] and as the initial
[GLC] diminishes a more balanced production towards
biomass and SA is found. This follows up to the pre-
dominant region for biomass found at low initial [GLC]



Martinez et al. BMC Systems Biology (2018) 12:102

conditions. Finally, a clear AC predominant production
zone is found at high initial [GLC] and [YE].

Central carbon metabolism flux distribution behavior after
the growth phase

Asin IEx and MEx phases, a high flux distribution towards
the PPP was found for the MST phase, presenting about
97-108% relative flux through G6Pdh and Pgl (Fig. 8e).
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Both oxidative PPP reactions presented a marked mini-
mization morphology towards low initial [GLC] and high
[YE] initial concentrations and depicting decreasing ring
like border lines. In contrast to the exponential phase,
Gnd reaction shows values of relative flux from ~40 to
100% (Fig. 8f), whereas its competing PGdh accounts for
~0-70% of relative flux towards EDP. Both morphologies
present inverse behavioral surface features, as observed
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Fig. 8 Response surface contour plots for the estimated internal fluxes at MSt (% Flux relative to GLC consumption). a Pgi, b GapA, ¢ PykA, d LpdA,
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on Fig. 8e and f. Interestingly, PGdh surface has the same
max region on its morphology as G6Pdh surface, suggest-
ing that excess flux could be still being processed by the
EDP. Gnd surface morphology depicts a ringed type ten-
dency with greater values towards initially low [GLC] and
high [YE] experimental conditions (up-left corner of the
experimental design). As expected, TktA reaction towards
the non-oxidative PPP (Fig. 8h) and Tal reactions, exhibit
the same behavior as the flux through Gnd surface and
become greater contributors to the production of E4P
and F6P. The latter enters the glycolytic EMP and it is
mostly redirected down the glycolytic pathway through
Pfk and Fba reactions with a relative fluxes of ~10-55%.
They also show a ringed surface morphology that tends
to maximize towards low [GLC], high [YE] initial con-
ditions. In fact, this morphology was observed through
all following glycolytic reactions towards PEP formation
and present values from ~90 to 99% (Fig. 8b). Interest-
ingly, the model renders a small (*0-9%) unexpected flux
distribution of carbon through Pgi (Fig. 8a), redirecting
F6P to G6P, just to be consumed again through G6Pdf
on almost all the experimental design area. Consequently,
Pgi presents only a small flux in the standard G6P to F6P
direction at low [GLC] and high [YE] initial conditions
corner, representing only ~0-2%.

On the PEP node reactions, the phosphoenolpyruvate
synthase (PpsA) reaction is non-existent, suggesting no
gluconeogenic flux from PYR towards PEP is obtained
in any condition. To the same extent, PckA reaction cat-
alyzing carbon flux from oxaloacetate (OA) towards PEP
is quite low with relative fluxes between ~0-5% and
only being present under high [YE] initial conditions
(Fig. 8k). On the other hand, its counterpart reaction
Ppc shows ~0-50% relative flux values, depicting inverse
surface morphology features compared to the PckA sur-
face, maximizing towards low initial [YE] conditions and
towards higher [GLC] and also with a ringed behavior
(Fig. 8l). Subsequently, PEP consumption by PykA and
DAHPs presented the same ringed maximization ten-
dency towards low initial [GLC] and high [YE] conditions
as observed on the glycolytic surfaces. In contrast to the
observations made under growth conditions, both of these
fluxes have an equilibrated flux distribution along their
surfaces with values between ranging between ~15-55%
(Fig. 8¢ and j), probably because of the higher E4P pro-
duction on the PPP. These reactions compete with the
AC production reactions, in specific with PoxB, which
exhibits higher relative flux values as higher initial [GLC]
and lower initial [YE] conditions are set on fermenta-
tion (Fig. 9e). Therefore, presenting the inverse surface
morphological behavior compared to PykA and DAHPs
surfaces. This may be explained as on higher initial con-
centrations of [YE] more biomass is produced and there-
fore more [GLC] is consumed by the start of stationary
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phase, which means that less [GLC] is expected at this
time and therefore, metabolic overflow is expected to
be lower. The export modeled transport reaction follows
PoxB flux surface behavior (Fig. 9a) as it is observed to be
again the main AC producing reaction. On the other hand,
import reaction presents almost ~0 flux values on low
initial [YE], with consumption of extracellular AC only
towards the low [GLC] with high [YE] initial conditions
corner (Fig. 9b). These results suggest that the futile car-
bon cycling on the AC pathways is found on this stage only
under high [YE] conditions [2, 33, 36-38, 40].

Regarding TCA and GSP, their surfaces exhibit ringed
type maximization or minimization morphologies
towards the upper left corner of the experimental design.
Specifically, Csyn and Acn reactions present ~54 to 70%
relative fluxes with the minimization morphology behav-
ior towards low [GLC] and high [YE] initial experimental
conditions corner (Fig. 9f). The GSP fluxes follow the
same morphological behavior along the experimental
design (Fig. %h).

In contrast to the growth phase, IcdA, KGdh and SucCD
reactions present flux directions towards GLC oxidation
on all the experimental area, with relative fluxes between
~10 to 55% (Fig. 9g, i, j), and with its surface morphology
maximizing towards low [GLC], high [YE] initial condi-
tions. SdAhABCD and Fum follow the same behavior of
the Csyn surface. In addition, as higher fluxes are pulled
through the TCA, higher is the MaeB reaction flux which
competes with Mdh (Fig. 91 and k respectively). Their sur-
face morphology suggest carbon skeleton recycling from
PYR, flowing through AC pathways and into TCA to PYR
again. This behavior is found under high [GLC] substrate
conditions with higher metabolic flux saturation zones.

The dynamic cybernetic model on this phase showed
two predominant production zones. The observations
made by the dynamic flux models allocate a SA produc-
tion zone above an imaginary diagonal line, cutting the
experimental design area from low to high initial substrate
concentration, and a predominantly AC production zone
was found below the same imaginary diagonal, in accor-
dance to the physiological models surface allocations.

Bioprocess design for SA productivity enhancement on
strain AR36

To assess the utility of the previously described mod-
els and considerations towards SA production enhance-
ment, a fed-batch fermentation process was performed
with initial conditions of 80 g/L and 40 g/L initial [GLC]
and [YE] . Surfaces revealed higher growth rates have
been found under high [YE] and low [GLC] conditions
(Fig. 2k). Under these conditions there are also zones with
lower final AC production and mid range SA production,
and high biomass production (Fig. 2¢, d and a) for the
final metabolic outputs. Although maximum SA titer was
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found near 110:40 GLC:YE condition in batch mode, this
also results in higher AC production and lower consump-
tion rates and yields on the stationary phase which result
on incomplete substrate exhaustion (Fig. 2¢, d, h and g).
In contrast, higher SA production, higher GLC consump-
tion and lower AC production rates on stationary phase
are found (Fig. 2h, g and j) near 80:40 GLC:YE conditions.
Therefore, with these initial conditions, biomass n with
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high rates are expected on the exponential phase without
compromising stationary phase SA production and GLC
consumption capabilities. This is supported also by the
flux surface analysis, on the 80:40 GLC:YE initial condi-
tions on stationary phase where relative fluxes are found
to enhance SA acid production and GLC consumption,
marked by the maximizing tendency for the reactions Pgi,
GapA, PykA, Gnd, TktA, DAHPs and PckA (Fig. 8a, b, ¢, f,
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Fig. 9 Response surface contour plots for the estimated internal fluxes at MSt pt2 (% Flux relative to GLC consumption). a ActPout, b ActPin, € AckA,
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h, i, j and k). Also, in these selected conditions, lower val-
ues for relative fluxes were found for the reactions G6Pdh,
PGdh and Ppc (Fig. 8e, g and 1). This suggests that under
the selected conditions less flux is sent towards the EDP
and more is redirected to E4P through Gnd and TktA on
the stationary phase. In fact the data indicate an ~ 50%
carbon flux redirection towards SA and the rest through
lower glycolytic reactions by PykA and LpdA. Further-
more, consumption of AC fluxes will be maximized under
this phase as seen on the relative flux surfaces for Act-
Pin and AckA and lower AC production by PoxB (Fig. 9b,
¢ and e). Therefore, higher fluxes are expected for GLC
consumption and SA production, along with low AC pro-
duction for the stationary phase. These conditions where
then chosen even with the trade off with the exponen-
tial phase which presents higher GLC consumption flux
rates for GalP (Fig. 10a) with high biomass production
fluxes (Fig. 10b) and where SA production is not maxi-
mized. SA production on stationary phase presents higher
values for DAHPs relative fluxes at lower initial [GLC]
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concentrations (Fig. 6j). Nevertheless, flux rates for SA
production reactions (DAHPs) presented medium range
values within the experimental region (Fig. 10c).

As mentioned, fed-batch operation was designed to
favor the biomass preferential production during growth
phase and then use the SA production preferential
zone during no-growth conditions. The hypothesis was
that this would help to stabilize the flux distributions
described on the modeled surfaces and therefore main-
tain yields with higher process productivity as more cells
would be present. Upon ending the feed, a stationary or
non-growth phase would in theory be expected to show
similar physiological and flux distribution behavior as
described by the stationary modeled response surfaces
and in this way enhance SA production with control-
ling AC production at high yields and process substrate
conversion. This was achieved by designing a pseudo-
exponential feeding profile with concentrated solutions
of GLC and YE that considered substrate addition from
the beginning of the fermentation to maintain the initial
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concentration conditions as long as possible. It is impor-
tant to notice that all models consider YE as a unique
metabolite so balancing flux for this complex substrate
was just an approximation.

Figure 10d shows the fermentation profiles for the
fed-batch optimized SA production process. Feed was
performed from hour 3 (since calculated feed was previ-
ously too small for peristaltic operation) to hour 18 and
controlled every 15 min manually, to match calculated
growth and consumption parameters. GLC concentra-
tion was maintained near ~75-80 g/L during the first
8-10 h of fermentation where an increase of GLC was
observed up to 100 g/L concentration at hour 12. Dur-
ing this process, we also found a lower growth rate that
could be responsible for the GLC accumulation, which
was attributed to the manual control of the feed rate (that
would lead to a significant overestimation of the feed
over the time) and to the simultaneous feeding of simi-
lar amounts of YE and GLC (since individual component
consumption cannot be calculated as it is taken as a sim-
plified metabolite on models). Therefore, imbalances on
feed may cause the exhaustion of crucial metabolic inter-
mediates. Then the overestimated feed fluxes during the
observed stall may cause an extracellular re-accumulation
of these limiting components resulting in the second
growth phase seen after 16 h and up to the 20th h of
culture with a lower growth rate. Even though, it is still
not clear the reason for this particular stall and further
improvements on fed-batch operations could further give
us insight on the strain behavior and enhance SA produc-
tion. The first growth rate registered 0.90 h™=!, which is
in range of the ones predicted by models (0.8-0.85 h™1),
while the second growth rate is only about 0.18 h™1, sug-
gesting limitation by an unknown substrate. Regarding
the SA production rate, it also responded to this 8—16 h
stall. Despite this, high GLC consumption rates on sta-
tionary phase were maintained and GLC was completely
exhausted after only 24 h. A total of 180.5 g of GLC were
consumed and 59.1 g/L of SA were produced. Although
this titer is the highest obtained with this strain, it is 30%
below the maximum titer reported on E. coli by Chandran
etal. [5]. Moreover, the AC concentration was never found
to be above 5 g/L, proving that process design was suc-
cessful to limit the AC production even on this atypically
high substrate conditions and compared to the batch cul-
ture where >15 g/L. AC were accumulated. Furthermore,
the process presented a global volumetric production rate
of 2.45 g SA/L*h representing a 70% increase from the
1.43 gSA/L*h reported by Rodriguez et al. (2013)[2] and
which is 20% higher than the previously reported indus-
trial E. coli strains (2.04 gSA/L*h Chandran et al.[5]). Cru-
cially, yields calculated by linear regression approximation
were 0.40 for Y,/s and 0.744 for Y}/, which means that
both yields were maintained along fermentation relative
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to batch conditions and suggest that carbon distribu-
tion along metabolic nodes relevant for SA production
were maintained within reason. These yields are also in
accordance with previous works with strains lacking the
PTS and are still among the highest reported on E. coli
[2, 14, 33, 36, 38, 41, 42].

Discussion

Response surfaces showed the capacity to characterize
correctly the physiological behavior of the AR36 strain.
The observed increase on X,,,, mainly by [YE] and low
increment by [GLC] is related to the fact that it is the
only source of aromatic amino acids (Fig. 2a). This indi-
cates that in all the experimental design area, YE can be
taken as the limiting substrate for biomass production.
This can also be observed on the fermentation profiles
shown in Fig. 1, where the stationary phase of fermenta-
tions initiates always before limiting GLC concentrations.
SA production is expected to follow the GLC consump-
tion as it is the main source of carbon redirection to PEP
and E4P, and this trend could be observed on Fig. 2b and
c. However the maximum for SA production is found
before maximizing consumption. This small difference
can be explained by the Final AC ([AC]y), which tends
to increase at higher initial concentrations of GLC along
with a maximization tendency at concomitant smaller ini-
tial concentrations of YE (Fig. 2d). High [AC] can hinder
the HT balance across the membrane and considering that
AR36 uses the galP coded galactose-proton symporter
for GLC transport, consumption could be compromised
[2]. Also, higher [AC] makes ATP production costlier,
and in consequence, also the ATP-dependent phospho-
rylation of GLC by glucokinase towards the glycolytic
metabolism [2]. Also, AC production is commonly related
to metabolic overflow and considering that AR36 strain
lacks the pykF gene, higher [GLC] and increasing intra-
cellular [PEP] and [PYR] could be causing the observed
higher AC production and lower GLC consumption
[36, 38, 40, 42—44]. Therefore, the lower values for GLC
consumption and SA production can be explained by the
high AC concentrations produced by the strain within this
experimental design region (high initial GLC, low initial
YE). It is therefore possible to allocate a virtual SA vs AC
critical line near 100 g/L. GLC concentration, where below
this line SA production may be favored and above this line
AC production becomes relevant. It is important to notice
that the very high GLC concentrations used in all experi-
ments would typically result in higher AC production and
slow growth in E. coli [45, 46]. Nevertheless, it is known
that the AR36 strain can grow and maintain SA produc-
tion at high GLC concentrations, with relatively low AC
production, as a result of the high constitutive expression
of SA biosynthetic genes and the lack of carbon repression
present in strains lacking PTS [44].



Martinez et al. BMC Systems Biology (2018) 12:102

Regarding specific rates a diminution of the GLC con-
sumption rate under increasing [YE] was also found.
This could be related to YE components competing
for transport energy or amino acid allocation for their
transporters. This may be possible since as mentioned,
AR36 does not present catabolic repression (as a con-
sequence of crrHI operon deletion) and is capable to
transport simultaneously various carbon sources in the
presence of GLC after synthesis induction of alter-
native transporters by cell carbon scavenging signals
[36, 40, 42, 44]. More over, at higher [YE], PYR con-
sumption reactions could be kinetically saturated since
greater alanine (ALA) YE derived concentrations could
enter the CCM to PYR saturating this metabolite pool and
reducing GLC consumption. In contrast, at the station-
ary phase qg‘; presented higher values on higher initial
concentration of both substrate sources. This behavior
is expected for GLC, as higher concentrations of this
substrate remain on the stationary phase and could be
triggering higher consumption rates. However, it remains
unclear why higher concentrations of initial YE could
cause greater GLC stationary consumption rates. One
possibility is that, higher initial [YE] could result in
more oxaloacetate present on this phase increasing TCA
activity and GLC consumption. This observation corre-
lates with the behavior found for A[GLC] where only
at high [YE], high [GLC] initial concentrations can be
exhausted.

Regarding SA and AC production profiles it seems
clear that as they are the main metabolic outputs for
this strain they present the inverse maximization zones
on experimental design area on both fermentation stages
(Fig. 2f, h, i and j). This can be explained by the poten-
tial competition for carbon flux. These characteristics
along with the biomass and the GLC related surfaces
allowed to describe different output behavioral zones as
described on the results section. However it is interesting
that on the surfaces, it is possible to find similar con-
sumption rates on opposing sides of the experimental
design area with greatly different physiological outputs.
Furthermore, the response surfaces morphologies have
far from linear contours along the different physiolog-
ical characteristics found on them. This could suggest
the existence of metabolic state multiplicity similar to
pseudo-stationary ones described by Namjoshi et al. on
continuous bioreactors [47].The difference on response
surface behaviors should derive from the dynamic prop-
erties, which produce different outcomes depending on
the extracellular and intracellular metabolite concentra-
tions and to the non-linearity associated with metabolic
regulation [36, 42, 43, 47].

For the reasons described above and as the underly-
ing characteristics of the systems were difficult to address
only with external behavioral response surfaces, dynamic
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flux models were constructed. Cybernetic modeling was
used mainly because interaction between cellular auto-
regulated and inter-regulated subsystems (DNA, RNA,
ENZYME) cannot be mechanistically described but some
systematical characteristics can be approximately mod-
eled [31, 48, 49]. Also, it is important to note that our
media contains a non fully described compound substrate
as YE, which was simplified as describe to only few
metabolites resulting from its consumption by AR36. This
simplification could not only impacts the growth phase,
but also means that consumption of other YE compo-
nents are not fully considered and may modify yields
and rates. However, it is also noticeable that this sim-
plification resulted enough to reasonably describe some
behavioral characteristics on the fluxes found for AR36,
which in consequence described the physiological outputs
with reasonable accuracy. The latter observed responses
are the results of a matrix made out from the network
of the central carbon metabolism to which mathematical
reduction and yield analysis from the previously deter-
mined parameters resulted on 6 elementary modes (EMs)
modes for the exponential phase and 3 EMs for the sta-
tionary phase, and their combination across time renders
the output described. This means that model is in essence
the same for all 9 experiments and the approximation
was performed on to the parameters that regulate their
combination across time. Results suggest that with this
EMs an estimated description of metabolic behavior can
be made for the various initial conditions explored. The
usage of the experimental design and surface rendering
for the relative fluxes helps depict the metabolic behavior
of the strain even with the errors described previously on
individual points. Flux surfaces where then correlated to
the physiological characterization as well as for behaviors
known for this strain on the literature as discussed below.

An unusual flux distribution redirecting most of the
GLC derived carbon through PPP was found. This may
be possible on strain AR36 as it has the zwf gene over-
expressed by a strong promoter on a high copy number
plasmid [2]. Furthermore, FBA models by Chen et al.
(2011)[32] have established that G6Pdh is rate limiting
for PPP flux. Therefore, the high expression of zwf on
AR36 strain could in fact be causing this low Pgi flux
distribution. Despite this, a high total glycolytic flux is
still found as described by Rodriguez et al. 2017 [44] as
it was found that the operon-containing plasmid aug-
mented the GLC consumption rate. The latter is in
agreement to the high relative flux values of 75 to 88%
towards PEP and PYR. On the modeled results this was
possible since the high PPP flux was mainly redirected
trough EDP to G3P and PYR. In this regard, it has been
reported that on pykF mutants (such as AR36), fluxes
through PPP are increased up to 79% by pgi, pfkA and
tpiA down-regulation and zwf, gnd and edd concomitant
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up-regulations [50, 51]. For AR36, a low intracellular level
of fructose-1,6-bisphosphate (FDP) was previously found
by comparative metabolomics and explained as a con-
sequence of TktA activity [42, 44]. But with the results
here obtained it can be suggested that it could also be
influenced by a high flux deviation into the PPP by
G6Pdh . Although pgi mutants have been reported to
have lower growth rates caused by NADPH accumulation
redox imbalance, it also has been found that overexpres-
sion of NADPH-consuming pathways can recover the
growth rate [51]. Therefore, in AR36 the high produc-
tion of SA, requiring NADPH by aroE coded shikimate
dehydrogenase, could be alleviating the NADPH imbal-
ance and promoting higher growth rates in the presence of
high PPP flux distributions. In this sense, the production
of SA in this strain could act as an important driver of its
own synthesis when the zwf gene is overexpressed along-
side the SA biosynthetic genes during growth phase. In
contrast, on the stationary phase although a high PPP flux
distribution was also found, low EDP flux was also found
while high glycolytic PEP producing reactions were main-
tained. However this could also be possible since higher
fluxes through Tal were found and that could cause higher
FDP concentrations compared to the growth phase, sig-
naling the up-regulation of the downstream glycolytic
genes [43].

These results imply that E4P is the limiting substrate
for SA production even with zwf overexpression and a
high flux redirection towards the PPP, as previously sug-
gested [42—44]. The modeled flux ratio analysis suggest
that sole overexpression of zwf is not sufficient for alle-
viating E4P limitation. Therefore, edd and/or eda genes
could be attractive deletion targets to avoid undesired
partitioning of PPP fluxes, along with exerting better con-
trol under zwf and gnd overexpression to obtain higher
but controlled flux distributions towards E4P and SA.
Following on, PpsA presented a near-zero flux within
all experiments. Considering the PEP overabundance to
E4P, it can be deduced that even when ppsA has been
previously used as a target to enhance SA production
[14, 36, 38, 52, 53], the overexpression of this gene in
AR36 may not further increase SA production. Further-
more, it is possible that overexpression of ppsA on this
genetic background could hinder growth and GLC con-
sumption by reducing carbon flux towards TCA and other
PEP derived pathways.

Also, an unusually high PoxB flux was found in this
strain as consequence of the increased influx towards
PYR. This is supported by the previous findings in other
related PTS-deficient strains lacking carbon catabolism
repression, where PoxB has been proposed to be the
main AC producing enzyme [33, 36, 38]. Furthermore, an
arcA/arcB mutation has been found for this strain lin-
eage that could be making PoxB available for expression
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on earlier fermentation phases [33, 34, 36, 38, 40]. Other
studies have also proposed PoxB as the main AC synthe-
sizing enzyme under higher growth rates on accelerostats
on other E. coli strains [54].

Regarding the AckA vs Acs AC consumption flux dis-
tribution, a high up-regulation of acs and poxB genes has
been observed to occur as a response to PTS inactivation
on this strain, suggesting that carbon cycling on AC
occurs through Acs [36, 38, 40]. Therefore, it is probable
that the model depicted the incorrect or inverse distri-
bution around these reactions during growth. Moreover,
the AR36 lineage strains does not show the expected
PTS mutant low cAMP concentrations, probably due
to AC cycling through Acs restoring cAMP along with
adelynate cylase, which in turn has been also found to
be up-regulated on these PTS™ strains during growth
[36-38, 40]. It is interesting to find that the EMs used for
stationary phase rendered Acs as the principal reaction
responsible for redirecting AC to ACCOA (Fig. 9c and d),
probably due to less ATP demand on this phase. Further-
more, the combination of the export and import AC sur-
faces strongly correlates with the qzxp approximated AC
production rate on the physiological analysis presented
before (Fig. 2i), where high extracellular AC production
is found towards high initial [GLC] and towards high ini-
tial [YE]. Since both fluxes are present, it can be proposed
that an AC production/consumption futile cycle could
potentially be relieving part of the metabolic overflow on
the CCM [33, 36, 37], as has previously been reported to
help adjusting imbalances between glycolysis and the TCA
activities [43].

TCA activity on its part, showed the unexpected IcdA
reverse reaction. This could be attributed to the YE
derived GLU entering the TCA through «-ketoglutarate
(AKG) by Gdh, but since this compound is used also for
biomass precursor formation, only if it is consumed on
excess it will enter the CCM. This effect could also be
increased by other YE derived amino acids entering CCM.
On that regard, reports on complex media have shown
a tendency to favor extracellular amino acid consump-
tion and catabolism through AKG with the concomitant
up-regulation of biomass producing pathways [55]. Also,
the high GSP and malic enzyme activities suggest that
this strain counteracts metabolic saturation by trying to
relieve the PYR saturation by assimilating more ACCOA
through lower CCM pathways. This may be the result of
a selective pressure to the high osmotic pressure on this
media to recover high substrate consumption rates and
consume the highly concentrated substrates faster. In fact,
high osmotic stress conditions have been found to incre-
ment the GSP activity and to reduce the icdA/aceA coded
enzymes ratio, favoring the production of biomass build-
ing blocks [56]. Therefore, the high anaplerotic reactions
(APR) fluxes along with GSP found also may contribute



Martinez et al. BMC Systems Biology (2018) 12:102

to maintain high biomass and SA production since this
could help to minimize toxic AC production by ACCOA
fast consumption ,along with a response to osmotic pres-
sure [43, 56]. This behavior may be expected as with the
higher [GLC] more stress upregulating GSP could be used
to relieve carbon flux from the PYR and ACCOA nodes
[33, 36—38, 40, 43]. Furthermore, the excess carbon arriv-
ing to MAL then seems to be redirected to PYR and
PEP by the previously detailed MaeB, MaeA and PckA
reactions. MaeB presents greater fluxes possibly due to
consuming the excess NADPH produced by the high PPP
flux conditions [51].

Overall, the dynamic cybernetic model approach seems
to unveil behaviors that are in accordance to the physi-
ological observations and to the knowledge available for
this laboratory evolved strain lacking the mayor GLC
transport and therefore catabolite repression. The behav-
ior of the calculated fluxes surfaces during the growth
phase is in agreement with the results obtained with the
physiological surface analysis. Particularly, on many of
the IE and ME surfaces, critical surface saddle points
between 110-115 g/L of initial [GLC] and between 35—
40 g/L of initial [YE] have been found. It is interesting to
notice that 9 EMs were enough to describe all the patterns
conformed by the surfaces by only modifying the param-
eters which alter their combination across time. These
changes, although cannot be used to describe regulatory
mechanisms, unveil relevant systems characteristics and
interestingly also suggest the existence of metabolic state
multiplicity derived from changing extracellular condi-
tions [47].

Conclusion

In this report we describe a modeling approach for a
PTS™ laboratory evolved E. coli engineered strain for SA
overproduction [2, 33, 36, 38, 40] to study and character-
ize its physiological and metabolic responses to variant
complex substrate concentration. The constructed mod-
els were able to describe in good agreement the individual
experimental fermentations performed with this strain.
Three-dimensional response surfaces were constructed
with polynomial equations allowing to morphologically
describe the cell output behavior under the experimen-
tal conditions. It was found that the production strain
responds differently to initial substrate concentrations,
allocating resources in different ways. This was inferred
since regulation along variations from complex media
substrate conditions did not affect linearly the perfor-
mance of the strain, but showed refined nonlinear bor-
ders between predominant outcomes. For these reasons
a dynamic cybernetic model was constructed and their
flux distributions studied and compared to the physiolog-
ical models. The constructed dynamic metabolic model
was able to follow the extracellular experimental behaviors
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and three-dimensional response surfaces for relative flux
distributions were used to unveil insights into the strain
metabolism.

Flux distributions helped to explain the previously
observed low intracellular level of fructose-1, 6-
bisphosphate (FDP) reports by unveiling a high PPP flux
during all fermentation processes. MaeB high relative
flux, potentially helps alleviate the NADPH redox imbal-
ance caused by NADPH-dependent SA production and
contributes to growth rate recovery [2]. Flux distributions
allocated AC production, GSP and APR with high fluxes
to contend with the metabolic stress produced by the
concentrated substrates on media helping to relieve PYR
and ACCOA overflow. PoxB was found to be the predom-
inant AC production enzymatic reaction on this strain
under high substrate conditions. An AR36ApoxB strain
was constructed and cultured showing the loss of growth
phase AC peak and along with lower growth, GLC con-
sumption rates probably by greater PYR accumulation on
this derivative [33, 36—38, 44]. Model analysis also found
that edd and/or eda could be targeted for deletion, along
with a better control under zwf overexpression and gnd
expression, to obtain better flux distributions towards
E4P and SA production. Also, ppsA overexpression and
other modifications involving higher PEP accumulation
may not improve SA production until E4P limitation
is resolved on this strain. Dynamic models were found
to be in accordance to the physiological observations
and the knowledge available for AR36 a PTS™ strain
lacking catabolite repression, and were useful to allocate
preferential metabolism output zones within the exper-
imental design area that correlated in good agreement
with the zones observed during the physiological model
characterization.

Finally, to assess the utility for SA production enhance-
ment with all the previously described models, a fed-
batch fermentation regime was designed. An unusual
operation was employed to maintain initial media con-
ditions which would in theory help maintain metabolic
an physiological conditions. The fed-batch fermentation
resulted in a 40% titer and 70% volumetric produc-
tivity increases while preserving product and biomass
yields. Process presented yield values among the high-
est yields reported and presented the highest productivity
reported on E. coli AR36. Although reports concerning
other strains have shown higher titers [57], this report
was centered on the mathematical approach to further
extend E. coli production capabilities. On that matter, the
model implemented in this report is the first approxima-
tion to render flux distributions for this E. coli PTS™ strain
under high-substrate production conditions and one of
the first approaches towards modeling E. coli metabolism
in complex media containing high concentrations of
GLC and YE.
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Methods

Strain, cultivation and analytical procedures

E. coli AR36 strain constructed by Rodriguez et al. (2013)
[2] was used for all experiments and calculations. AR36 is
an E. coli PB12 laboratory evolved derivative lacking the
phosphoenolpryruvate:carbohydrate phosphotransferase
system (PTS) [33, 36, 38, 40]. AR36 carries additional
inactivations in aroK, aroL, pykF and lacl genes, and
contains a high copy number plasmid with the strong trc
promoter controlling transcription of a six-gene operon
composed of genes: aroB, tktA, aroG, aroE, aroD and zwf
[2]. This strain is an aromatic amino acid auxotroph and
therefore it must be cultured on supplemented media.
Yeast extract (YE) (BD Bacto) and GLC (Fermentas) were
used as nitrogen and carbon sources [2]. All cultures
were performed on 0.5 L working volume bioreactors
with AD 1010 controllers (Applikon). Bioreactors were
operated as batch processes at 37°C and 1 vvm aera-
tion. Dissolved oxygen tension (DOT) was maintained
above 20% by an agitation cascade control between 500
and 1200 rpm. pH was maintained at 7 by means of
NH4OH and H3PO, addition. Other media compounds,
salts, buffer and antibiotics were used as previously
described [2].

Physiological behavior characterization was performed
with a central composite design experimental matrix with
3 levels for each substrate source. Experimental con-
dition levels were: 75, 100 and 125 g/L for GLC and
15, 30 and 45 g/L for YE. Nine experiments were con-
ducted with the central point 100 g/L GLC and 30 g/L
YE, tested by triplicate to approximate the experimental
design standard deviation. Fermentations were sampled
every 2 h during the first 12 h, and every 4 to 6 h after
this point. Each sample was used to determine biomass,
GLC, SA and AC. Biomass was determined by optical
density measurements at 600 nm with a DU700 Beck-
man spectrophotometer. GLC, SA and AC were deter-
mined by HPLC with a Waters equipment(600E qua-
ternary pump, 717 automatic injector, 2410 refraction
index an 966 photodiode array detectors) and an aminex
HPX-87H column (300 x 7.8 mm; 9 pum), using 5 mM
H>S0,4 as mobile phase at 50°C; either UV or refractive
index detectors were used for qualitative and quantitative
determination. All measured parameters were volumetri-
cally corrected for the acid or base added by pH control
pumps.

Calculation of fermentation parameters

For fermentation data parametrization and analysis, a
set of modeling approaches was constructed. The max-
imum growth rate .,y and maximum biomass X,
were obtained by adjusting a logistic growth model to
experimental data. Since the fermentation processes use
complex media, calculation of yields and production/
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consumption rates by classical calculations were diffi-
cult to address. Therefore, to provide a more accurate
parametrization, GLC consumption and SA produc-
tion integrated models were constructed. The integrated
model equations used were:
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where S refers to substrate, in this case GLC, and P refers

to product, SA on this experimental design. X is the

biomass calculated at time ¢ by the logistic growth model
. . . exp

and X, is the maximum biomass parameter. g glc * and

gsq’ are the specific exponential rates for GLC consump-
tion and SA production, respectively. q?}?, and g3

the specific stationary rates for GLC consumption and
SA production, respectively. The participation of each
exponential or stationary rates across time is regulated
by the terminus describing the biomass and maximum
biomass ratio correlated to the biomass logistic model.
The production and consumption rate parameters were
approximated by the sum of the square error (SSE) min-
imization against experimental data using MATLAB pro-
gramming. Product/substrate and product/biomass yields
were estimated from the obtained specific rates.

Models constructed were tested for their experimental
data approximation by an error estimation calculated by
the relation between the sum of the square error (SSE) and
the sum of the square of the experimental points (SSEP).
Model approximation was then mathematically described
by the linear regression between experimental points and
model points. A percentile deviation from the expected
slope (1 for experimental and model equality) descrip-
tive indicator constructed from regression (SDP) as well
as Pearson regression coefficient (describing dispersion)
and the regression significance proved by p-value statis-
tics were used to qualify the acceptance of models as
descriptors for the experimentally observed behavior.

AC presented a dynamic behavior (simultaneous pro-
duction and consumption) in all fermentations that could
not be described by any of the previously described
equations. Nevertheless, initial exponential (qzxp ) and ini-
tial stationary (qsbm) approximated production rates were
calculated with the following equations:
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where yield was calculated by linear regression for AC
vs biomass and volumetric rate was calculated by linear
regression for AC vs time on the first experimental data
points for each phase.

Parameters describing the physiological behavior were
then used to construct individual three-dimensional sur-
faces. A second-order bivariate polynomial equation was
used for surface construction and its approximation
was addressed and qualified by regression coefficients,
p-values and square sums of error and percentile error.
Surfaces were validated by prediction of parameters for
three fermentations not contained on the set of the exper-
imental design (75:20, 80:40 and 115:45 GLC:YE initial
conditions). Surface calculated parameters were intro-
duced to the logistic biomass, consumption and produc-
tion models and compared to the experimental data sets.
Surface calculated parameters were also compared to the
ones calculated directly from experimental data by error
percentage, estimated by the ratio between standard devi-
ation between each calculation and experimental param-
eter. A two-tailed ¢-student test using the experimental
design standard deviation, calculated from central point,
was used to determine if the experimental parameters and
surface predicted parameters were significantly different.

Dynamic metabolic flux model construction

Metabolic flux distribution was constructed with the use
of a dynamic cybernetic model approach developed by
Rambkrishna et al. [31, 48, 49], which has proved to be
useful to address dynamic changes on fluxes when infor-
mation on mechanistic details of regulatory processes
is scarce or suboptimal [58]. The cybernetic modeling
introduces regulation by the use of two vectors u =
[u1,u9, us, ..., uy] and v =[v1, vy, V3, ..., V)] referring to
them as cybernetic variables, associated with fractional
allocations of resources for enzyme synthesis and activ-
ity, respectively [31, 48, 49]. These variables are calculated
along the fermentation and modify the participation of
each elementary mode obtained from the stoichiomet-
ric matrix analysis. These elementary modes (EMs) are
sets of non-decomposable pathways consisting of minimal
sets of reactions that describe all the cellular metabolic
routes. A subset of EMs must then be extracted to
describe metabolic behavior on a parametrically achiev-
able scale. Therefore, elementary mode analysis (EMA)
must be performed to find the minimal set of EMs that
can describe the behavior expected from the specific
constraints imposed by either the strain or experimen-
tal conditions. Cybernetic models then calculate flux rates
for each EMs described as sets of Michaelis-Menten type
equations where a relative enzyme concentration and
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biomass conform the maximum rate, modified at each
time by the cybernetic variable v. The relative enzyme
concentration is calculated by another Michaelis-Menten
type equation that considers a maximum enzymatic pro-
duction rate and a disappearance rate, regulated by the
cybernetic variable u. The cybernetic variables are regu-
lated by an objective function, evaluating the outputs at
any given time ¢ between all EMs, increasing priority on
the next time step ¢ + Af to the better performing EM by
a matching law strategy. In this way, the cybernetic mod-
els can take into account dynamic regulation with respect
to a specific cell metabolic objective, such as growth rate
maximization or carbon uptake maximization, even with
little information on the mechanistic particularities to its
function, allowing for dynamic flux distribution modeling
[31, 48, 49].

In this work, a CCM network was constructed from 60
reactions, 44 internal metabolites and 6 external metabo-
lites, accounting for the Embden-Meyerhoff-Parnas path-
way (EMP), the Pentose Phosphate pathway (PPP),
Tricarboxylic Acid Cycle (TCA), Pyruvate Metabolism,
Anaplerotic Reactions, respiration and energetic reac-
tions, YE components uptake reactions, SA biosynthe-
sis reactions and biomass generation reactions. External
metabolites defined were AC, GLC, SA, YE, biomass,
and maintenance. YE consumption was introduced to the
network reaction as a metabolite and its consumption
derived into biomass precursor (BIOMp), aromatic amino
acids (taken as a unique metabolite), alanine (ALA), and
glutamic acid (GLU). The stoichiometric values for YE
conversion to these metabolites were estimated from
the average composition described by the manufacturer,
where BIOMp was taken as the rest of amino acids
that account to produce proteins contained on biomass.
EMs computation was made with efmtool protocol [59]
embedded on MATLAB [60]. For EMA two EMs families
were constructed, the first family contained the expo-
nentially preferred EMs by only selecting the ones that
contained simultaneous GLC and YE consumption and
constrained to produce SA. The second family of EMs
was selected from the ones containing GLC consump-
tion and simultaneous production of SA and constrained
to not consume YE, which will be preferred on the sta-
tionary phase of fermentations. Yield analysis reduction
by convex hull volume was performed as described as
by Song et. al. [60] to find the minimal subset of EMs.
Experimental design central point yields were used for
this analysis. Yield analysis around the Phosphoglucose
isomerase (Pgi)/ Glucose 6-phosphate-1-dehydrogenase
(G6Pdh) node was studied with values stated as: non-
constrained, 0.25, 0.5, 0.75 and 0.90 Pgi/GalP yield or flux
normalized to GLC uptake. This generated 5 flux distri-
butions sets. All model sets were evaluated by Pearson lin-
ear regression coefficients between experimental points
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and model points, slope deviation and their significance
was proved by p-value statistics and error. The set with
better behavior to experimental data was used for fur-
ther analysis. Reduced EMs reaction rates were described
by sets of Michaelis-Menten equations modified to cou-
ple families to each fermentation phase (exponential or
stationary) by a terminus similar to the physiological con-
sumption/production models described before, and with
an added terminus to represent AC inhibition. Model rate
equations were constructed as follow:

M kjn\;[ax,i[GLC](t) (1 n [AC](t)>_1 (1 _ X )
! KM +[GLC ) K< Xnax
(6)
G __ kzax,i[ GLC] () [AC] @ -1 X(t)
=\ rara ) \It xm
I(m,i+[ GLC](t) I<1 KXinax

where indexes M and G refer to the exponential (mixed
consumption) family and stationary (glucose only con-
sumption) family, respectively. Index i refers to each i
EM of each family, Ky, and K, are the Michaelis-
Menten parameters, K/ is the inhibition coefficient and
Xmax refers to the maximum biomass calculated from
the previously calculated logistic growth model for each
experimental point. [ GLCl), [ACl(), X refer to the
GLC, AC and biomass concentrations at each time ¢ in
mmol /L for the first two and g/L for the biomass. Ini-
tial relative enzyme concentration ratio was set to 0.95 for
the first EM, 0.5 for the EMs remaining of the exponen-
tial family, and 0.1 for the EMs of the stationary family.
These values were set in this way as the first EM was the
one that comprised AC production and was inferred to
be the initially preferred one, due to the observed rapid
increase in extracellular AC acid at the initial phases for
all fermentations. In addition, EMs of the second fam-
ily were chosen to be smaller as they are expected to be
more relevant at later stages of fermentation. All other
cybernetic model parameters for enzyme production and
decay rates were set as described by Ramkrishna et al.
[31, 48, 58, 60]. Flux rate equation parameters Ky, , and
K, were approximated with a genetic algorithm (Addi-
tional file 2). Briefly, the Matlab algorithm started with
assigning K,,,.x and Km initial values of 1 and 10, respec-
tively for every EM. Then, by perturbation of one param-
eter at a time by a random numeric factor, 18 parame-
ter sets were obtained. Subsequently, the sets were used
for 200 step SSE driven nonlinear numeric minimization
algorithms to generate new daughter K, and Kj,, param-
eter model sets. From these daughter models, the set with
the lowest SSE was extracted and crossed with the sec-
ond lowest SSE set by acquiring the value of its perturbed
parameter (K, or K,). This inter-crossed set passed

7)
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onto the next generation where another round of individ-
ual parameter perturbations was made. The algorithm was
cycled until SSE was found constant (less than 20 cycles
in all cases). Finally, these parameters were subjected to
a final SSE nonlinear numeric minimization to model the
flux rates of each EM and the final metabolic dynamic flux
model for each fermentation.

Flux distributions were used to construct three-
dimensional behavioral surfaces with the second order
two variable polynomial equation at three fermentation
times: initial exponential (IEx), mid exponential (MEx)
and mid stationary (MSt). Calculation of MEx time was
made by obtaining the maximum point of the second
derivative vs. time for each biomass model, IEx was set as
the mid time between ¢ = 0 and MEx time, and MSt as
the middle point between the end of the fermentation and
the initial time of stationary phase. Constructed surfaces
were statistically qualified and used to analyze and study
the behavior of strain metabolism and SA production.

Bioprocess design for SA productivity enhancement on
strain AR36

To assess the utility of the metabolic models developed,
a fermentation process was designed with the informa-
tion acquired by physiological models and flux distribu-
tion surfaces to optimize SA productivity. Process was
designed to maintain constant the initial GLC:YE con-
ditions. This would in theory, maintain constant the
cybernetic variables (which are a representation of the
regulation parameters) and therefore the internal flux dis-
tributions accordingly. Initial conditions around 80:40 g/L
GLC:YE were used. A pseudo-exponential flux was oper-
ated and regulated by a peristaltic pump manually set
every 15 min to calculated exponential feeding needs,
with measured GLC and calculated growth and consump-
tion rates. Feed consisted on two simultaneously added
solutions, one containing mineral media with GLC 400
g/L and the second containing phosphate buffer solution
with YE at 400 g/L. After 12 h, the feed was stopped
and the fermentation was allowed to enter stationary
phase to consume the remaining GLC. Oxygen was added
when needed to maintain dissolved oxygen tension (DOT)
over 20% along with an agitation cascade. Other media
compounds, salts, buffer and antibiotics were used as
described by Rodriguez et. al. [2] and added through the
feeding solutions to avoid dilution.
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ABSTRACT: Metabolic engineering strategies applied over the last two
decades to produce shikimate (SA) in Escherichia coli have resulted in a
battery of strains bearing many expression systems. However, the effects
that these systems have on the host physiology and how they impact the
production of SA are still not well understood. In this work we utilized an
engineered E. coli strain to determine the consequences of carrying a
vector that promotes SA production from glucose with a high-yield but
that is also expected to impose a significant cellular burden. Kinetic
comparisons in fermentors showed that instead of exerting a negative
effect, the sole presence of the plasmid increased glucose consumption
without diminishing the growth rate. By constitutively expressing a
biosynthetic operon from this vector, the more active glycolytic
metabolism was exploited to redirect intermediates toward the
production of SA, which further increased the glucose consumption
rate and avoided excess acetate production. Fluxomics and metab-
olomics experiments revealed a global remodeling of the carbon and
energy metabolism in the production strain, where the increased SA
production reduced the carbon available for oxidative and fermentative
pathways. Moreover, the results showed that the production of SA relies
on a specific setup of the pentose phosphate pathway, where both its
oxidative and non-oxidative branches are strongly activated to supply
erythrose-4-phosphate and balance the NADPH requirements. This
work improves our understanding of the metabolic reorganization
observed in E. coli in response to the plasmid-based expression of the SA
biosynthetic pathway.
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Introduction

Shikimate (SA) is an intermediate metabolite of the aromatic amino
acids biosynthetic pathway, which has gained attention for its role
as starting material in the chemical synthesis of the anti-influenza
drug oseltamivir phosphate (Kim and Park, 2012; Nie et al., 2012;
Ward et al., 2005). SA also displays antioxidant, anticoagulant, and
anti-inflammatory activities and can be used to synthesize
derivatives with interesting pharmaceutical properties like
anticancer drugs, hormones, and pigments (Diaz Quiroz et al.,
2014; Estévez and Estévez, 2012). Several species of micro-
organisms have been modified to overproduce SA from different
carbon sources, although most works have focused on engineered
Escherichia coli strains fed with glucose (Glc) (Ghosh et al., 2012;
Martinez et al., 2015; Rawat et al., 2013). Such interest has fueled
the comprehensive testing and improvement of expression
platforms, genetic backgrounds, and culture strategies to increase
the production of this compound (Ahn et al., 2011; Bogosian and
Frantz, 2013; Chandran et al., 2003; Chen et al., 2012, 2014; Cui
et al., 2014; Escalante et al., 2010; Frost and Knop, 2002; Johansson
et al., 2005; Rodriguez et al., 2014).

In particular, Rodriguez et al. reported the construction and
initial characterization of an E. coli strain capable of producing SA
in batch cultures with high concentrations of Glc and yeast extract
(YE). This strain, named AR36, strongly expressed a six-gene
synthetic operon in a constitutive manner from a plasmid present at
about 50 copies per cell, allowing it to achieve high SA titers and
yields in complex media (Rodriguez et al., 2013). One noteworthy
characteristic of strain AR36 is its ability to withstand and consume
more than 100 g/L of Glc in batch-mode cultivations without any
evident affectations to its growth and production capabilities. In
fact, this strain displayed similar specific growth, consumption and
production rates, and constant SA yields on Glc, regardless of the
fermentation volume or substrate concentrations tested. However,
the use of a high-copy plasmid with a strong promoter to
constitutively produce proteins of a biosynthetic pathway is
considered to be very resource demanding, causing low biomass
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and product yields, and thus it is generally avoided as part of a
metabolic engineering strategy (Jones et al., 2000). Recombinant
protein production is considered to be the main contributor to such
metabolic burden, although other factors like DNA replication and
activation of stress responses also seem to play an important role
(Glick, 1995; Hoffmann and Rinas, 2004; Silva et al., 2012). It is still
difficult to predict the effects that plasmids can impose to the
bacterial physiology and metabolism since this imbalance of energy
and precursors can make the cells respond to the environment in a
variety of ways (Carneiro et al., 2013; Ow et al., 2009). Interestingly,
in some cases the presence of one or more plasmids, or the
heterologous expression of genes, can increase the Glc consumption
rate (Diaz-Ricci et al, 1995, Wang et al., 2006) or biomass
production (Diaz-Ricci et al., 1992; Ingram and Conway, 1988).
Aside from the properties of the expression system itself, the genetic
background and cultivation conditions can also impact strain
productivity by altering the availability of specific intracellular
intermediates required for growth and plasmid maintenance
(Carneiro et al., 2013; Diaz Ricci and Hernandez, 2000; Donovan
et al., 1996; Wu et al., 2016).

In this work, we were interested in getting an insight of the
physiological state of the engineered strain AR36, since this
information may allow for further optimization of the SA
production process. Therefore, we investigated some of the changes
imposed to its central metabolism by the presence of a high-copy
plasmid and by the constitutive expression of six proteins encoded
in a synthetic operon that promote SA production from the start of
the cultivations. After comparing the kinetic, metabolomic, and
fluxomic profiles of the production strain against the parental strain
carrying no plasmid or an “empty” plasmid, key metabolic
responses were identified and discussed.

Materials and Methods

Strains and Plasmids

AlLE. coli strains and plasmids used in this work have been reported
before and their construction described in further detail (Rodriguez
etal., 2013). Briefly, SA production strain AR36 was generated after
introducing several genetic modifications to strain PB12, a JM101
derivative isolated from an adaptive evolution experiment to select
mutants in the phosphotransferase system (PTS) with increased Glc
consumption rates (Aguilar et al., 2012). The genetic engineering
approaches that generated strain AR36 (besides inactivation of
genes coding for PTS components in PB12) include the inactivation
of pyruvate kinase I (pykF), shikimate kinases I and II (aroK and
aroL) and the lactose operon repressor (lacl). AR36 also carries a
pBR322-derived plasmid with higher copy number and segrega-
tional stability that contains a 6-gene synthetic operon controlled by
a Trc promoter to increase the production of SA (Rodriguez et al.,
2013). Since there is no functional lacl gene in the plasmid or
chromosome of strain AR36, genes controlled by the Trc promoter
are constitutively expressed without the need to add IPTG. The
production plasmid is called pTrcAro6 and was assembled by
cloning a synthetic operon into the backbone plasmid pTrc327par
(Fig. 1). To simplify the nomenclature, a strain having the same
genetic background as AR36 but carrying instead the empty
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(pTrc327par) plasmid will be referred as AR3e and the derivative
without any plasmid will be called AR3. Molecular verification of
strains and plasmids is shown in Supplementary material SI.

Cultivation Media

The composition (per liter) of the SA production medium is: K,HPO,
(7.5g), KH,PO, (7.5 ), citric acid monohydrate (2.1 g), ammonium
iron (II) citrate (0.3g), concentrated H,SO, (1.2mL), MgSO,
(640.0mg), CaCl, (60.0mg), (NH,)s(Mo;0y) (3.7mg), ZnSOy4
(2.9 mg), H3BO; (24.7 mg), CuSO, (2.5 mg), MnCl, (15.8 mg), CoCl,
(1.3 mg), thiamine (1.0 mg), and betaine (234.0 mg). The medium was
adjusted to pH 7 with 10N NaOH before autoclaving it. Tetracycline
(30 pg/mL) was added whenever needed for plasmid maintenance. YE
(added before autoclaving) and Glc (filter-sterilized) were supplied at
varying concentrations: 25 g/L of Glc and 15 g/L of YE for inocula in

pTrec327par
4440 bp

b)

(9326) Kpnl

pTrcAro6

11,837 bp

Kpnl (5346)

Figure 1. Maps of the plasmids carried by the strains used in this study.

(a) Plasmid pTrc327par is a pBR327-derivative carrying a Trc promoter and expressing
a gene conferring resistance to tetracycline; (b) the cloning of a synthetic operon into
pTrc327par resulted in plasmid pTrcAro6. Details on the construction of these plasmids
have been previously reported (Rodriguez et al., 2013).




shake flasks and 100 g/L of Glc and 30 g/L of YE for 1L fermentors.
Cells were grown following the same inoculation train, equipment,
controlled conditions, and sampling scheme as previously reported
(Rodriguez et al.,, 2013). Cell growth was measured by monitoring
optical density at 600 nm (ODgyo) with a spectrophotometer (DU700,
Beckman, Indianapolis, IN). A previously established correlation factor
between cell dry weights and optical density of 0.36 (gCDW/L)/ODygo
(Rodriguez et al, 2013) was used to calculate the biomass
concentrations and the physiological parameters (see below).

For metabolomics experiments, a minimal medium with low
phosphate and sulfate salts was used. This medium contains (per
liter): Na,HPO,-12H,0 (3.48g), KH,PO, (0.61g), NaCl (0.51g),
NH,Cl (2.04g), MgSO,4 (98.0mg), CaCl, (4.4mg), Na,EDTA-
2H,0 (15.0mg), ZnSO4-7H,0 (4.5mg), CoCl,-6H,0 (0.3 mg),
MnCl,-4H,0 (1.0 mg), H;BO; (1.0 mg), Na,Mo0O4-2H,0 (0.4 mg),
FeS0,-7H,0 (3.0mg), CuSO,-5H,0 (0.3mg), and thiamine
(1.0mg). Glc (3 g/L) was used as the only carbon source.

Preparation of Resting Cells and Extraction of
Metabolites

Seed cultures were started from frozen stocks in LB medium
supplemented with 2g/L of Glc and grown for 8h at 37°C and
180 rpm. These cultures were used to inoculate 500 mL shake flasks
with 50 mL of SA production medium, supplemented with 25 g/L of
Glc and 15g/L of YE and grown until mid-exponential phase. Cells
from 50mL of culture were then harvested by centrifuging
(3000 rpm, 4min, 22°C) and washed with 10mL of low-salt
minimal medium to remove the YE in the supernatant. To start the
resting cells experiment, the biomass was centrifuged again and
concentrated in a small volume, in order to reach approximately
5 0Dgqp after transferring it to 250 mL shake flasks with 25 mL of low-
salt medium containing 3 g/L of Glc. Samples were then collected at
1h intervals to measure extracellular metabolites and to verify a
constant Glc consumption and the absence of growth. To extract
intracellular metabolites, whole-broth samples (120 L) were added
to 1 mL of a cold solution of methanol:acetonitrile:water (40:40:20)
and kept for 1h at —20°C, to allow for complete cell lysis. Also,
120 L of a fully "*C-labeled metabolites cellular extract was added to
serve as an internal standard for relative abundance comparisons.
Metabolites in the quenching solution were separated from cell debris
by brief centrifugation and the supernatant was then evaporated in a
vacuum concentrator (SC110A SpeedVac Plus, ThermoSavant,
Waltham, MA) for 12h. The dried metabolites were stored at
—80°C and resuspended in 120 L of water before analysis. Samples
for ppGpp quantitation were collected from cells growing
exponentially in the 500 mL shake flasks used as inocula for the
resting cells (in SA production media). In this case, a 120 L aliquot
of the whole broth was collected and the cells separated by fast-
filtration using 0.22 wm nylon filters. The cells were then quickly
washed with a minimal medium salts solution, quenched by
transferring the filter into 1 mL of a cold solution of methanol:
acetonitrile:water (40:40:20) and processed as described above for
the other metabolites. Glycogen was extracted from the resting cell
cultures and measured using an adaptation of previously reported
methods (Krisman, 1962; Shim et al., 2009). Cells from 1 mL of
culture were resuspended in 250 L of 50 mM sodium acetate buffer,

sonicated, and centrifuged to separate cell debris. Glycogen was
precipitated with two volumes of absolute ethanol, evaporated and
quantified by measuring the absorbance at 460 nm after allowing it to
react with an iodine reagent (0.15M I, + 1 M KI) in presence of high
concentrations of CaCl, (Shim et al., 2009). Samples for intracellular
metabolites were taken in triplicate for each of three points in time
from two biological replicates of each strain.

Metabolite Quantitation, Data Analysis, and Calculations

Gle, SA, and acetate from the fermentor experiments were quantified
with a Waters HPLC system (600E quaternary pump, 717 automatic
injector, 2410 refraction index, and 996 photodiode array detectors)
equipped with an Aminex HPX-87H column (300 x 7.8 mm; 9 uM).
The mobile phase was 5 mM H,S0, with a flow rate of 0.5 mL/min,
maintained at 50°C. For the resting cells experiments, a biochemical
analyzer (YSI 2700 Select, Yellow Springs, OH) was used to track Glc
consumption throughout the sampling time and all extracellular
metabolites were detected and quantified by NMR using an Avance
500 MHz spectrometer with TOPSPIN 2.1 software (Bruker,
Germany, Rheinstetten), using conditions and parameters described
previously (Kiefer et al., 2007; Millard et al., 2014). Intracellular
metabolites were detected by liquid anion exchange chromatography
with a Dionex ICS 2000 system (ThermoFisher, Sunnyvale, CA)
coupled to a triple-quadrupole mass spectrometer, 4000 QTrap (AB
Sciex, Framingham, MA), and analyzed with a multiple reaction
monitoring (MRM) mode using previously described conditions
(Millard et al., 2014). Data was extracted with Maven software
(Clasquin et al., 2012; Melamud et al., 2010) and values were adjusted
to the relative concentration of compounds present in the internal
standard using the IDMS method (Wu et al., 2005) and normalized to
the average biomass obtained in each experiment. The presence of a
metabolic pseudo-steady state was suggested by the low variations in
the levels of most intracellular metabolites during the time course of
the experiment and constant Glc consumption rates. This was further
validated in a parallel setup after feeding the resting cells with
"*C-labeled Glc and detecting low variations in the isotopic labeling
patterns over the time (Supplementary material S2). The yield of total
aromatic compounds from glucose (Ypac/g1c) was calculated with the
combined molar yields of 3-deoxy-arabinoheptulosonate-7-phos-
phate (DAHP), quinate (QA), 3-dehydroshikimate (DHS), and
shikimate (SA), based on the amounts detected in supernatant
samples. This yield was divided by the maximum theoretical yield of
aromatic compounds from Glc, estimated as 0.86 mol/mol in strains
lacking PTS (Chandran et al., 2003). Concentrations of ppGpp in the
extracts were calculated with a calibration curve and adjusted to the
biomass. Adenylate energy charge was calculated with the following
equation: AEC = ([ATP] + 5[ADP])/([ATP] + [ADP] + [AMP]), as
reported elsewhere (Chapman et al., 1971; Schuhmacher et al., 2014).
Graphs and tables show the average values for metabolite
measurements and the error bars represent the standard deviation.

For fermentation data analysis, the growth rate was obtained by
adjusting a logistic model to experimental data. Experiments
showed a drop in 0Dy values after exponential growth, therefore, a
zero order parameter (—Kd) for biomass decay was added to the
logistic model. Yields were first approximated by a regression of
linear segments of product versus substrate (Y,,;) and biomass
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Figure 2. Kinetic profiles of the three studied E. coli strains grown in batch-mode fermentors with 100 g/L of glucose and 30 g/L of yeast extract. The concentrations of biomass,
glucose, acetic acid, and shikimic acid were tracked during 32 h of cultivation; the symbols indicate experimental values and the error bars represent the standard deviation. The model
that best fits the experimental values in each case is represented with a line. AR3: filled circles and solid lines; AR3e: open circles and dotted lines; AR36: triangles and dashed lines.

versus substrate (Yys) data. With these yields, specific exponential
consumption and production rates (Gsexp and gpexp> respectively)
were calculated by standard equations taking into account the
growth rate values. Stationary consumption and production rates
(gssta and gpga) were approximated as AGlucose/ATime" Xy ax,
where X, is the maximum biomass achieved in the fermentors.
Since fermentations were performed on complex media, biomass
calculation could render a biased or incorrect comparison between
experiments. To provide more accurate comparisons, a consump-
tion and production integrated model was constructed, represented
with the following formulas:

Gy = Gy — {(q epX() (At)) (1 - X):)} _ {(qpmxt(m)) (X?:)}
St = S + {(qp eprt(At)> (1 _X):ax>:| + {(’mex(t) (At)) (XX‘ )}

max

where, G refers to glucose and $ to any product calculated on our
fermentations (shikimate or acetate). X is the biomass calculated
at time ¢ by the modified logistic model, X, is the maximum
biomass obtained at fermentations and ggex, and gpey, are the
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specific exponential approximations for glucose consumption and
product formation rates. Parameters gy, and gps, are the specific
stationary approximations for glucose consumption and product
formation rates. At is the 1 min time step used for simulations.
Mathematical model approximation was performed by 0.001 up and
down modifications to consumption and production rate values and
by optimization of the root mean square of the errors for data versus
model. This approximation rendered better descriptors for strain
behavior and allowed recalculation of yields and rates.

3C-Flux Calculations

For ’C-labeling experiments, resting cells were prepared as described
above. The unlabeled glucose was replaced by a mixture of 80% [1-"°C]-
and 20% [U-"C]-glucose (9% isotopic purity; Eurisotop Saint-Aubin,
France). Intracellular metabolites were collected, prepared, and analyzed
by IC-MS as described above. The isotopic patterns of metabolites of the
glycolytic and pentose phosphate pathways (PEP, G6B, F6P, S7B F1,6BP,
combined pools of 2 and 3 PG, and combined pools of Ru5P, R5P, and
Xu5P) were corrected for the presence of naturally occurring isotopes of
all elements (except carbon) using IsoCor (Millard et al., 2012). Fluxes
were calculated using influx_s software (Sokol et al., 2012), in which both
mass balances and carbon atom transitions describing the biochemical
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reaction network were implemented. The metabolic network contained
glycolysis and the pentose phosphate and Entner-Doudoroff pathways.
To account for the non-linear relationship between fluxes and isotopic
data, the confidence intervals of the fluxes were determined using a
Monte-Carlo approach (with 100 iterations). The calculated fluxes were
normalized to the rate of substrate uptake, which was arbitrarily set at
100. All experiments were performed in two biological replicates for each
strain. The isotopic data, metabolic model, and calculated fluxes for each
independent biological replicate are given in Supplementary material S3.

Results and Discussion

Plasmid Effects Observed Through Fermentation Profiles

Strain AR3 (containing no plasmid) and its derivatives, AR3e
(containing the plasmid without the synthetic operon, pTrc327par)
and AR36 (containing the shikimate production plasmid, pTrcAro6)
were grown in batch-mode fermentors containing SA production
medium supplemented with 100 g/L of glucose (Glc) and 30 g/L
yeast extract (YE). These conditions allowed AR36 to completely
consume the Glc and produce about 43 g/L of SA, 12 g/L of biomass,
and 9 g/L of acetate in 30 h, as previously observed (Rodriguez et al.,
2013) (Fig. 2). The same high-substrate conditions were applied to
derivatives AR3 and AR3e to challenge them into a prolonged Glc
consumption phase and exacerbate their metabolic responses. It is
important to notice that even without the pTrcAro6 plasmid, these
derivatives still express the SA pathway genes from the
chromosome; however, they are controlled by native transcriptional
and post-transcriptional regulation (Sprenger, 2006). In this setup,
strains AR3 and AR3e consumed roughly half of the available Glc in
the fermentors, producing only 1g/L of SA and about 40 g/L of
acetate. Although the low SA titers obtained from these strains is not
surprising since they lack the synthetic operon, the large amount of
acetate found in the media at the end of fermentations is striking

and evidences a clear metabolic trend towards the production of
this compound. In fact, the yields of acetate from Glc (Yace/qic) are
12 and 9 times higher in AR3 and AR3e than in AR36, respectively,
although the specific acetate production rates (qa) are only 1.8 and
1.2 times higher in AR3 and AR3e than in AR36 (Fig. 3).
Considering that the enzymes encoded in the synthetic operon are
expected to withdraw a significant fraction of glycolytic
intermediates toward SA, we propose that this might be the
most important factor in reducing acetate formation and allowing
consumption of large amounts of Glc. Similar effects have been
reported before (albeit with lower substrate concentrations), where
the expression of enzymes that increase ethanol production caused
less organic acid accumulation and improved growth, compared to
strains with empty plasmids (Diaz-Ricci et al., 1992; Ingram and
Conway, 1988). Moreover, it is known that acetate can be toxic from
concentrations as low as 2.5 g/L (Luli and Strohl, 1990), so it seems
likely that the measured concentrations of 40 g/L are causing the
decline in biomass concentration observed at the end of AR3e and
AR3 cultivations (Fig. 2). Given that SA is less toxic than acetate; the
results presented here support previous discussions on how the
expression of a biosynthetic pathway can provide a metabolic
advantage by carbon redirection (Diaz Ricci and Hernandez, 2000).
The model correctly fit all the experimental data with the exception
of the unusual acetate concentration profile observed with AR36
(Fig. 2). The latter profile indicates a particular acetate metabolism
in this condition which may also contribute to the lower acetate
titers obtained with this strain.

It is remarkable that the sole presence of the empty plasmid
induced a 4-fold increase in the specific Glc consumption rate (qs)
and eliminated the lag phase observed during growth of strain AR3,
allowing AR3e to reach maximum biomass before the other variants
(Fig. 2). However, this effect was not reflected in an increased
exponential growth rate () or biomass to Glc yield (Yx/q.) in
AR3e, compared to AR3 (Fig. 3). In addition, the three strains
produced roughly the same amount of biomass but at different
times, evidencing different physiological states. The strain
expressing the SA biosynthetic operon displayed a further increase
in the value for gs, representing twice the value obtained with the
empty plasmid or eight times the one obtained by the strain without
plasmid, accompanied by a 30% drop in the value of p. compared to
the other strains. On this regard, the presence of high amounts of YE
in the medium is mainly provided as a way to counteract the need
for supplementation of aromatic amino acids in strains lacking both
shikimate kinase enzymes, but is also used to increase biomass
formation. By growing in the presence of YE, the cells should have
more metabolic precursors, energy, and reducing power to
compensate for the drain of resources that involves replicating a
plasmid and expressing its encoded proteins (Carneiro et al., 2013).
In particular, up to 1000-fold change (8-10 qPCR cycles) in mRNA
abundance of the operon genes were detected in AR36 compared to
AR3e, after these derivatives were grown in SA production media
and sampled in mid-exponential phase (Supplementary material
Slc). If this level of expression is in fact creating a higher demand of
resources, it could also explain the observed increase in gs for strain
AR36 to produce nucleotide and amino acid precursors derived
from Glc. Nevertheless, since the YE is limiting biomass production
by providing a finite amount of aromatic amino acids (that cannot
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be synthesized from Glc in these derivatives) it seems reasonable
that the large differences in qs among the three strains are not
translating into large differences in biomass yields.

We acknowledge that both Glc and YE may contribute to the
generation of precursors for biomass and SA production. Even
when it is difficult to quantify the extent of these contributions,
we have previously shown that an increase in YE concentration
does not result in a significant change in SA titers or yields but
correlates linearly with an increase in the biomass concentration.
On the contrary, SA titers changed proportionally with the Glc
concentration (Rodriguez et al., 2013). As a control, when AR36
was cultivated in fermentors containing 30g/L of YE but no
added Glc, only one-fourth of the biomass and less than 1.5 g/L of
SA were produced (Supplementary material S4). This suggests
that SA is mainly being produced from Glc in these conditions
and there may be enough YE-derived components to maintain
balanced growth. However, the physiological responses to plasmid
presence observed here cannot be generalized until other
plasmids and genetic backgrounds are also evaluated under
the same conditions. For example, the inclusion of gene zwfin the
synthetic operon might influence the growth capabilities of AR36,
since it has been shown that this gene can recover the decrease in
o caused by the plasmid-based expression of a recombinant
protein (Flores et al., 2004). A direct comparison of the effects of
expressing gene zwf under SA production conditions still remains
to be tested.

Establishment of a Metabolically Active Resting
Cells State

Functional analyses of metabolic networks offer the possibility
of obtaining a snapshot of the central metabolism in a defined
physiological state and they have become an important tool to
evaluate the impact of metabolic engineering strategies (Ellis
and Goodacre, 2012). We decided to continue strain
characterization by tracking and quantifying key intermedi-
ates from central carbon metabolism and the SA pathway and
by calculating intracellular metabolic fluxes in the main
metabolic pathways involved with SA production. However, the
enriched culture medium used to produce SA in fermentors is
not compatible with fine metabolite analyses where defined
media are preferred. This became a particular issue because
strain AR36 was not able to grow on minimal medium
supplemented with aromatic amino acids and vitamins (even
though strains AR3 and AR3e were able to), suggesting the
presence of a constrained metabolism in AR36 that is
alleviated by the presence of YE. To solve this situation and
be able to make a fair comparison of the three strains, we
decided to prepare a resting cell system from cells grown in
rich media with 25 g/L of Glc and 15 g/L of YE that were then
washed and transferred to minimal media with 3 g/L of Glc as
only carbon source. With this procedure, it was possible to
keep an active Glc consuming state and arrest cell growth
without having to add chloramphenicol or limit nitrogen, as it
is often done (Emmerling et al., 1999; Julsing et al., 2012).
Even when this simulated state will not provide information
about biomass generation and omits the contribution of YE to
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metabolism, it is still a useful setup to determine differences in
the relative levels of intermediates derived from Glc, which
partially fuel the central metabolism and can also get excreted
as organic acids.

In these conditions, we observed differential qs values but
constant Glc consumption from the start of the experiments,
suggesting the cells are likely in a metabolic pseudo-steady state
(Fig. 4). Plasmid presence in AR3e considerably increased the gs
compared to the plasmid-less derivative AR3, keeping the same
trend than the values obtained for these two strains when grown in
rich media. Strain AR36, however, halved its qs in the resting
condition compared to fermentors with rich media, but retained
similar qp and Ysaqc values (Figs. 3 and 4). The use of defined
media made possible to detect all major compounds present in the
supernatant after 2.5 h of starting the resting cell experiments and
SA was the most abundant extracellular product observed in all
cases. The SA pathway intermediates quinic acid and
3-dehydroshikimic acid were also detected in larger amounts in
the supernatants obtained from strain AR36, as expected for a
strain that redirects more precursors toward the SA pathway
(Fig. 5). As a result, the total molar yield of aromatic compounds
relative to the maximum theoretical yield (Yrac/gic/ Yimax) obtained
with strain AR36 was 81% (Fig. 4), also resembling previously
reported values in fermentor experiments, where 67% was attained
(Rodriguez et al., 2013). These results show that while YE presence
is beneficial to AR36 by helping growth and promoting faster Glc
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Figure 4. Glucose consumption profiles and metabolic parameters obtained in
the resting cells system. The arrows show the sampling times that were used for
collection and quantitation of extracellular and intracellular metabolites. Trend lines to
the experimental values are graphed to show near-linear consumption rates during the
sampling times. Data in the table represent the average values and standard deviations
of the three time points analyzed for each strain. X = biomass; qs = specific glucose
consumption rate; qp =specific shikimate production rate; Ysagic = shikimate to
glucose yield; Yracseie/ Ymax = total molar yield of aromatic compounds relative to the
maximum theoretical yield; AEC = adenylate energy charge.
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F6P = fructose 6-phosphate; GIcNAc-1P = N-acetylglucosamine 1-phosphate; F1,6BP = fructose 1,6-bisphosphate; 1,3BPG = 1,3-bisphosphoglycerate; 3PG = 3-phosphoglycerate;
2PG = 2-phosphoglycerate; PEP = phosphoenolpyruvate; PYR = pyruvate; AcCoA = acetyl coenzyme-A; CIT = citrate; cis-ACO = cis-aconitate; SUC = succinate; FUM = fumarate;
MAL = malate; OAA = oxaloacetate; cAMP = cyclic adenosine monophosphate; ppGpp = guanosine tetraphosphate; ATP/ADP =ratio of adenosine triphosphate to adenosine
diphosphate; DAHP =3-dehydroarabinoheptulosonate 7-phosphate; DHQ = 3-dehydroquinate; QA =quinate; DHS =3-dehydroshikimate; SA = shikimate, zwf= glucose
6-phosphate dehydrogenase; tktA = transketolase I; aroG = DAHP synthase; aroB= DHQ synthase; aroD = DHQ dehydratase; aroE = SA dehydrogenase.
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consumption, the carbon partition and redirection of glycolytic
intermediates to SA in the resting cells appears to be similar to the
high-substrate production conditions. Altogether, these observa-
tions support the use of the resting cell system described here to
simulate and assay the glycolytic metabolism (without YE-derived
components) and the production of SA from Glc in fermentors. As
discussed in the next section, this system is relevant because it
allows for detection of pathway bottlenecks or depletion of
precursors and permits faster small-scale comparisons of the
consequences that genetic or environmental perturbations can have
over the SA yield.

Comparative Metabolomics

The resting cell cultures were used to track seven extracellular
metabolites and 25 intracellular metabolites over time by
measuring the absolute concentration of the first group in the
supernatant and the relative concentration of the second group
in cell extracts. The metabolite profiles are shown in Figure 5.
Intermediates in red boxes refer to the absolute extracellular
concentrations measured at the point of highest SA
accumulation, intermediates in blue boxes indicate relative
intracellular concentrations and metabolites in green boxes
indicate absolute intracellular concentrations per unit of
biomass. The columns in every graph, from left to right, refer
to the average values obtained in AR3, AR3e, and AR36,
respectively.

Strain AR3e, which consumes Glc faster than the other
derivatives, accumulates higher concentrations of fermentation
products, intermediates of the tricarboxylic acid (TCA) cycle,
glucose-1-phosphate (G1P) as precursor of glycogen (GLG),
and N-acetylglucosamine-1-phosphate (GlcNAc-1P), used in
cell wall synthesis. In contrast, AR36 did not accumulate
lactate, ethanol or acetate, probably because the over-
expression of genes in the operon redirects glycolytic
intermediates toward the SA pathway. As discussed previously,
this may prevent toxic product formation, like acetate or
ethanol, that accumulate almost 100 times more in AR3e than
in AR36 (Fig. 5). On the other hand, the observed intracellular
levels of fructose-1,6-bisphosphate (F1,6BP) are lower in AR36
than in AR3e. This could be partially explained by the
overexpression of transketolase I enzyme (coded by tktA),
which promotes conversion of F6P into erythrose-4-phosphate
(E4P), presumably reducing the amount of substrate for the
phosphofructokinase reaction and diminishing the flux to
F1,6BP (see next section). However, phosphoenolpyruvate
(PEP) concentration is not comparatively low in AR36, despite
the overexpression of the 3-deoxy-arabinoheptulosonate-
7-phosphate (DAHP) synthase (encoded by aroG™). The
expression of this enzyme is also not resulting in a relatively
higher intracellular concentration of DAHP in AR36, suggest-
ing that AroB level is sufficient and does not likely significantly
limit the flux (Fig. 5). The ATP/ADP ratio does not significantly
differ between the three strains, being close to the value of 10
measured in the K-12 wild-type strain during exponential
growth on Glc (Koebmann et al., 2002). The adenylate energy
charge (AEC), which is also very similar in the three strains
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with a value of 0.5 (Fig. 4), corresponds to values typically
found in metabolically active cells in stationary phase
(Chapman et al., 1971). Therefore, it seems that there are
active systems to prevent depletion of essential intermediates,
such as G6P, F6P, 1,3BPG, PEP, and ATP, as previously
suggested (Diaz Ricci and Hernandez, 2000). This might be
controlled to some extent by the low F1,6BP concentration in
AR36, consistent with previous findings where it was
demonstrated that a low F1,6BP level limits PEP depletion
by reducing the PEP carboxylase activity (Xu et al., 2012). This
response, which would save PEP for glucose transport via the
PTS in a wild-type strain, is probably improving PEP
availability and SA formation in the PTS™ derivatives studied
here.

Moreover, the lower Glc consumption displayed by strain AR3
may be a consequence of the relatively higher concentrations of
intracellular intermediates like ribose-1-phosphate (R1P), G6P,
F6P, and PEP. It is important to recall that all studied strains have
a PTS™ pykF~ background, constructed precisely with the
purpose of increasing PEP availability from Glc but knowing
beforehand that a concomitant decrease in . and gs values is
commonly observed as a response to these inactivations (Meza
et al., 2012; Ponce, 1999). It is after plasmid transformation that
the metabolism changes to a more active state, presumably by
redirecting carbon precursors toward amino acid and nucleotide
biosynthetic pathways, as well as energy generation pathways like
the TCA cycle (Fig. 5). A sound theory is that this switch is
activated as a response to the need to replicate the plasmid and
express the encoded proteins, mediated by a change in the
transcriptional regulatory networks and leading to an increase in
gs (Diaz Ricci and Herndndez, 2000). In AR3e, we detected strong
build-up of most of the TCA cycle intermediates that may be in
agreement with the higher flux in the TCA cycle. Furthermore, it
is interesting to note that this accumulation correlates with the
production of lactate and ethanol which are not expected in
aerobic condition.

There is evidence that the central metabolic response to
plasmid presence partially depends on a complex regulatory
network mediated by cAMP-CRP and Cra transcriptional
regulators (Ow et al., 2009). Moreover, it has been proposed
that plasmids can increase the PTS-dependent sugar transport
by means of a positive regulation of the glucose transporter
gene ptsG by the complex cAMP-CRP, correlating with increased
cAMP levels and the expression of catabolic operons (Botsford
and Harman, 1992; Diaz Ricci and Herndndez, 2000). The
results presented here support the presence of such effect in a
PTS" strain, since an increase in cAMP concentration was
observed in plasmid-containing derivatives AR3e and AR36,
compared to AR3 (Fig. 5). This means that other transporters
could potentially be upregulated by cAMP-CRP in these
conditions, for example GalP, which is responsible for the
main Glc import capabilities in the parental strain PB12 (Flores
et al., 2007). Additionally, F1,6BP is considered as a metabolic
flux sensor in E. coli, where its interaction with Cra regulates the
expression of central metabolic genes (Kochanowski et al.,
2013). Based on this regulatory model, the high F1,6BP level
observed in AR3e is expected to decrease Cra activity and to
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enhance the glycolytic flux. In contrast, in AR36 (or to a lesser
extent in AR3), the low F1,6BP level is expected to increase Cra
activity and reduce the glycolytic flux. Interestingly, we found
that the plasmid also causes a drop in ppGpp concentrations in

exponential phase (Fig. 5). Values of 0.55, 0.18, and
0.22 pg/gcpw were detected for strains AR3, AR3e, and
AR36, respectively, showing an inverse correlation to the gs
trends. This effect has been reported before (Hoffmann and
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Rinas, 2004; Ow et al., 2009; Silva et al., 2012) and suggests that
the plasmid may indirectly decrease the stress response of the
cell in the tested conditions.

Comparative Fluxomics

To get a comprehensive view of the metabolic state in the three
derivative strains, '°C metabolic flux analysis was performed to
estimate carbon flux distributions within the central metabolism
and the SA pathway. Resting cell cultures were used in identical
conditions as for metabolomics, substituting glucose by
13C-glucose, and metabolic fluxes were determined from the
measured '*C-labeling patterns of seven intracellular metabolites
and from extracellular fluxes (Fig. 6a). First of all, by sampling
C-labeled metabolites at different time points, we detected low
variations in the isotopic labeling patterns over the time
(Supplementary material S2) validating that the resting cells
experiment provides a metabolic and isotopic pseudo-steady state.
In AR3, 15% of the Glc is metabolized through the pentose
phosphate pathway (PPP) (Zwf reaction), with a negligible
contribution of the Entner-Doudoroff (ED) pathway. The flux
through the oxidative branch of the PPP is thus significantly higher
than previously reported for the parental strain PB12 (Flores et al.,
2002). This indicates that the resting cell state and/or the additional
genetic modifications of the PB12 strain contribute to rerouting
carbon from glycolysis to the oxidative branch of the PPP. It is
important to note that, in AR3, the oxidative branch of the PPP
alone is sufficient to support the E4P demand for SA production
(Fig. 6b). The flux distribution in the strain AR3e is similar to that
of the strain AR3, indicating that the presence of the plasmid
increases the global activity of the central metabolism (since the gs
is higher in AR3e) but does not impact the intracellular flux
partition (Fig. 6a). In contrast, 36% of the Glc is metabolized
through Zwf in the strain AR36, which is more than twice the flux
observed in AR3 and AR3e, as intended by overexpressing the zwf
gene. This flux primarily feeds the oxidative branch of the PPP in
AR36, with a low contribution of the ED pathway. Despite this
increased flux through Zwf and the 6-phosphogluconate dehydro-
genase (Gnd) in AR36, the oxidative branch of the PPP alone is not
sufficient to sustain the E4P demand for SA production, and about
50% of the E4P is supplied by the Embden-Meyerhof-Parnas (EMP)
pathway (Fig. 6b) via the non-oxidative branch of the PPP. This
metabolic remodeling is particularly striking at the level of the two-
carbon block transfer reaction from xylulose-5-phosphate (Xu5P)
to the transketolase, which reverses in AR36 leading to a slight
formation of Xu5P from glyceraldehyde-3-phosphate (G3P).
Another important finding in AR36 is the significant increase of
flux through both the transketolase (which is overexpressed) and
transaldolase reactions. This leads to the establishment of a very
active metabolic cycle which roughly produces two molecules of
E4P from one molecule of ribose-5-phosphate (R5P) and one of G3P
(displayed in blue in Fig. 6a). The increased contributions of both
the oxidative and non-oxidative branches of the PPP in AR36 to
sustain the E4P demand significantly decrease the carbon flux. This
is consistent with the lower F1,6BP level observed in this strain,
which increases the activity of Cra and thereby, presumably inhibits
the expression of glycolytic genes while activating gluconeogenic
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(e.g., pck) genes. The combined decrease of glycolytic flux and
increase of demand in PEP for SA production, reduces the carbon
available for the rest of metabolism (TCA cycle and byproducts
formation), which is eight times lower in AR36 compared to AR3
and AR3e. This strengthens the hypothesis that the redirection of
carbon towards the SA pathway in AR36 may be the primary cause
of the reduced production of acetate, ethanol, and lactate.

Finally, we calculated the ATP and NADPH balances from the
estimated intracellular carbon fluxes, considering only the EMP and
PPP pathways, respectively (Fig. 6¢). In this scenario, the EMP
produces 86% and 88% of the ATP required for Glc uptake by gluco-
and phosphofructo-kinases in strains AR3 and AR3e, respectively, but
only 31% in AR36. This indicates that additional energy-producing
processes (e.g., the TCA cycle or oxidative phosphorylation) are
necessary in this strain to sustain continuous Glc uptake and ATP
needs for maintenance. This condition might be one of the causes of
the observed decrease in qs values when AR36 was transferred to the
resting cells system and would also explain the lack of growth in the
absence of YE, while AR3 and AR3e were able to. In contrast to ATP,
the NADPH requirements for SA production (i.e., one mole of NADPH
per mole of SA) are balanced with the NADPH formation by Zwf and
Gnd in the three strains (Fig. 6¢).

Conclusions

In this paper we describe the implementation and characteriza-
tion of a resting cell state which was useful to emulate the SA
production profiles of the strain AR36 in fermentation conditions,
albeit only from Glc. It was observed that plasmid pTrc327par
increases the qs and the intracellular levels of metabolites
involved in energy generation pathways, therefore preventing
depletion of PEP and ATP, which might translate into a lower
stress state. When the biosynthetic operon is expressed from this
plasmid, the engineered strain was able to use the more active
glycolytic metabolism to consume up to 100g/L of Glc and
produce SA, which worked as an escape valve for intermediates
that would otherwise be converted into more toxic fermentation
products. This is the first reported metabolomics and fluxomics
characterization of an E. coli strain that overproduces SA with
high titers and yields. Expressing the production plasmid in AR36
increases the demand in E4P and PEP for SA synthesis and
results in a major, global remodeling of the carbon and energy
metabolism. Consequently, the carbon available for oxidative and
fermentative pathways is reduced, and both the oxidative and the
non-oxidative branches of the PPP are strongly activated to
supply E4P and balance NADPH requirements for SA production.

The severe combined modifications to Glc transport functions and
the inactivation of pykE aroK, and aroL performed during
construction of strain AR36, cause a phenotype characterized by a
constrained metabolism to increase precursor availability for the
production of aromatic compounds. This is the phenotype displayed
by strains AR3 and AR3e, which do not show optimal traits for a
production strain. Here we provide an example of how this situation
was turned into an advantage by redirecting intermediates towards
SA with a constitutive expression system; nevertheless, supplemen-
tation of YE to the culture medium seems to be required and a large
amount of acetate is still being accumulated at the end of the



fermentation. A further comparison of the effects caused by other
combinations of plasmids and genetic backgrounds would provide
valuable insights into the metabolism of engineered E. coli strains.
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Shikimic acid production in
Escherichia coli: from classical
metabolic engineering strategies to
omics applied to improve its
production

Juan Andrés Martinez, Francisco Bolivar and Adelfo Escalante*

Departamento de Ingenieria Celular y Biocatalisis, Instituto de Biotecnologia, Universidad Nacional Autdnoma de México,
Cuernavaca, Mexico

Shikimic acid (SA) is an intermediate of the SA pathway that is present in bacteria and
plants. SA has gained great interest because it is a precursor in the synthesis of the
drug oseltamivir phosphate (OSF), an efficient inhibitor of the neuraminidase enzyme
of diverse seasonal influenza viruses, the avian influenza virus H5N1, and the human
influenza virus H1N1. For the purposes of OSF production, SA is extracted from the
pods of Chinese star anise plants (llicium spp.), yielding up to 17% of SA (dry basis
content). The high demand for OSF necessary to manage a major influenza outbreak is
not adequately met by industrial production using SA from plants sources. As the SA
pathway is present in the model bacteria Escherichia coli, several “intuitive” metabolically
engineered strains have been applied for its successful overproduction by biotechnolog-
ical processes, resulting in strains producing up to 71 g/L of SA, with high conversion
yields of up to 0.42 (mol SA/mol Gic), in both batch and fed-batch cultures using com-
plex fermentation broths, including glucose as a carbon source and yeast extract. Global
transcriptomic analyses have been performed in SA-producing strains, resulting in the
identification of possible key target genes for the design of a rational strain improvement
strategy. Because possible target genes are involved in the transport, catabolism, and
interconversion of different carbon sources and metabolic intermediates outside the
central carbon metabolism and SA pathways, as genes involved in diverse cellular stress
responses, the development of rational cellular strain improvement strategies based on
omics data constitutes a challenging task to improve SA production in currently over-
producing engineered strains. In this review, we discuss the main metabolic engineering
strategies that have been applied for the development of efficient SA-producing strains,
as the perspective of omics analysis has focused on further strain improvement for the
production of this valuable aromatic intermediate.

Keywords: Escherichia coli, metabolic engineering, shikimic acid, transcriptome, metabolome, antiviral drug,
influenza
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Introduction

Compounds derived from the aromatic amino acid (AA) pathway
play important roles in the pharmaceutical and food industries
as raw materials, additives, or final products (Patnaik et al., 1995;
Bongaerts, 2001; Baez et al., 2001; Yi et al., 2002; Chandran et al.,
2003; Baez-Viveros et al., 2004; Gosset, 2009). This metabolic
pathway is present in bacteria and plants, starting with conden-
sation of the central carbon metabolism (CCM) intermediates
phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) to
form the first AA pathway intermediate D-arabinoheptulosonate-
7-phospate (DAHP). From this compound to chorismic acid
(CHA), the pathway is mostly linear and represents the first
part of the AA pathway, known as the common AA pathway or
the shikimic acid (SA) pathway (Figure 1). One of the specific
intermediates on this pathway is SA, which is a highly functional-
ized six-carbon cyclic compound with three asymmetric centers.
Therefore, SA is an enantiomeric precursor for the production
of many high valuable biological active compounds for different
industries. SA is the precursor for the synthesis of compounds with
diverse pharmaceutical applications, including as an antipyretic,
antioxidant, anticoagulant, antithrombotic, anti-inflammatory,
or analgesic agent, for the synthesis of anticancer drugs, such
as (+)-zeylenone (which has been shown to inhibit nucleoside
transport in Ehrlich carcinoma cells and to be cytotoxic to cul-
tured cancer cells), and for antibacterial or hormonal applications
[reviewed in Estevez and Estevez (2012), Liu et al. (2012), and
Diaz Quiroz et al. (2014)] (Figure 2).

Specifically, SA has great pharmaceutical relevance because
it is the precursor for the chemical synthesis of oseltamivir
phosphate (OSF), known as Tamiflu®, used as the antiviral
inhibitor of the neuraminidase enzyme for the treatment of
diverse seasonal influenza viruses, including influenza A and B,
the avian influenza virus H5N1, and the human influenza virus
HIN1 (Kramer et al., 2003; Estevez and Estevez, 2012; Ghosh
et al., 2012; Diaz Quiroz et al., 2014). For this purpose, SA is
obtained from the seed of the Chinese star anise plant Illicium
verum, which contains between 2 and 7% of the intermediate.
However, it can only be retrieved from plants after 6 years of crop
growth and harvested in September and October (Li et al., 2007;
Raghavendra et al., 2009; Wang et al., 2011). To recover SA from
the seed, a 10-step process is required, taking ~30 kg of seed to
produce 1 kg of SA. According to Li et al. (2007) on their 2007
patent, ~90% of the Chinese harvest is used by Roche (2009) for
OSF production.

In 2009, Roche reported Tamiflu® sales to be 3.5 billion dol-
lars, with a production capacity of up to 33 million treatments
per month and 400 million packages per year (Scheiwiller and
Hirschi, 2010). For the antiviral production, up to 1.3 g of SA
are required to manufacture 10 doses to treat only one person,
estimating a production requirement for this antiviral drug
alone of ~520,000 kg/year (Rangachari et al., 2013). Even so, this
reported production capacity could be insufficient in the case of
an influenza pandemic, particularly with more pathogenic and
infective strains. An estimated production of 30 billion doses,
requiring 3.9 million kilograms of SA, would be necessary to
cover a severe influenza outbreak (Rangachari et al., 2013).

According to the World Health Organization regarding influenza
outbreak preparedness, only 66 million people in medium to low
income countries are covered up with antiviral stocks, represent-
ing only 2.25% of the populations in these countries (World
Health Organization, 2011). This situation results in a possibly
low production capacity since in 2010, 100 million people were
infected with common strains of influenza in Europe, Japan,
and the United States alone. Moreover, before 2010, pandemic
influenza has affected between 20 and 40% of the population,
causing over 20 million deaths (Scheiwiller and Hirschi, 2010;
World Health Organization, 2011).

For the reasons mentioned before and due to the relevance
of SA in diverse industrial setups, many studies concerning SA
production have been conducted within the past years, resulting
in new and insightful strategies for its production, including
recovery technologies, chemical synthesis methods, and biotech-
nological production methods using microorganisms. In fact,
one of the most studied alternatives for SA production processes
is biotechnological synthesis using recombinant microbial strains
that are capable of producing high yields and that have high pro-
ductivities, as there are key advantages over chemical synthesis,
which include environmental friendliness, the availability and
abundance of low-cost renewable feed stocks, and selectivity
and diversity of the obtained products (Chen et al., 2013). These
strains can be obtained by genetic modification, altering cellular
properties to enhance their production capacity through the
application of diverse metabolic engineering (ME) approaches
(Kramer et al., 2003; Ghosh et al., 2012; Diaz Quiroz et al., 2014).
However, despite the great achievements accomplished through
this discipline, performance improvement has become limited
after the first breakthroughs, mainly because of the traditional
local pathway modification strategies. This is probably due to the
limited understanding of the overall mechanism of metabolic
regulation (Matsuoka and Shimizu, 2012). Therefore, given the
importance of finding not only a particular pathway but also
global information regarding cell physiology and metabolism to
overcome production limitations, a systems biology approach
supported by omics data may be the solution for improving SA
production. The goal of this work is not only to review the lit-
erature on the great biotechnological achievements made for SA
production, mainly in Escherichia coli, but also to outline future
perspectives on research performed in the omics era, which
could provide relevant tools for understanding cell behavior and
production optimization via biotechnological processes.

Classical Metabolic Engineering Approaches

for SA Production

Metabolic engineering has been used since 1991 for strain
modification by using recombinant DNA technology to enhance
the production of specific metabolites (Matsuoka and Shimizu,
2012). The efforts to use ME have extended from the early years to
optimize many cellular behaviors or parameters, such as substrate
consumption, robustness, and tolerance toward toxic compounds
and media conditions (Matsuoka and Shimizu, 2012). Classical
ME strategies for strain development include various steps, such
as the selection of a proper organism, elimination of competing
pathways, deregulation of desired pathways at the enzyme activity
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products: L-TRP, L-tryptophan; L.-PHE, L-phenylalanine; L-TYR, L-tyrosine. Continuous arrows indicate single enzymatic reactions; dashed arrows show several
enzymatic reactions; dashed-dotted arrows (blue) show repression of DAHPS isoenzymes allosteric regulatory circuits. Adapted from Keseler et al. (2013) and

Rodriguez et al. (2014).

and transcriptional levels, and overexpression of enzymes at flux
bottlenecks (Patnaik et al., 1995). Regarding the selection of an
organism, E. coli has been preferred for industrial purposes and
ME applications because of the knowledge available on E. coli
physiology and the great numbers of tools developed to modify its
genome (Chen et al., 2013). Therefore, many advances had been
made regarding SA in E. coli, rendering strains capable of being
used in industrial applications (Frost et al., 2002; Li et al., 2007).
In E. coli, the SA pathway starts by condensation of the CCM
intermediates PEP and E4P by three DAHP synthase isoenzymes,
AroG, AroF, and AroH (coded by aroG, aroF, and aroH, respec-
tively), to produce DAHP. These three isoenzymes are responsible
for the redirection from CCM intermediates toward the synthesis
of aromatic compounds and are allosterically regulated spe-
cifically by the final products of AA biosynthesis. AroG catalyzes

~80% of DAHPS activity and is specifically feedback regulated
by L-phenylalanine, AroF (~20% of DAHPS activity) is feedback
regulated by L-tyrosine, and AroH (~1% of DAHPS activity) is
regulated by L-tryptophan. Additionally, the transcription of
aroG and aroF is controlled by the tyrR repressor, with the end
products of the AA pathway (L-phenylalanine and r-tyrosine,
respectively) acting as corepressors, whereas the transcription of
aroH is controlled by the trpP repressor, with L-tryptophan acting
as a corepressor (Keseler et al., 2013) (Figure 1). The ME solution
for this first flux bottleneck is the expression of a DAHP AroG and
AroF synthase that is not sensitive to feedback inhibition (fbr)
(AroG™ and AroF™). Mutations in the aroG and aroF genes lead
to L-phenylalanine and L-tyrosine feedback-insensitive mutants
with increased net carbon flux from CCM to the SA pathway
(Keseler et al., 2013; Lin et al., 2014; Rodriguez et al., 2014); these
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mutants have been used in most SA production strains (Table 1)
(Chandran et al., 2003; Escalante et al., 2010; Chen et al., 2012,
2014; Rodriguez et al., 2013). Forward reactions convert DAHP to
dehydroquinic acid (DHQ), then to 3-dehidroquinate (DHS) and
finally to SA by the enzymes 3-dehydroquinate synthase (aroB),
3-dehydroquinate dehydratase (aroD), and shikimate dehydroge-
nase (aroE), respectively (Figure 1). Although the pathway to SA
conversion is small and linear, its regulation and the competition
for precursor metabolites remain quite complicated because the
SA pathway is dependent on the glycolytic and pentose phosphate
pathways (PPPs) to provide the starting precursors PEP and E4P,
respectively (Gosset, 2009; Escalante et al., 2012; Ghosh et al.,
2012; Rodriguez et al., 2014).

SA production starts in CCM, further away from glucose con-
sumption. In E. coli, the majority of glucose transport occurs via
the PEP:glucose phosphotransferase system (PTS), which uses a
phosphate group from one molecule of PEP to simultaneously
import and phosphorylate periplasmic glucose, resulting into
6-phosphate glucose (G6P) and pyruvate (PYR) (Figure 1). For
these reasons, the application of ME strategies only on the SA
pathway would not render a significantly optimized strain for SA
production (Ghosh et al., 2012).

To optimize productivity and yields froma given carbon source,
modification of the CCM pathways supplying the needed precur-
sors and energy sources for product synthesis is required (Patnaik
and Liao, 1994). For the E4P supply, the PPP is the responsible
for its production. The overexpression of transketolase I (TktA,

coded by tktA) and transaldolase (coded by talA), resulting in the
preferential use of TktA to improve the E4P pool for the synthesis
of DAHP (Flores et al., 1996; Draths et al., 1999; Frost et al., 2002;
Chandran et al., 2003; Escalante et al., 2010; Rodriguez et al.,
2013).

Regarding increasing the PEP pool, the first problem arises
with the consumption of 50% of the PEP resulting from the
catabolism of one molecule of glucose-6-P by PTS during the
translocation and phosphorylation of one molecule of glucose. A
rational approach is to reconvert PYR to PEP by overexpressing
PEP synthase (coded by pps); this solution, along with the expres-
sion of a DAHPS® (AroG® or AroF™), leads to a 51% (mol/mol)
yield of DHS and related SA pathway metabolites. This yield
is in fact higher than the 43% (mol/mol) yield calculated from
stoichiometric reactions, reflecting the effective redistribution of
the PEP to PYR pool ratio and the ability of the strain to redirect
this new imbalance into the SA pathway (Yi et al., 2002; Chandran
et al., 2003; Kramer et al., 2003; Escalante et al., 2010; Rodriguez
et al., 2013). Overexpression of the pps gene has been studied;
the maximum yield of SA is not obtained under the maximum
concentration of the enzyme. In fact, it has been found that
expression of this enzyme over the optimized level would only
reduce the yields of SA intermediates, probably due to energetic
imbalances (Yi et al., 2002).

The maximum theoretical yield limitation can be changed by
restructuring the metabolic network, providing the system with
a new stoichiometric matrix. Therefore, a natural solution for the
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TABLE 1 | Relevant E. coli engineered strains for SA production.

Producing Phenotypic traits Special comments Culture conditions Title Yield Reference
strain (g/L) (mol SA/
mol gic)

SA112 BW25113AaroKL, CIChE evolved to optimize SA Shake flasks cultures with 10 g/L 1.70 0.25 Cui et al.
Ppops::PiacQ1,Pesra::PiacQ1Pt5-pps, production glc, 1 g/L peptone (2014)
Prs-csrB, 5Ptac-tktA

DHPYAAS-T7 DHb5a AptsHicrr, AaroKL, AydiB Plasmid overexpression of SA Shake flasks cultures (50 mL), M9 1.066 0.23 Chen et al.
pPAOC-TGEFB:aroE, aroB, glk, tkta, aroF™ related genes broth supplemented with 25 g/L (2012)

glycerol, 10 g/L peptone, 15 g/L YE

PB12.S5A22 JM101 AptsH,ptsl,crr::Km" AarokL::cm® Laboratory evolved PTS- glucose~ 1 L batch bioreactor 25 g/L glc and 7.05 0.22 Escalante
pJLBaroG"tktA, pTOPO-aroBaroE into glucose* derivative phenotype 15 g/L YE etal. (2010)

SA5 B0013 AarokL::dif AptsG::dif AydiB:dif Plasmid over expression of SA 7 L fed-batch bioreactor, initial 14.6 0.3 Chen et al.
AackA-pta::dif pTH-aroG™-ppsA-tktA related genes 15 g/L glc supplemented with AA (2014)

and vitamins

SA114 BW25113AaroKL, Ppps::PicQ1, CIChE evolved to optimize SA Shake flasks, 10 g/L glc, 1 g/L 2.99 0.31 Cui et al.
Pesrai:placQ1 Prs-pps,Prs-CSrB, 5Prac-tktA, peptone (2014)
5Ptac-pntAB

SP1.1pts-/ DH5a AptsH-ptsl-crr AserA::aroB Heterologous glk and gif 10 L fed-batch bioreactor 84 0.33 Chandran

pPSC6.090B AarolL::Tn10 A aroK::Cm" Prcglf glk, from Z. mobilis to restore glc 55-170 mM Glc + 15 g/L YE et al. (2003)
arof®tktA, PacaroE, serA transport and phosphorylation in

PTS- glc~ phenotype

SA116 BW25113AaroKL, CIChE evolved to optimize SA Shake flasks 10 g/L glc, 1 g/L 3.12 0.33 Cui et al.
Pops::PiacQ1,Pesr::PiacQ1 Prs-pps, Prs- peptone (2014)
CSIB, 5Piac-tktA, 5Piac-nadkK

AR36 JM101 AptsH, ptsl, crr:Km™ AarokL::cm"  Constitutive strong over 1 L batch bioreactor 100 g/L 41.8 0.42 Rodriguez
ApykF Alacl pTrcAro6-aroB, tktA, aroG™",  expression by synthetic operon glc+15g/L YE etal. (2013)

arok, aroD zwf on plasmid

glc, glucose; YE, yeast extract.

PEP pool was to eliminate the PTS system, which would not only
modify the amount of PEP but also redistribute the stoichiometric
matrix to raise the maximum theoretical yield to 86% (mol/mol)
(Chandran et al., 2003; Kramer et al., 2003). The main problem
with this solution is the resultant low level of glucose transport,
which results in a strain with hampered growth (PTS™ pheno-
type) (Flores et al., 1996, 2007; Aguilar et al., 2012). Nevertheless,
various strategies have been developed to revert this low glucose
consumption and low growth phenotype. Using rational ME
strategies, substitution of the PTS for another glucose transport
system has been performed. Chandran et al. used heterologous
expression of the Zymomonas mobilis (Glf) glucose transporter, a
glf-encoded glucose facilitator and a glk-encoded glucose kinase
(GIk), thereby allowing cells to consume glucose more efficiently
without consuming PEP (Frost et al,, 2002; Chandran et al,
2003; Kramer et al., 2003). Another strategy is to apply labora-
tory adaptive evolution onto a PTS™ strain. Flores et al. used a
continuous culture with glucose as a single carbon source to select
high glucose consumption-evolved derivative strains (PTS™ glc*
phenotype). Characterization of these mutants revealed overex-
pression of the galP and glk genes encoding galactose permease
and glucokinase, respectively, allowing and improving glucose
transport and phosphorylation capabilities and resulting in an
increased specific growth rate and PEP availability (Flores et al.,
1996, 2007; Aguilar et al., 2012).

Finally, with precursors known to induce redirection, deregu-
lation, and overexpression of the SA pathway genes aroB, aroD,
and aroE have been achieved, resulting in an efficient carbon flux

from CCM to the SA pathway. The highest production to date
corresponds to the SP1.1pts-/pSC6.090B strain, a PTS™ derivative
strain with a plasmid containing two tac promoters, the first of
which controls expression of the gif, glk, aroF®™, and tktA genes
and the second of which controls expression of the aroE and
serA genes (Chandran et al., 2003). The reasoning behind this
construction was to increase the PEP pool by deleting PTS, to
recuperate glucose consumption by overexpressing glf and glk,
to assure E4P pool enhancement by overexpressing tktA and to
induce a deregulated pull toward the AA pathway via an aroF™,
as discussed before. The second promotor in the plasmid was
designed to overexpress aroE, allowing continuous flux of the SA
pathway; additionally, a second copy of aroB was introduced into
the chromosome instead of reintroducing the serine production-
related gene serA to the cell via the plasmid and was used as a
selection marker for plasmid retention. This approximation, along
with the deletion of genes related to SA consumption (aroK and
aroL), allowed SA accumulation, achieving a production capacity
of 87 g/L SA, with a yield of 36% (mol/mol) and a productivity
of ~5.3 g/L h when a 10 L glucose-fed batch was cultured. This
strain has the highest titer accumulation recorded in the literature
to date (Table 1; Figure 3).

Even with these rational strategies, the yield of the SP1.1pts-/
pSC6.090B strain is far from the theoretical maximum yields
of PTS™ derivative strains. In 2010, Escalante et al. presented a
JM101 PTS™ derivative strain with high glucose consumption
capacity that was capable of overexpressing the galP and glk genes
and that was produced from an adaptive evolution process. This
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FIGURE 3 | Relevant engineered E. coli strains for SA production. Metabolic traits of £. coli derivative strains engineered for SA production resulting in highest
SA titer and yield from glucose. The figure illustrates alterative glucose transporter GalP (galactose permease) selected by the cell after laboratory adaptive evolution
process of a PTS™ mutant (Flores et al., 1996, 2007; Aguilar et al., 2012). Gif (glucose facilitator) and Glk (glucokinase) from Z. mobilis (plasmid cloned). Resultant
characteristics of engineered strains are shown for pSC6.090B (Chandran et al., 2003), PB12.SA22 (Escalante et al., 2010), AR36 (Rodriguez et al., 2013), and

SA116 strain (Cui et al., 2014). CCM key intermediates and protein encoding genes: TCA, tricarboxylic acid pathway; E4P, erythrose-4-P; PGNL, 6-phospho
p-glucono-1,5-lactone; PEP, phosphoenolpyruvate; PYR, pyruvate; ACoA, acetyl-CoA; CIT, citrate; OAA, oxaloacetate; zwf, glucose 6-phosphate-1-dehydrogenase;
tktA, transketolase I; pykA, pyruvate kinase Il; [pdA, aceE and acef, coding for PYR dehydrogenase subunits; gitA, citrate synthase; pck, PEP carboxykinase; ppc
PEP carboxylase; ppsA, PEP synthetase. SA pathway intermediates and genes: DAHP, 3-deoxy-p-arabino-heptulosonate-7-phosphate; DHQ, 3-dehydroquinate;
DHS, 3-dehydroshikimate; SA, shikimic acid. Continuous arrows indicate single enzymatic reactions; dashed arrows show several enzymatic reactions. Bold arrows
show improved carbon flux. Black squares in plasmids/operons indicate gene interruption; ¢, chromosomal gene interruption or integration; p, plasmid-cloned genes.

strain (PB12), along with a two-plasmid expression system for
aroG"-tktA and aroB-aroE, respectively, under lacUV5 promot-
ers inducible by IPTG (PB12.SA22), allowed a yield of 29% (mol/
mol) (Escalante et al., 2010). Further modifications allowed them
to find that a pykF deletion could result in higher yields of total
aromatic compounds, up to 50% (mol/mol), even when present-
ing an SA yield diminution (0.21%). In this case, the amount of
flux reduced from PEP to PYR was redirected throughout the SA
pathway, and without the correct amounts of enzymes, new bot-
tlenecks appeared, causing other metabolites and intermediates
to accumulate (Escalante et al., 2010). Therefore, it was clear that
regulating gene expression and dosage remained a problem for
more efficiently redirecting flux not only toward but also within

the SA pathway. Regarding that topic, Rodriguez et al. utilized
the PB12 pykF-aroKL~ strain and developed a plasmid with a
constitutively strong promoter onto a synthetic operon contain-
ing the aroB, tktA, aroG™, aroE, aroD, and zwf genes (AR36) for
synchronous expression of the relevant genes found in previous
research. With this expression design, the AR36 derivative strain
is able to redirect the carbon flow to SA even in high glucose
conditions (above 100 g/L of the initial substrate concentration)
without producing high acetate titers. This strain produced up to
43 g/L of SA via simple batch processes, with SA yields of 42%
(mol/mol) and total SA pathway intermediate yield up to 67% of
the theoretical maximum, representing the highest yield managed
to be produced to date (Rodriguez et al., 2013) (Table 1; Figure 3).
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Regarding the expression and regulation of key SA production
genes, most of the research has been performed using plasmid
expression; however, there are multiple drawbacks, ranging from
structural and segregational instability to metabolic burden, of
plasmid replication. Cui et al. (2014) resolved this problem by
constructing a strain with an aroG™, aroB, aroE, and tktA gene
cluster integrated into the chromosome and by tuning the copy
number and expression by using chemically induced chromo-
somal evolution (CIChE) with triclosan. They also overexpressed
the ppsA and csrB genes to enhance the PEP pyruvate pool. This
strain rendered a 1.70 g/L SA titer, with a yield up to 0.25 (mol/
mol). Finally, they studied and improved cofactor availability
for SA production optimization; in this case, NADPH avail-
ability was increased because aroE-encoded enzymes require
this specific cofactor for the DHS to SA conversion reaction. By
plasmid-based or chromosomal overexpression of the NADPH
availability-related genes pntAB or nadK, this cofactor pool was
enhanced, which was directly correlated to the SA production
capabilities of the strain. As they changed the promoters and the
expression of all the chromosomally inserted genes related to SA
production mentioned above, they managed to construct a strain
capable of producing a yield of 0.33 (mol/mol) SA from glucose
(Figure 3).

Many other examples of SA production platforms in E. coli
have been studied in the literature, the most relevant of which are
referred to in Table 1, rendering many industrially competitive
strains and processes. Nevertheless, the main efforts throughout
the past two decades were directed toward a particular pathway
approach. As shown in Table 1, few SA production processes
have been designed utilizing an overview of global regulation
and manipulation, which can be obtained from omics data.
Transforming this global information into global knowledge on
the complexity of cell regulation would reveal the existing regula-
tory bottlenecks, allowing us to metabolically engineer potential
strains using a systems biology approach, finally ensuring a truly
rational strain design with optimized production capabilities.

Omics Approaches for the Study of
the SA Pathway in Escherichia coli

Classical ME approaches applied to diverse E. coli strains to
obtain SA-overproducing derivatives have targeted key genes in
the CCM and SA pathways, allowing successful reconfiguration
of the biochemical network of engineered strains and resulting in
the efficient redirection of carbon flow from CCM to SA produc-
tion. However, the inactivation of key genes coding for enzymes
involved in global regulatory processes, such as the PTS system
or coding for key node enzymes, such as the PykF enzyme results
in global metabolic reconfiguration, which frequently introduces
significant flux imbalances. This often produces undesirable
outcomes, including the accumulation of intermediates, feedback
inhibition of upstream enzymes, the formation of unwanted
byproducts, and the diminution of cellular fitness via the
rerouting of resources toward the unnecessary or non-essential
production of pathway enzymes. By understanding these newly
created flux imbalances in SA-overproducing derivative strains,

it is possible to boost the overall cellular physiology, product titer,
productivity, and yield, taking into account a global view of cel-
lular metabolism (Biggs et al., 2014). Combinatorial approaches
allow researchers to work with this scenario by conducting global
cellular searches, but the necessity for high-throughput screening
is often a drawback for pathway engineering. The other approach
is to augment knowledge and computational tools to properly
predict designs to achieve a desired metabolic outcome (Fong,
2014). Several high-throughput approximations, such as genomic,
transcriptomic, and proteomic predictions, have been applied to
aromatic AAs and engineered SA-overproducing strains for the
identification of non-intuitive targets other than those genes/
enzymes involved in the CCM and SA pathways that might be
suitable for further modification by ME.

The Identification of YdiB (ydiB) as a
Key Enzyme in Byproduct Formation
During SA Synthesis
The analysis of available genome sequences using Hidden Markov
Model profiles to identify all known enzymes of the SA pathway
has shown that some genes have been lost in diverse microbial
groups, particularly in host-associated bacteria (Zucko et al.,
2010). This condition has been proposed to result in the develop-
ment of undesirable metabolic traits, such as the hydroaromatic
equilibration observed in E. coli, resulting in the synthesis of so-
called missing metabolites, such as quinic acid (QA) and DHQ,
by a reversion of the SA biosynthetic pathway (Knop et al., 2001;
Zucko et al,, 2010). The coproduction of high quantities of the
byproducts DHS and QA is not a desirable trait; they significantly
reduce the SA yield because QA is co-purified during the down-
stream process of SA purification from the culture supernatant
(Knop et al., 2001; Kramer et al., 2003; Diaz Quiroz et al., 2014).
The strain W3110.shikl (AaroL, aroG™, trpE™, and tnaA)
engineered for SA production growing in low glucose (high
phosphate) or glucose-rich (low phosphate) conditions resulted
in the production of SA in cultures with mineral broth, as the
single inactivation of shikimate kinase II (aroL) allows carbon
flux to CHA through shikimate kinase I (aroK), resulting in
the synthesis of aromatic AAs. However, under carbon-limited
conditions, SA production decreased by 59%, and the byprod-
ucts DHS, DHQ, gallic acid (GA), and QA were detected in the
culture supernatant with respect to phosphate limiting culture
conditions (Johansson et al., 2005). Global transcriptomic
analysis (GTA) of the strain W3110.shik1 in chemostatic culture
conditions, comparing between glucose and phosphate limiting
conditions, allowed identification of the significantly upregu-
lated genes ydiB (coding for shikimate dehydrogenase/quinate
dehydrogenase), aroD, and ydiN, which encodes a putative
transporter, in carbon limiting conditions. The upregulation of
these genes, particularly ydiB (10X with respect to its paralogs,
aroE), was proposed to increase the YdiB level, which uses DHQ
and SA as substrates, as this enzyme has a lower K, for SA in the
presence of NAD™ (Keseler et al., 2013). Additionally, the intra-
cellular concentration of NAD™ is reported to be 40-fold higher
than that of NADH*, suggesting that the dehydrogenase activity
on SA to produce DHS is favored by YdiB in vivo (Johansson and
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Lidén, 2006). These results suggests that byproduct formation
during SA production was associated with the reversal of the bio-
synthetic pathway from (1) SA + NAD(P)* & DHS + NAD(P)
H + H* and (2) DHS + NAD(P)H + H* & QA + NAD(P)*
by YdiB or (3) DHS + H,O < DHQ by AroD (Figure 4). The
presence of a large amount of intracellular SA was proposed to
drive the reversal of the pathway, whereas YdiN was proposed
to be the exporter of the aromatic byproducts (Johansson and
Lidén, 2006).

As these results suggest an important role of YdiB in byproduct
synthesis during SA production and its intracellular accumula-
tion under glucose limiting conditions, a rational strategy to
avoid byproduct synthesis was the inactivation of ydiB and/or
the upregulation of its paralogs, aroE, coupled to efficient SA
secretion from the cell. The upregulation of aroE expression
(simultaneously with other key genes of the CCM and SA path-
ways) in PTS™ gluc*aroK-aroL™ engineered strains resulted in the
highest SA titer and yield reported with low byproduct formation
(Chandran et al., 2003; Rodriguez et al., 2013) (Table 1).

The replacement of ydiB by its paralogs, aroE, in a modular
biosynthetic pathway design for L-tyrosine production in E. coli
MG1655 resulted in the elimination of a bottleneck caused by
the high affinity of YdiB protein for the accumulation of QA and
DHS. This replacement in the modular plasmid construction P
vvsaroE, aroD, aroB%, aroG™, ppsA, tktA (op = optimize codon
usage) resulted in the accumulation of 700 mg/L of SA, which
was in turn successfully channeled to L-tyrosine (Juminaga et al.,
2012). However, combinational plasmid overexpression of the
aroB, aroD, aroE, ydiB, aroK, aroL, aroA, aroC, and tyrB genes with
ydiB resulted in high L-tyrosine production. This result suggested
that ydiB but not its paralog, aroE, is an attractive target for the
overproduction of this aromatic AA because aroE in E. coli codes
for a feedback-inhibited shikimate dehydrogenase, resulting

in a bottleneck for L-tyrosine production (Liitke-Eversloh and
Stephanopoulos, 2008).

The Impact of pykF Inactivation on the Protein
Levels of SA Pathway Enzymes

The pyruvate kinase isoenzymes Pyk I and Pyk II (coded by pykF
and pykA, respectively) play key roles in CCM via Pyk activity,
together with 6-phospho-fructokinase I (coded by pkfA) and
glucokinase (glk), controlling carbon flux through the glycolytic
pathway (Keseler et al., 2013). Pyk I and Pyk II are key allosteric
enzymes that catalyze one of the two substrate-level phosphoryla-
tion stepsyielding ATP and the irreversible trans-phosphorylation
of PEP and ADP into PYR and ATP, maintaining a permanent
flux of PYR to acetyl-CoA (Keseler et al., 2013).

Inactivation of the pykF gene in E. coli PTS~ derivatives
(PB12 strain) engineered for SA production has resulted in the
increased flux of carbon into the SA pathway (Escalante et al.,
2010), increasing the DAHP concentration above 370% (and the
total SA pathway aromatic yield) with respect to the pykF* paren-
tal strain. Further applications of ME strategies in the PB12 strain
pykF~ resulted in the derivative strain AR36, which produces
up to 40 g/L SA with a yield of 0.42 mol SA/mol glc (Table 1)
(Rodriguez et al., 2013), demonstrating that the inactivation of
pykF in a PTS™ derivative strain significantly improves PEP flux
toward SA synthesis.

Global proteomic analysis in a pykF~ derivative of E. coli
(BW25113) compared with its pykF* parental strain revealed
the differential overexpression of 24 proteins, including enzymes
from the SA pathway and aromatic AAs. The upregulation of key
SA pathway enzymes, including the DAHPS AroG isoenzyme
(2.66 times more abundant with respect to the pykF* strain),
which is involved in the synthesis of DAHP, the first intermediate
of the SA pathway, and the AroB enzyme (DHQ synthase, 4.72
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times more abundant with respect to the pykF* strain) (Kedar
et al., 2007). These results support the positive impact of pykF-
inactivation not only on increased PEP availability but also on
increased carbon flux toward the SA pathway.

The Identification of Other Possible Key
Catabolic and Biosynthetic Genes Involved

in SA Production

Batch fermentation cultures of the E. coli PB12.SA22-derivative
strain for SA production (PTS™ GlctaroK-, aroL-aroG™, tktA,
aroB, and aroD; Table 1) using complex production media con-
taining 25 g/L glucose and 15 g/L yeast extract (YE) showed two
characteristic growth stages: a fast growth phase associated with
low glucose consumption during the first 8-10 h of cultivation
and low SA production, and a second slow growth stage with high
glucose consumption until this carbon source was completely
consumed (25 h of cultivation). Interestingly, SA production
continues during the STA phase after glucose, used as a carbon
source, was completely consumed, until the end of fermentation
(50 h) (Escalante et al., 2010). This behavior suggested that dur-
ing the EXP growth phase, this strain preferentially consumed
some YE components to support growth, whereas glucose was
used to produce SA and other pathway intermediates, suggesting
the existence of regulatory and physiological differences between
EXP and STA phases (Cortés-Tolalpa et al., 2014).

GTA was performed to corroborate this hypothesis during
SA production in batch fermentation cultures using complex
fermentation broth (Chandran et al., 2003; Escalante et al., 2010;
Rodriguez et al., 2013) by comparing global expression profiling
between the mid-exponential growth phase (EXP, 5 h of cultiva-
tion), the early stationary phase (STA1, 9 h) and the late STA phase
(44 h); EXP/STA1, EXP/STA2, and STA1/STA2 comparisons
were conducted (Cortés-Tolalpa et al., 2014) (Figure 5).

The relevant results showed EXP growth in the derivative
strain PB12.SA22 during the first 9 h of cultivation. When the
L-tryptophan provided by YE available in the supernatant was
completely consumed (6 h), the strain entered the low-growth
phase (even in the presence of glucose) until 26 h of cultivation,
when glucose was completely consumed; this was associated
with low SA production. Interestingly, during the stationary
stage, SA production continued until the end of fermentation
(50 h), achieving the highest accumulation (7.63 g/L of SA) in
the absence of glucose (Figures 5A,B, upper panel).

GTA comparisons among EXP/STA1, EXP/STA2, and STA1/
STA2 showed no significant differences in the regulation of genes
from the CCM and SA pathways, but for the EXP/STA1 com-
parison, the upregulation of genes coding for sugar transport,
AA catabolism and biosynthesis, and nucleotide/nucleoside
salvage was observed (Figure 5A). Interestingly, in the STA2
phase, the highest SA production was observed in the absence
of glucose in supernatant, associated with the upregulation of
genes encoding transporters for the AAs L-lysine, L-arginine,
L-histidine, L-ornithine, and L-glutamic acid and enzymes
involved in the synthesis, interconversion, and catabolism of
L-arginine. As all of these AAs are provided by YE, this result
suggests that this AA could play a key role in fueling carbon
to SA synthesis, and likely also in L-arginine conversion to the

TCA intermediate succinate through the super-pathway of
L-arginine and L-ornithine degradation (Keseler et al., 2013)
(Figure 5B). These results indicate the origin of carbon required
for the highest SA production during the STA phase after
glucose was completely consumed. Additionally, the upregula-
tion of genes involved in the pH stress response and inner and
outer membrane modifications suggests a cellular response to
environmental conditions imposed on the cell at the end of
fermentation (44 h) (Cortés-Tolalpa et al., 2014).

The upregulation of genes coding for the biosynthesis and
interconversion pathways of almost all AAs was also observed
by GTA in cultures under C-limiting condition of the derivative
strain W3110.shikl grown in minimal broth. These changes were
postulated to correlate to aromatic AA starvation with these
culture conditions, although this strain maintained functional
shikimate kinase I (aroK), allowing the accumulation of SA
but maintaining carbon flux toward CHA and aromatic AAs
(Johansson and Lidén, 2006).

As demonstrated by GTA in the SA-producing strain PB12.
SA22 during batch culture fermentations in complex media
containing YE, several metabolic constraints limit the growth
capabilities of this strain, stopping growing even in the presence
of glucose. The highest SA production observed in the late sta-
tionary stage in the absence of glucose was probably supported
by the non-aromatic AA content of YE. This evidence supports
valuable information to further optimize culture strategies, as YE
feeding increased the SA titer and yield in engineered strains.

Omics Data Integration into Metabolic
Modeling: Moving Toward Data Integration
for Rational Strain Improvement

Although ME is capable of reconfiguring a biochemical network
to redirect the substrate conversion into valuable compounds
by manipulating the microorganism genetic code, its classical
rational approach often introduces significant new flux imbal-
ances. This has often caused undesirable outcomes due to the
accumulation of intermediates, feedback inhibition of upstream
enzymes, and the formation of unwanted byproducts of cellular
fitness diminution via the rerouting of resources toward the
unnecessary or non-essential production of pathway enzymes
(Biggs et al., 2014). By understanding these newly created flux
imbalances on mutant strains, it is possible to boost overall cel-
lular health and the product titer, productivity, and yield, taking
into account a holistic view of cellular metabolism (Biggs et al.,
2014). Since the development of the omics, there has been an
increased interest to understand the behavior of complete bio-
logical systems. Omics renders biological data from all levels of
metabolism going all the way from genome to metabolome, these
data combined give us the possibility to study the whole organ-
ism instead of single components. To achieve this, mathematical
models play the important role of converting omics data into
organismal information and knowledge (Akesson et al., 2004;
Fong, 2014). There are several frameworks and approaches for the
mathematical modeling of metabolism developed to collect high-
throughput data to understand as well as to predict phenotypic
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function. Computational applications have been developed using
models as quantitative mathematical representations of biological
systems and or their components to a suitable level of simplifica-
tion (Jouhten, 2012). These computational tools can be used to
identify new biological pathways in the host microorganism for
the selection and improvement of important genotypic charac-
teristics to improve the production of the desired compound
(Long et al., 2015). In this section, we discuss some mathematical
models and computational tools that can be used in ME to utilize
all high-throughput omics data and render new insights into flux
distributions, regulation constraints, and modification targets to
optimize the production of desired metabolites.

To understand the challenges and virtues of mathematical
modeling, we must observe that biological systems are complex
in nature, involving the transport of information through many
layers, including the genome, transcriptome, proteome, and
metabolome; therefore, regulatory steps between the interactions
of these layers finally render the complex outcome of the pheno-
typic behavior (Cloots and Marchal, 2011; Fong, 2014). Therefore,
mathematical models have been used to evolve and clarify the
complex network interactions and system characteristics to
reveal the underlying mechanisms. Despite this high degree of
complexity, with all the recent advances and data sets available,
mathematical modeling promises to generate experimentally
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testable hypotheses, predictions, and new insights into systems
biology to better understand cell behavior (Stelling, 2004).

The first step in mathematical modeling is reconstructing
the metabolic network. With the advent of the genomic era
since approximately 1999, reconstruction can be achieved on a
genome-wide scale for many organisms and has been used to
expand the knowledge on metabolic networks and to identify new
or non-intuitive metabolic reactions to be engineered for further
strain improvements (Akesson et al., 2004; Kim et al., 2012).
Genome-scale models are assembled and manually curated from
the annotated genome, and biochemical information is used to
render a representation of the metabolic network on which math-
ematical representations will set a matrix of equations to model
its behavior. The reconstruction of a genomic metabolic network
starts through the examination and identification of the coding
regions or open reading frames on the sequence. After analysis
with established algorithms and biochemical and physiological
databases (EcoCyc, MPW, and KEGG WIT), sequences can be
converted into feasible reactions, and a metabolic network can
be reconstructed from genomic information (Covert et al., 2001).
This reconstructed network, based on genomic data, is now the
backbone of an in silico organism. Many organisms have been
completely sequenced and have simultaneously been extensively
biochemically studied, which in turn can make the reconstructed
metabolic network more complete (Covert et al, 2001). In
recent years, ~40% of all eukaryotic models and 30% of the total
prokaryotic models have been published, advancing from highly
characterized organisms (E. coli and Saccharomyces cerevisiae)
to less characterized species with more complex biological
systems that have special characteristics for specific applications
(Kim et al., 2012). When a network is described with sufficient
detail, some qualitative predictions can be made, and with the
inclusion of stoichiometric, thermodynamic, and kinetic data,
the reconstructed metabolic map of an organism can be used to
generate quantitative predictions regarding phenotype via the
construction of mathematical models (Covert et al., 2001). For
example, individual genes have been deleted from in silico mod-
els, and correlations between the model and experimental data
for the consequences of each deletion have been found to be 60%
accurate for Helicobacter pylori and 86% accurate for E. coli (Price
et al,, 2003). Nevertheless, the challenges for the construction of
these in silico models include obtaining high-throughput data to
reconstruct more complete models, which can be sorted out by
using omics data and combinatorial experimentation, and con-
structing mathematical approaches to model and render specific
solutions for the highly complex systems of biological networks.
Because genome-scale metabolic networks comprise hundreds to
thousands of reactions, a large number of parameters are required
to mathematically describe networks, which, therefore, requires
the development of informatic intensive modeling approaches to
describe its complexity and to make useful predictions regarding
phenotypic behavior for strain design (Price et al., 2003).

The most used approaches are those arising from stoichio-
metric modeling, which uses mass balances over the metabolic
network and assumes a pseudo-steady-state condition to
determine intracellular metabolic fluxes, along with additional
experimental data to solve the underdetermined linear equation

system (Akesson et al., 2004). Stoichiometric modeling creates a
matrix (S) for the metabolites and metabolic reactions, in which
each element indicates a stoichiometric coefficient, along with a
vector that contains all of the unknown reaction rates (v); under
the steady state assumption, flux distribution will be represented
by Sv = 0 (Jouhten, 2012; Kim et al., 2012). As expected, this
equation system will have many solutions, or more precisely, it
will render a convex solution space, and because genome-scale
metabolic models include all possible metabolic reactions
whether or not they are expressed, meaningful solutions must be
narrowed down to render a viable solution (Kim et al., 2012). The
main problem is that due to the high number of equations and
parameters, these systems are always underdetermined; thus, the
use of thermodynamic, metabolic, kinetic, and all other experi-
mental data available is required to impose constraints, to reveal a
plausible solution, and therefore to conduct quantitative analysis
and make predictions regarding cell behavior (Fong, 2014).

To accomplish this desirable outcome, mathematical
modeling researchers have developed many approaches to
render the complexity, including the use of interaction-based,
constraint-based, and mechanism-based methodologies for
calculations. Interaction-based approaches isolate autonomous
units performing distinct functions in cellular systems, account-
ing for modularity, which simplifies networks and systems
to perform a topological analysis to reveal the principles of
cellular organization. Constraint-based approaches account
for the physicochemical invariance of networks in addition to
network topology. This approach along with stoichiometric
modeling, is capable of confining the numerous steady-state flux
distributions the metabolic reconstruction network can have
(convex space of solutions) into a smaller group, which complies
with the constraints indicated by the knowledge regarding the
system (a set of feasible states). Even so, this approach accounts
only for the steady state, and therefore produces static models;
thus, the final phenotypic behavior in changing intracellular or
extracellular environments is difficult to address (Stelling, 2004).
Mechanism-based approaches use kinetic parameters along with
stoichiometric parameters to render the dynamic behavior of
cells; thus, such approaches can formulate precise flux distribu-
tions and explore the regulation over time. The main problem
with this approach is that the knowledge on mechanisms and
associated parameters (kinetic reaction parameters) has, thus, far
been limited, as so much effort and so many resources must be
used to accomplish this type of models (Stelling, 2004; Jouhten,
2012; Long et al., 2015).

Constraint-based approaches are the most used ones to date
because of their capability to render flux distribution mod-
eling even with a relatively small amount of information. These
approaches state the constraints under which the reconstructed
network operates based on stoichiometry and thermodynam-
ics, including directionality and biochemical loops (Price et al.,
2003). Such constraints can be imposed by linear optimization;
for example, standard flux-base analysis (FBA) uses growth
optimization, selecting only the flux solutions, that in turn, pro-
duce the maximum growth rate for network topology (Akesson
et al,, 2004). Newer flux solution reduction methods have
been developed to study the solution space, accounting for the
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optimization of not only growth but also many other linear and
non-linear objective functions, such as the maximum biomass,
maximum ATP, minimum overall intracellular flux, maximum
ATP vyield per flux unit, maximum biomass yield per flux unit,
maximum substrate consumption, minimum number of reaction
steps, minimum redox potential, and minimum flux production
between others (Price et al., 2003; Schuetz et al., 2007). These
optimization principles, along with other constraints arising
from specific conditions being either biotic (e.g., the inactiva-
tion, subexpression, or overexpression of specific target genes) or
abiotic (e.g., aerobic culture, anaerobic culture, nitrogen limita-
tion, carbon limitation, available substrates), will help not only
to render the most feasible flux distribution solution but also to
study the consequences of changing the genetic cellular output
or fermentation parameters for a specific objective. This informa-
tion is of great use for ME because it renders the ability through
different modeling frameworks to study and predict the effects
of knocking out genes, tuning the expression of target genes
involved in specific reactions, network robustness, the endpoint
of adaptive evolution, the identification and characterization of
regulation, and heterologous reactions and de novo reactions on
strain design. There are many reviews that discuss and compare
multiple modeling frameworks, such as OptGene, OptStrain,
CosMos, OptFocrce, FaceCon, and FOCAL, for the constraint-
based analysis of genome-wide metabolic networks (Price et al.,
2003; Schuetz et al., 2007; Krull and Wittmann, 2010; Cloots
and Marchal, 2011; Jouhten, 2012; Fong, 2014; King et al., 2015;
Long et al., 2015). In this review, we will focus only on one or two
framework examples given the scope of this work.

The first strain design method involving knockouts is
OptKnock, a bi-level optimization framework used to identify
optimal reaction deletion strategies, coupling cellular growth,
and target metabolite production. OptKnock identifies deletions
with the highest chemical production within the solution space
obtained by the maximum growth rate constraint (Long et al.,
2015). Pharkya et al. (2003) used this framework to explore
the overproduction of amino acids; specifically for AA, they
addressed the channeling of flux from PEP to AA by removing
the ppc gene, which could lead to the redirection of carbon flux
to the formation of CHA via the accompanying deletions of
pyruvate oxidase, pyruvate dehydrogenase, and pyruvate lyase
reactions. The deletion of ppc by itself fails to redirect PEP to AA;
the ability to detect its contribution though the co-inactivation of
other reactions is a very useful tool of ME because the classical
experimental deletion of this gene would have produced negative
results for pathway optimization. In other words, in silico mod-
eling enables researchers to avoid designs toward a local maxima
or minima when trying to identify the modifications required to
achieve a global maxima for their specific purposes.

FBA with grouping reaction constraints (FBAWGR) was
developed to improve the accuracy of metabolic simulation by
incorporating the grouping of reaction constraints of functionally
and physically related reactions in the model. This framework
allows the consideration of genomic context and flux-converging
analyses. Genomic context accounts for conserved neighbor-
hoods, gene fusion, and co-occurrences of genes to organize
fluxes that are likely to be on or off together. Flux-converging

analyses then restrict the carbon flux solution space to the
number of metabolites participating in reactions and converging
patterns from a specific carbon source. This framework has been
used to predict changes in flux patterns caused by several genetic
modifications, such as pykF, zwf, ppc, and sucA deletions in E. coli,
showing good agreements with experimentally obtained fluxes
(Kim et al., 2012).

Regarding the scope of this review for SA production in E.
coli, we have found few studies in the literature that account for
metabolic modeling. Nevertheless, the notable work by Chen
etal. (2011), described FBA constraint analysis by stoichiometry
and mass balance, assuming no growth and optimizing SA as the
objective function to design modifications for the production of
intermediate metabolites of the aromatic pathway. The model
identified several key reaction steps for overexpression, similarly
to those previously reported for AA optimization (overexpres-
sion of the aroF, tktA, ppsA, and gIf genes, as well as deletions
of the IdhA and ackA genes) by avoiding carbon waste through
lactate and acetate fluxes. Finally, with all of the modifications
made, their model identified the zwf gene as the critical node for
redirection of the carbon flux into the AA pathway; its deletion
led to an optimized accumulation of QA, GA, and SA, accounting
for a 47% molar conversion of glucose (Chen et al., 2014).

Regarding other SA related work, Rizk and Liao (2009),
managed to use EM to model, study, and predict DAHP
production in E. coli toward aromatic production. Ensemble
modeling (EM) is a mechanism-based modeling approach that
decomposes metabolic reactions into elementary reaction steps,
incorporating all available phenotypic observations for the
wild type and mutant strains, integrating this information into
the mathematical approach to identify the kinetic variables of
each elementary reaction step (Rizk and Liao, 2009; Khodayari
et al., 2014). Rizk and Liao (2009), using different flux bounds
on the pathway split ratio between glycolysis and the PPP. Then,
by using data from literature for overexpression of the tktA,
talA, and pps genes, they were able to screen the solution space
models compared with the phenotypic behavior, selecting the
ones that properly described the experimental data (from a
1500 solution space to 7, 171, and 195 solution spaces, accord-
ing to glycolysis:PPP ratios of 25:75, 75:25, and 95:5, respec-
tively). This subset of flux solutions revealed that TktA is the
first controlling rate step and that PPS, only with simultaneous
overexpression of TktA can augment DAHP production; these
findings are in accordance with the phenotypic observations in
the literature. Based on these results, they conclude that the flux
distributions found could be reverse engineered to enhance
aromatic production in E. coli (Rizk and Liao, 2009).

Notably, despite the existence of many genome-scale meta-
bolic models and various mathematical approaches, many of the
fluxes remain undetermined, as many solutions remain plausible.
Thus, more information is needed to ensure the modeling quality
by the validation and incorporation of in vivo experimental data.
These experimental data can be acquired from transcriptomic,
proteomic, or fluxomic data. Strategies incorporating these
extensive experimental data have been developed to enhance the
quality and the accuracy of metabolic models (Kim et al., 2012).
Fluxomic data in its core provide us with the most important
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information as fluxes are the modeling outcome, but experimen-
tal procedures can only be used for relatively smaller networks
and in specific conditions. Nevertheless, these data are of utmost
importance and are commonly used to validate model solutions
to flux distributions. ME models have been used to integrate
protein expression data to reconstruct and add constraints to
genome-level metabolic models, relating kinetic equations into
catalytic constrains to approximate stoichiometric relationships
between enzyme abundance and catalyzed fluxes (O’'Brien and
Palsson, 2015). This integration of proteomic data adds thermo-
dynamic and allocation constraints that help in the identification
of a consistent flux state, allowing an explanation of aspects of
cell behavior and relationships that have remained elusive, such
as the interaction of ribosomes with metabolism, carbon limited
to carbon excess metabolic shifts, substrate uptake regulation,
membrane protein relationships, and other protein spatial
constraints that can utterly dominate and/or change metabolic
responses (O’Brien and Palsson, 2015). Transcriptomic data
have been used to exploit the regulatory information in the
expression data to provide additional constraints for the meta-
bolic fluxes in the model by analyzing if or when gene expression
correlates with a given metabolic flux (Akesson et al., 2004; Kern
et al., 2006). Computational protocols have been developed
for this type of data integration, such as mixed integer linear
programing (MILP), which seeks to maximize the agreement
between experimental data and computational fluxes by limit-
ing the presentation of entities with the capability to carry flux;
meanwhile, the flux of absent entities would be 0 (Fong, 2014).
Akesson et al. (2004) used gene expression microarray data from
chemostat and batch cultures of S. cerevisiae to create Boolean
variables for all of the reactions encompassed on a genome-scale
metabolic model to ascertain the absent/present fluxes using
analysis software. These new constraints allowed the computa-
tion of metabolic flux distributions to enhance the metabolic
behavior in batch cultures, along with the quantitative prediction
of exchange fluxes as well as the qualitative estimation of changes
in intracellular fluxes compared with the model without tran-
scription constraints, as verified by experimental measurements
of flux (Akesson et al., 2004).

Many methods have been developed to introduce transcrip-
tomic regulation into modeling predictions, such as probabilistic
regulation of metabolism (PROM), which calculates the prob-
ability that a metabolic target gene will be expressed relative
to the activity of its regulating transcription factor, metabolic
adjustment by differential expression (MADE), which creates
a sequence of binary expression states so that when the gene
expression changes from one condition to another, the flux reac-
tion will change in accordance with its value, and gene inactivity
moderated by metabolism and expression (GIMME), which is
a context metabolic model that predicts the subsets of reactions
used under a particular condition using gene expression data and
which identifies a flux distribution to optimize a given biological
objective, such as growth and/or ATP production, along with
FBA (Kim et al., 2012). Finally, a method called E-Flux can map
continuous gene expression into flux bound constraints according
to gene-protein-reaction (GPR) associations, limiting the upper
and lower bounds on fluxes so that genes expressed at higher

levels will result in higher flux values (Kim et al., 2012). This and
other methods have been reviewed and compared by Machado
and Herrgard (2014), who concluded that the prediction of flux
levels from gene expression remains far from solved because
the predictions obtained by simple FBA with growth maximiza-
tion and parsimony criteria were as good or even better that
those obtained using the incorporation of transcriptomic data.
Nevertheless, they acknowledge that some methods evaluated
give reasonable predictions under certain conditions that there
is no universal method that performs well under all scenarios
and that the transcriptome should provide some guidelines for
the correct phenotype determination within the space of solu-
tions resulting from the large number of degrees of freedom in
metabolic networks, recommending that users should perform a
careful evaluation of the meaningfulness of the results for their
particular applications (Machado and Herrgard, 2014).

There are many successful mathematical modeling approaches
to produce good and accurate predictions of phenotypic behavior
in the literature; all of these methods help us to understand and
simplify metabolic regulation and systems to comprehend and
find new or non-intuitive targets for ME. Even so, there is still
much work to be conducted to understand and construct better
models of metabolic networks. There are many challenges because
cell behavior is a complex system that, therefore, has complex
outcomes and regulation. These challenges range from network
reconstruction, mathematical treatments, and true flux distribu-
tion determination to the integration of all systems data (omics)
to achieve regulation and phenotypic predictions. Nevertheless,
the effort put into understanding this matter has produced and
will continue to produce new insights for strain design and
ME. Explaining all the considerations, challenges and achieve-
ments in this field is not within the scope of this review as many
reviews have been published on these matters (Liu et al., 2004;
Patil et al., 2004; Stelling, 2004; Schuetz et al., 2007; Kim et al.,
2012; Machado and Herrgard, 2014; Saha et al., 2014; Long et al.,
2015; O’'Brien and Palsson, 2015). Rather, this review is aimed to
provide the reader with interesting findings and perspective on
how the mathematical modeling of biological systems can be and
is useful for ME, especially regarding SA and AA production, for
which these methods can be of relevance to exploit the maximum
production capability of E. coli that remains unachieved.

Summary and Perspectives

SA is a key intermediate of the common aromatic pathway with
diverse applications in the synthesis of valuable pharmaceutical
compounds, but major interest relies on SA as the precursor for
the chemical synthesis of OSE the neuraminidase inhibitor of
diverse influenza viruses, including pandemic strains. Diverse
efforts have been made to produce high titers and yields of SA
in metabolically engineered strains of E. coli with successful
genetic modifications, including the following: (1) interruption
of the SA pathway by the inactivation of shikimate kinase coding
genes (aroK and aroL), which results in the high accumulation
of SA; (2) increasing the intracellular availability of the CCM
intermediate PEP by inactivation of the PTS system and replac-
ing this glucose translocation system by other housekeeping or
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heterologous glucose transporters and by inactivation of the pykF
gene; and (3) the overexpression of diverse key genes of the CCM
and SA pathways, such as zwf, tktA, aroB, aroD, and aroE, under
the control of constitutively expressed or inducible promoters
in plasmid-cloned operons or chromosome-integrated copies.
These engineered strains have been cultured in batch or fed-batch
culture conditions using a complex fermentation media includ-
ing glucose and YE, resulting in the highest titer and yield of SA
reported (Chandran et al., 2003; Rodriguez et al., 2013).

The above-described genetic changes impose global nutri-
tional, regulatory, and metabolic constraints on the resultant
engineered strains, which must be explored to determine their
relevance on SA production. GTA of the SA-producing strain
W3110.shikl provided evidence supporting the roles of ydiB-,
aroD-, and ydiN-encoded proteins in byproduct formation dur-
ing SA production under glucose limiting conditions (Johansson
and Lidén, 2006). Recent ME strategies applied for L-tyrosine
(Juminaga et al., 2012) and SA production (Rodriguez et al.,
2013) demonstrated the relevance of ydiB inactivation and aroD
overexpression to avoid byproduct formation and to improve
carbon flux toward the desired aromatic products.

Interruption of the SA pathway by inactivation of the aroK
and aroL genes imposes an auxotrophic requirement for aromatic
AAs and probably other metabolites derived from CHA on the
cell; these effects were successfully reversed by the addition of YE
to the fermentation media.

As the chemical complexity of YE or peptone significantly
interferes in the study of carbon flux through the CCM and
SA pathway metabolic networks, no studies to date have been
reported on the application of metabolic models to identify
possible targets for the application of further ME strategies
focused on the improvement of SA production in fermenta-
tion culture using complex production media (Chandran et al.,
2003; Escalante et al., 2010; Chen et al., 2012; Rodriguez et al.,
2013; Cui et al., 2014). The application of omics, such as GTA,
in SA-producing conditions, including YE, as reported for the
strain P12.SA22, provides valuable information on the role
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Abstract
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The production of aromatic amino acids using fermentation processes with recombinant microorganisms can be an
advantageous approach to reach their global demands. In addition, a large array of compounds with alimentary
and pharmaceutical applications can potentially be synthesized from intermediates of this metabolic pathway.
However, contrary to other amino acids and primary metabolites, the artificial channelling of building blocks from
central metabolism towards the aromatic amino acid pathway is complicated to achieve in an efficient manner. The
length and complex regulation of this pathway have progressively called for the employment of more integral
approaches, promoting the merge of complementary tools and techniques in order to surpass metabolic and
regulatory bottlenecks. As a result, relevant insights on the subject have been obtained during the last years,
especially with genetically modified strains of Escherichia coli. By combining metabolic engineering strategies with
developments in synthetic biology, systems biology and bioprocess engineering, notable advances were achieved
regarding the generation, characterization and optimization of E. coli strains for the overproduction of aromatic
amino acids, some of their precursors and related compounds. In this paper we review and compare recent
successful reports dealing with the modification of metabolic traits to attain these objectives.

Keywords: Aromatic compounds, Escherichia coli, Metabolic engineering, Systems biotechnology, Synthetic biology,

Introduction

The aromatic amino acids (AAA), L-tryptophan (L-TRP),
L-phenylalanine (L-PHE) and L-tyrosine (L-TYR), are the
final products of the aromatic biosynthetic pathway com-
prising the shikimate (SHK) pathway, which connects cen-
tral carbon metabolism (CCM) with the biosynthesis of
chorismate (CHA), the last common precursor in the
terminal branches for AAA biosynthesis (Figure 1)
[1,2]. These pathways are present in bacteria and in
several eukaryotic organisms such as ascomycetes
fungi, apicomplexans, and plants [3,4]. The AAA are
essential components in the diet of higher animals and
humans, hence they are used as dietary supplements
(e.g. diet of swine and poultry consisting of grains of corn
and soybean is low in L-TRP) and key precursors of indus-
trial and pharmaceutical compounds (e.g. L-PHE is the key
ingredient in the synthesis of the artificial sweetener
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aspartame, whereas L-TYR is an essential dietary compo-
nent for phenylketonuria patients as the starter material
for L-DOPA or melanin production) [5]. The annual
worldwide production of amino acids is estimated to be
above 4.5 million tons/year, with a market growth for
most amino acids of ~10% and higher [6,7]. Among the
aromatic amino acids, L-TRP has a market size of more
than 14,000 tons/year [8] and the production of L-PHE
exceeds 30,000 tons/year [9].

It is well established that the production of high-valued
commodities can be performed cost-efficiently by the ra-
tional design, modification and cultivation of a recombinant
microorganism. In particular, the development of efficient
microbial processes for accumulation of compounds de-
rived from the AAA biosynthetic pathway has not been an
easy task for metabolic and bioprocess engineers. For more
than 20 years, considerable efforts have been directed to-
wards characterizing and purposely overriding the naturally
tight metabolic regulation of this pathway. These continued
efforts have relied on knowledge obtained from pioneer
works on the biosynthesis of aromatic compounds by the

© 2014 Rodriguez et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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Figure 1 Schematic representation of the AAA pathway in Escherichia coli including its transcriptional and allosteric regulatory control
circuits. Central carbon metabolism intermediates and genes shown: PPP (pentose phosphate pathway); TCA (tricarboxylic acid cycle); E4P
(erythrose-4-P); PGNL (6-phospho D-glucono-1,5-lactone); PEP (phosphoenolpyruvate); PYR (pyruvate); ACoA (acetyl-CoA); CIT (citrate); OAA
(oxaloacetate); zwf (glucose 6-phosphate-1-dehydrogenase); tktA (transketolase I); pykA, pykF (pyruvate kinase Il and pyruvate kinase |, respectively);
IpdA, acek, and acef (coding for PYR dehydrogenase subunits); gltA (citrate synthase); pckA (PEP carboxykinase); ppc (PEP carboxylase); ppsA

(PEP synthetase). Shikimate pathway intermediates and genes shown: DAHP (3-deoxy-D-arabino-heptulosonate-7-phosphate); DHQ
(3-dehydroquinate); DHS (3-dehydroshikimate); SHK (shikimate); S3P (SHK-3-phosphate); EPSP (5-enolpyruvyl-shikimate 3-phosphate); CHA (chorismate);
arof, aroG, aroH (DAHP synthase AroF, AroG and AroH, respectively); aroB (DHQ synthase); aroD (DHQ dehydratase); arof, ydiB (SHK dehydrogenase
and SHK dehydrogenase / quinate dehydrogenase, respectively); aroA (3-phosphoshikimate-1-carboxyvinyltransferase); aroC (CHA synthase).
Terminal AAA biosynthetic pathways intermediates and genes shown: ANT (anthranilate); PRANT (N-(5-phosphoribosyl)-anthranilate); CDP
(1-(o-carboxyphenylamino)-1'-deoxyribulose 5'-phosphate); IGP ((15,2R)-1-C-(indol-3-yl)glycerol 3-phosphate); trpf, troD (ANT synthase component | and
II, respectively); trpC (indole-3-glycerol phosphate synthase / phosphoribosylanthranilate isomerase); trpA (indoleglycerol phosphate aldolase); trpB
(tryptophan synthase); PRE (prephenate); PPN (phenylpyruvate); HPP (4-hydroxyphenylpyruvate); tyrA, pheA (TyrA and PheA subunits of the CHA
mutase, respectively); ilvE (subunit of the branched-chain amino acid aminotransferase); aspC (subunit of aspartate aminotransferase); tyrB
(tyrosine aminotransferase). Continuous arrows show single enzymatic reactions, black dashed arrows show several enzymatic reactions, long-dashed
blue arrows indicate allosteric regulation and dotted blue arrows indicate transcriptional repression. Adapted from EcoCyc database [1].

groups of B.D. Davis, F. Gibson, C. Yanofsky, A.J. Pittard,
KKM. Herrmann and J.W. Frost, among others, whose
contributions have been comprehensively reviewed in
the past [2,10-12].

Recently, the availability of omics-scale data has allowed
significant advances in metabolic reconstruction and mod-
eling, resulting in better strain development [13]. Likewise,
the increased use of combinatorial and evolutionary
approaches, fueled by a rapid expansion of synthetic

molecular tools, opened the possibility for testing novel and
large combinations of gene expression systems and genetic
backgrounds [14,15]. Additionally, efforts concerning the
optimization of fermentation conditions have succeeded
in scaling-up many AAA production processes, while sim-
ultaneously providing important feedback on the physio-
logical behavior of engineered strains [16,17]. However,
the availability of operational tools and techniques, as well
as the amount of physiological and molecular information,
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are unevenly distributed among the microorganisms
currently used for the production of AAA. These cir-
cumstances have contributed to positioning E. coli as
the organism with most reported success cases and has
resulted in a wide array of well-characterized production
strains [18,19].

In this paper we review some notable advances in the
generation, characterization and optimization of E. coli
strains for the overproduction of AAA, some of their
important precursors and related compounds. Although
these studies were classified in accordance to the main
schemes employed for each case, the constant expansion
and complementarity of such approaches has encouraged
scientists to apply a systems-based perspective [20,21].
Therefore, recent and representative works on the subject
using different strategies were selected and discussed.

Engineering of the CCM: glucose transport, glycolytic,
gluconeogenic, and pentose phosphate pathways
Successful metabolic engineering efforts for the generation
of E. coli strains that can overproduce AAA include:
(i) increasing the availability of the direct precursors
phosphoenolpyruvate (PEP) and erythrose-4-phosphate
(E4P); (ii) enhancement of the first enzymatic reaction in the
SHK pathway to yield 3-deoxy-D-arabino-heptulosonate-7-
phosphate (DAHP); (iii) improving the carbon flow through
the biosynthetic pathway of interest by removal of transcrip-
tional and allosteric regulation; (iv) identifying and relieving
rate-limiting enzymatic reactions; (v) preventing loss of car-
bon flow towards competing pathways; (vi) enhancement of
product export; and (vii) prevention of product degradation
or re-internalization.

Regarding PEP metabolism, E. coli uses the phospho-
transferase system (PTS) as the main system for the
translocation and phosphorylation of glucose from the
periplasmic space to the cytoplasmic environment,
consuming one PEP molecule which is converted to
pyruvate (PYR) [22,23]. This reaction yields one molecule
of glucose-6-phosphate which is catabolized by the glyco-
lytic pathway, resulting in two PEP molecules (Figure 1).
PEP is a precursor feeding several biosynthetic pathways
and also participates in ATP generation, either by
substrate-level phosphorylation of ADP or indirectly as
an acetyl coenzyme-A (ACoA) precursor. When E. coli
grows in mineral broth containing glucose as the sole
carbon source the PTS consumes 50% of the available PED,
whereas the reactions catalyzed by other enzymes such as
PEP carboxylase, PYR kinases, UDP-N-acetylglucosamine
enolpyruvyl transferase, and DAHP synthases (DAHPS),
consume approximately 16%, 15%, 16%, and 3% of
remaining PEP, respectively [23,24]. Therefore, PEP
can be converted to PYR by PTS and PYR kinases I
and II (coded by pykF and pykA respectively), and PYR
is converted to ACoA by the PYR dehydrogenase
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multienzyme complex (coded by aceE, aceF and Ilpd),
a reaction connecting the glycolytic pathway with the
tricarboxylic acid cycle (TCA) [1]. Moreover, PEP and PYR
are key intermediates of the CCM as they are substrate of
at least six enzymes which determine the metabolic fate of
these intermediates (biosynthetic/catabolic pathways and
glycolytic/gluconeogenic capabilities of the cell): DAHPS
isoenzymes (AroF, AroG, and AroH coded by aroE aroG
and aroH, respectively) [3,11]; PYR kinases I and II; PEP
synthetase (PpsA coded by ppsA); PEP carboxylase
(Ppc, coded by ppc); and PEP carboxykinase (PckA coded
by pckA) [25] (Figure 1).

Detailed knowledge of these nodes permitted the devel-
opment of strategies that allowed higher PEP availability
for the biosynthesis of aromatic compounds, including the
replacement of glucose transport and phosphorylation
capabilities of the PTS by alternative enzymes such as
the glucose facilitator and glucokinase from Zymomonas
mobilis (coded by glf and glk, respectively) [26-28], the
galactose permease and glucokinase from E. coli
(coded by galP and glk, respectively) [29,30], or the use of
an adaptive evolution process to select PTS™ derivatives
growing at high specific growth rates (¢) on glucose
[31,32]. Additionally, high PEP availability has been
achieved by modulation of the carbon flux from PEP to
the TCA caused by the inactivation of one or both of the
PYR kinases [33,34], as well as improving the recycling of
PYR to PEP by a plasmid-encoded copy of PEP synthetase
[35-37]. The overexpression of pckA, in combination with
an enhanced carbon flow through the glyoxylate shunt,
has also been proposed as a strategy to increase the yield
of aromatic compounds [38,39]. An alternative approach
to increase PEP is the attenuation of CsrA, a regulatory
protein of carbohydrate metabolism, either by direct gene
knockout or by increasing the expression of its negative
regulatory RNA, coded by csrB [40,41].

On the other hand, E4P is a metabolite that partici-
pates in reversible reactions present in the non-oxidative
branch of the pentose phosphate pathway (PPP), as well
as a substrate in irreversible reactions that lead to the
production of aromatic amino acids or vitamin Bg [42].
E4P can also be directly produced from sedoheptulose-
1,7-bisphosphate in a reaction that is probably favored
when the intracellular levels of sedoheptulose-7-phosphate
are high [43]. Metabolic engineering reports have shown
that a considerable increase in availability of E4P
(inferred by the increased production of aromatic com-
pounds and pathway intermediates, such as DAHP) can
be achieved by overexpression of genes coding for a trans-
ketolase (tktA) [35,44-46] or a transaldolase (talB) [26,47].
Additional attempts to increase the carbon flow towards
the PPP for enhanced production of aromatic compounds
include the use of mutants lacking the enzyme phospho-
glucose isomerase [48,49], the overexpression of enzyme
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glucose-6-phosphate dehydrogenase [41,50], or the use
of multiple carbon sources, mainly hexoses, pentoses
and glycerol [51-54]. After an adequate supply of pre-
cursors has been established, it is essential to commit
this carbon towards the SHK pathway and to remove
control points and limiting steps to increase the pro-
duction of target compounds.

Deregulation of the AAA pathway: identifying and
relieving rate-limiting steps

In E. coli, the DAHPS isoenzymes AroG, AroF and AroH
contribute to the total DAHPS activity and are subjected
to allosteric control by L-PHE, L-TYR and L-TRP, respect-
ively (Figure 1). AroG contributes about 80% of the overall
DAHPS activity, AroF about 15%, and the remaining
activity corresponds to AroH DAHPS [3,11]. Both the
AroG and AroF isoenzymes are completely inhibited
by about 0.1 mM of the corresponding amino acids,
but AroH is only partially inhibited by L-TRP. Apparent
inability of L-TRP to totally inhibit this isoenzyme is pro-
posed to be a mechanism to ensure a sufficient supply of
CHA for the biosynthesis of other aromatic compounds
when AAA are present in excess in the growth medium
[3]. Specific amino acid residues involved in the allosteric
sites have been identified by structural analysis of feedback-
insensitive mutant enzymes, resulting in the targeted
generation of the feedback resistant (fbr) variants AroG™"
and AroF™" [28,31,55]. Additionally to allosteric control of
DAHPS isoenzymes, their transcriptional expression can
be controlled by the zyr- and trp- repressors complexed
with the AAA [3,11].

Consequently, amplification and deregulation of DAHPS
activity is an essential strategy to overproduce aromatic
compounds and its precursor SHK. Introduction of
plasmid-encoded copies of aroF™ and aroG™" com-
bined with additional plasmid-cloned gene tktA, or
their chromosomal integrations in gene clusters, have
resulted in increased carbon flow from the CCM to the
SHK pathway for the production of L-PHE [11,55,56],
L-TYR [5,57,58] and L-TRP [59-61]. Positive results were
also obtained with the insertion of an aroG™ gene into
the chromosome of an L-PHE producing strain while
being controlled by a promoter that is active during
late cultivation stages, in order to counteract the fall of
DAHPS activity in stationary phase [62].

Further increases in carbon flux through the SHK path-
way have been attained by the removal of transcriptional
and allosteric control points and by relieving limiting en-
zymatic reactions [2,11,19,23]. The reactions catalyzed by
DHQ synthase (encoded by aroB) and SHK kinase isoen-
zymes I and II (encoded by aroK and aroL, respectively) are
considered as rate-limiting [63-65]. In addition, the
reaction catalyzed by the enzyme quinate/shikimate
dehydrogenase (coded by ydiB) was also reported as
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limiting in the development of L-TYR production strains
[58]. Either the overexpression of some of these genes by
plasmid-cloned copies [28,66], their co-expression in a
modular operon under control of diverse promoters
[50,58,67], or their expression by chromosomal integration
of additional gene copies and promoter engineering by
chromosomal evolution [68], have relieved to a great ex-
tent these rate-limiting steps typically encountered during
the development of SHK and AAA overproducing strains
(Table 1). To date, genetically modified E. coli strains can
overproduce SHK from glucose with yields in the range of
0.08 to 0.42 mol SHK / mol glucose under diverse culture
conditions [28,50,68-70]. SHK is a key intermediate of the
common biosynthetic aromatic pathway (Figure 1) gaining
relevance as the substrate for the chemical synthesis of
the drug oseltamivir phosphate, known commercially
as Tamiflu®, an efficient inhibitor of the surface protein
neuraminidase of seasonal influenza, avian influenza
H5N1, and human influenza H1N1 viruses [71-74].

In addition to modifications in the SHK pathway,
metabolic engineering approaches to overproduce L-TYR
typically include alterations in TyrR and/or trp regulons.
The TyrR regulon comprises diverse essential genes impli-
cated in AAA biosynthesis and transport [1,75]. TyrR acts
as a dual transcriptional activator and repressor; however,
the repression mechanism requires the ATP-dependent
binding of AAA to the central protein domain. L-TYR is
the major effector of TyrR-mediated repression, although
some repression occurs with L-PHE as co-repressor for
aroE, aroL, tyrP (coding for a L-TYR specific permease),
aroP (coding for an aromatic amino acid permease) and
aroG genes, whereas activation does not apparently in-
volve an ATP-dependent binding of aromatic amino acids
[1,2,5,11]. Inactivation of TyrR-mediated regulation by
deletion of £yrR and overexpression of aroG™ and tyrA™,
combined with the overexpression of CCM genes (e.g.
ppsA and tktA) and genes of the L-TYR biosynthetic
pathway (e.g. tyrB, aroC, aroA) have improved the pro-
duction of L-TYR in diverse E. coli strains [5,11,58].

Similar results were obtained for L-PHE in resting cells
by overexpression of a feedback-resistant or an evolved (ev)
CHA mutase/prephenate dehydratase enzymes (coded by
pheA™ and pheA®, respectively) [55,76]. The bifunctional
enzyme chorismate mutase/prephenate dehydrogenase
TyrA, catalyzes the shared first step in L-PHE and L-TYR
final biosynthetic pathways (the conversion of CHA to pre-
phenate), as well as the second step in L-TYR biosynthesis
(the subsequent NAD"-dependent oxidative decarboxylation
of prephenate to 4-hydroxyphenylpyruvate) (Figure 1).
TyrA catalyzes both reactions in separate domains of the
protein and the CHA mutase/prephenate dehydrogenase
is feedback-inhibited by L-TYR (up to 95% inhibition
of the prephenate dehydrogenase and 45% of the CHA
mutase activity) [1,2]. The bifunctional enzyme CHA



Table 1 Relevant E. coli strains engineered for the overproduction of compounds derived from the aromatic biosynthetic pathway

Strain Relevant characteristics Main compound produced (titer?, and/or yieldb' 9).  References
Relevant culture conditions
SP1.1pts/pSC6.090B (RB791 derivative) AptsHicrr AaroK Aarol serAzaroB / (plasmid) aroF™ tktA, Prac arok serA, Py, gl glk® SHK (84, 0.33%). 10 L fed-batch reactors with glucose, [28]
AAA and 15 g/L of yeast extract
AR36 (JM101 derivative) AptsHicrr AaroK Aarol. Alacl ApykF / (plasmid) Py aroB tktA aroG™ arof aroD zwf SHK (43, 0.42°). 1 L batch reactors with 100 g/L of [50]
glucose and 30 g/L of yeast extract
SA116 (BW25113 derivative) AaroK Aarol PppgiPracar, PeseiPracar / (chromosome) aroG™ tktA aroB arof, Prs SHK (3, 0.33%). Medium supplemented with 10 g/L [68]
PpsA ¢srB, 5Py thtA nadK of glucose, 1 g/L of peptone and 1 g/L of proline
W14/pR15BABKG (W3110 derivative) Acrr AtyrA / (plasmid) Pg aroG15 tyrB, P pheA'b' ydiB aroK yddG L-PHE (47, 0.25%. 15 L fed-batch reactors with [132]
glucose and 1 g/L of tyrosine
FUS4.11/pF81y,, (W3110 derivative) ApheA AtyrA AaroF AlaclZYA ApykA ApykF / (chromosome) Py, aroF aroB arol, L-PHE (13, 0.15%. 15 L multi-phase fed-batch reactors [131]
(plasmid) Pyac pheA™ arof aroB arol with glycerol and lactic acid
BL21 (DE3) (plasmid) containing the phenylalanine dehydrogenase gene of Acinetobacter Iwoffi  L-PHE (5,0.58% 2 L batch reactors with 10 g/L of glycerol [1301
MG1655 derivative (plasmid) Pacvs aroE aroD aroB°®, Py eon aroG™ PpsA tktA, (plasmid) Ppac.uvs L-TYR (2, 0:44%). Shake flask cultures with 5 g/L of glucose [58]
tyrB tyrA"™" aroC, Py aroA arol
1poA14" (K-12 derivative) ApheA AtyrR / (chromosome) P tyrA™ aroG™, point mutations in hisH and purf, L-TYR (14, 0.12% 2 L fed-batch reactors with glucose o1
(plasmid) rpoA
MG1655 derivative ApheA Aphel. / (chromosome) Py tyrA L-TYR (55, 0.30%. 200 L fed-batch reactors with glucose [17]
FB-04/pSV03 (W3110 derivative) AtrpR AtnaA ApheA AtyrA / (plasmid) arof®" UpEﬂ"D L-TRP (13, 0.10%). 3 L fed-batch reactors with glucose, [59]
2 g/L of L-PHE and 3 g/L of L-TYR
GPT1017 (W3110 derivative) AtrpR AtnaA AptsG AaroP AtnaB Amtr / (chromosome) swapping of tryptophan L-TRP (16). 5 L fed-batch reactors with glucose and [80]
attenuator and trp promoter by 5CP., (plasmid) aroG™ trpE™" tktA 1 g/L of yeast extract
TRTHO709/pMELO3 (MG1655 derivative) ~ AtrpR AtnaA Apta Amir / (plasmid) aroG™ trpE™ DCBA serA, (plasmid) tktA ppsA yddG — L-TRP (49). 30 L fed-batch reactors with glucose and 161]
1 g/L of yeast extract
Vio-4 (MG1655 derivative) AtrpR AtnaA AsdaA Alac Atrpl Agal Axyl Afuc / (chromosome) Py, arof aroB arol. Violacein (0.7). 0.7 L fed-batch reactors with arabinose, [82]
tktA serA™" vioD’ trpE™, (plasmid) vioABCE? 12 g/L of tryptone and 24 g/L of yeast extract
BKDS5 (BW25113 derivative) AptsG AtyrR ApykA ApykF ApheA / (plasmid) Piacuys aroG™" tyrAfb’ arok, Py Salvianic acid A (7, 047°). 05 L fed-batch flasks with [94]
ppsA tktA glk, (plasmid) Piacuvs T7 RNA polymerase, (plasmid) hpaBC d-ldn” glucose and 1 g/L of yeast extract
QH23 (ATCC 31884 derivative) Aphel A AtyrA / (plasmid) Py jacon tyrAfb' DPSA tktA aroG™, (plasmid) Py jacor tal" ° hpaBC Caffeic acid (0.8). Shake flask cultures with 2.5 g/L of [105]
glucose, 10 g/L of glycerol and phenylalanine
PAD-AG/AtyrR (BL21 (DE3) derivative) AtyrR / (plasmid) aroG™" ryrAﬂ", (plasmid) taf 4-coumaric acid (1). Shake flask cultures with 15 g/L [103]
of glucose
VH33 AtyrR_DOPA (W3110 derivative) AptsHicrr / (chromosome) Py, galP, (plasmid) tktA Piacuvs aroG™", (plasmid) Py L-DOPA (1.5, 0.05%). 1 L batch reactors with L8 and [84]
tyrC" pheA 50 g/L glucose
W3110 trpD9923/pS0 + pY + pAvnD (plasmid) P\ .iet01 ydiB aroD aroB aroG™ PpsA tktA, (plasmid) Pracuys tyrB ryrAfbr aroC Avenanthramide D (27°). Shake flask cultures with (87]

aroA arol, (plasmid) Ppcuys HCBTS 4CLT' tal

10 g/L of glucose

2g/L; Pmol substrate/mol product; ‘gene from Z. mobilis; °g substrate/g product; *uM; ‘gene from J. lividum; 9genes from C. violaceumn; "gene from L. pentosus; 'gene from R. glutinis; ‘gene from S. espanaensis; “gene
from D. caryophyllus; 'gene from N. tabacum; °Pcodon-optimized variant.
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mutase/prephenate dehydratase (PheA) also catalyzes
the first step in the parallel biosynthetic pathways for
L-TYR and L-PHE as well as the second step in L-PHE
biosynthetic pathway (prephenate to phenylpyruvate)
(Figure 1). The native enzyme is a dimer and each mono-
mer contains a dehydratase active site, a mutase active site
and an L-PHE binding site. PheA enzyme is inhibited by
L-PHE (up to 90% of the prephenate dehydratase and 55%
of the mutase activity) [1,2]. Feedback-resistant mutants
of TyrA and PheA E. coli enzymes have been used for the
efficient overproduction of L-TYR [11,17,57,67] and L-PHE
[55,76] in combination with some of the previously de-
scribed alterations in CCM and the SHK pathway (Table 1).
An alternative approach to take advantage of the natural
feedback-resistant diversity in the TyrA enzyme family was
the expression of the TyrC™" enzyme (cyclohexadienyl
dehydrogenase) from Z. mobilis and the CHA mutase
domain of native PheA from E. coli, relieving rate-limiting
steps and increasing the carbon flux towards L-TYR [57].

A strategy to minimize carbon loss to competing
pathways was exemplified in the CHA node with the
construction of L-PHE production strains expressing
TyrA enzymes containing tags for increased proteolytic
degradation, instead of completely removing the en-
zyme. The resultant strains have the advantage of not
being auxotrophic to L-TYR while displaying a higher
L-PHE/L-TYR production ratio than the strain containing
the wild-type TyrA [77].

Additional modifications applied in L-TRP overproducers
include the overexpression of exporter protein YddG
[61,78,79], the inactivation of permeases AroP, Mtr and
TnaB to avoid re-internalization [61,79,80], the dele-
tion of gene tnaA coding for a tryptophanase to avoid
product degradation [59,81,82] and expression of genes
included in the tryptophan biosynthetic branch, in-
cluding a feedback-resistant version of anthranilate
synthase, TrpEﬂ”r [60,81].

Variations on the strategies described in this section
have also been applied to the production of other valu-
able compounds derived from the AAA pathway such
as phenyllactate, phenylacetate and phenylethanol [83],
L-DOPA [84], mandelic acid [85], deoxyviolacein and
violacein [82,86], avenanthramides [87], and resveratrol
[88] (Table 2).

Increasing the genetic engineering repertoire:
development and application of synthetic biology
strategies and techniques

The field of synthetic biology has been continuously
evolving and it is now acknowledged that this discipline is
primarily concerned with the design and characterization
of biological parts [89,90]. Indeed, modular and predictable
parts find many applications in the modification of cel-
lular metabolism, whether these alterations are direct
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(modulation of the expression and function of enzymes
comprised in metabolic pathways) or indirect (rewiring
and repositioning of sensing components and cellular
effectors). In this sense, the powerful recent advances
in synthesis and assembly of macromolecules have
changed the way to approach challenges in metabolic
engineering. This has helped to generate a degree of
biological diversity and reprogramming not previously
reached with traditional biological controllers, promoting
the merging of rational and combinatorial approaches to
direct cellular design [91,92].

The aromatic biosynthetic pathway in E. coli was no
exception to this paradigm shift, resulting in notable
accomplishments over the last years. It is worth noting
that even when the upregulation of a few genes can in-
crease the carbon flux from CCM towards the aromatic
biosynthetic pathway, the outcome is importantly influ-
enced by a variety of factors, such as the combination of
expression modules, genetic background and cultivation
conditions. It is therefore ideal to design experiments to
obtain a characterization of the contribution of each factor
to the phenotype. Illustrative examples on this subject
include the assessment of differences in the production
of L-TYR by overexpressing various sets of genes in a
stepwise approach (Table 1) [58,93].

The generation of synthetic parts in a faster, cheaper
and more targeted way has also enabled metabolic en-
gineers to reach unprecedented biochemical diversity,
exemplified by the production of plant compounds using
precursors present in the aromatic biosynthetic pathway
in E. coli. In this way, combinations of simultaneous tran-
scriptional modules and genetic platforms have resulted in
strains with the ability to produce attractive compounds
such as salvianic acid A [94], 8-tocotrienol and its inter-
mediate 2-methyl-6-geranylgeranyl-benzoquinol [95,96]
(Figure 2) and (S)-reticuline [97] (Figure 3).

Aside from the product titers reached so far, these ap-
proaches are appealing because the systematic evaluation
of conditions permits a more precise identification of
targets for future improvement. In this respect, more
structurally complex compounds can be produced by
the optimization of expression parameters, for example
when approaching problems with the heterologous in-
sertion of genes and pathways into E. coli. One success-
ful case concerning a systematic analysis of heterologous
expression is the production of (2S)-pinocembrin from
glucose as the only carbon source [98] (Figure 2). In this
report, the authors assembled gene expression modules,
including genes from the SHK pathway as well as heter-
ologous sources. With this arrangement it was possible
to accumulate up to 40 mg/L of (25)-pinocembrin, even
when using four plasmids and enzymes with naturally
low catalytic efficiencies. The same system was used to
evaluate the capabilities for resveratrol production after
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Table 2 Proposed applications of high-valued compounds derived from the aromatic pathway and synthesized by

engineered E. coli strains

Compound

Summary of pharmaceutical and industrial applications

References

Shikimate ((3R4S,5R)-3,4,5-trihydroxycyclohexene-1-
carboxylic acid)

Salvianic acid or danshensu (3,4-dihydroxyphenyllactic acid)

(25)-pinocembrin (5,7-dihydroxyflavanone)

Caffeic acid (3,4-dihydroxycinnamic acid)

Resveratrol (3,4',5-trihydroxystilbene)

Violacein ((3E)-3-[5-(5-hydroxy-1H-indol-3-yl)-2-oxo-1H-
pyrrol-3-ylidene]-1H-indol-2-one) and deoxyviolacein

PDC (2-pyrone-4,6-dicarboxylic acid)

(S)-reticuline ((15)-1-[(3-hydroxy-4-methoxyphenyl)methy!l]-
6-methoxy-2-methyl-3,4-dihydro-1H-isoquinolin-7-ol)

Hydroxytyrosol (3,4-dihydroxyphenylethanol)

Avenanthramides

&-tocotrienol

Antipyretic, antioxidant, anticoagulant, antithrombotic, anti-inflammatory, and
analgesic agent. Has a key role in the synthesis of important pharmacological

compounds such as anti-cancer and antibacterial agents, as well as hormones.

Substrate in the chemical synthesis of the antiviral Tamiflu®.

A naturally occurring plant polyphenolic acid, considered as a superior
antioxidant. Its scavenging activities against free hydroxyl radicals and
superoxide anion radicals are higher than vitamin C. Has a variety of other
pharmacological effects, including improving cerebral blood flow, inhibiting
platelet activation and arterial thrombosis, as well as anti-cancer and
anti-inflammatory effects.

Flavonoid with demonstrated activity decreasing the neurological scores,
alleviating brain edema, reducing the permeability of blood—brain barrier

and alleviating cerebral ischemic injury in the middle cerebral artery occlusion
in rats. Has been proposed as a novel therapeutic agent to reduce cerebral
ischemia/reperfusion and blood-brain injury, useful for its antioxidant and
anti-apoptotic effects.

Possesses various pharmacological activities including antioxidant,
antitumoral, antiviral, antidepressive and antidiabetic functions.

Potential therapeutic effects in humans as antioxidant, anti-inflammatory,
anticancer, and chemopreventive agent.

Activity against herpes simplex virus and pathogenic bacteria such as
Staphylococcus aureus and Pseudomonas aeruginosa. Violacein has shown
successful activity against leukemia, lung cancer, human uveal melanoma and
lymphoma cells, where it mediates apoptosis. It is also an interesting bio-dye
showing attractive color tone and stability.

Proposed as a novel starting material for several useful synthetic polymers
such as polyesters and polyamides.

Building block for benzylisoquinoline alkaloids, including the analgesic
compounds morphine and codeine, as well as the antibacterial agents
berberine and palmatine. Useful in the development of novel antimalarial
and anticancer drugs.

Powerful antioxidant activity. Potential antitumoral, antiatherogenic,
anti-inflammatory and antiplatelet aggregation agent.

Natural hydroxycinnamoyl anthranilates with antioxidant, anti-inflammatory,
and antiproliferative effects, considered to contribute to the health benefits
of oatmeal consumption. Potential antitumor activities.

Vitamin E component naturally produced by photosynthetic organisms. It has
shown to induce apoptosis and inhibit proliferation of cancer cells. Possess to
some extent neuroprotective, anticancer, and cholesterol lowering properties.

[72,74]

[104]

[99]

[106]

(87]

[95,96]

Recombinant pathways are presented in Figure 2 and Figure 3.

slight modifications were introduced to increase malonyl-
CoA and L-TYR availability. This work revealed large
variations in the concentration of produced metabolites
with respect to small variations in the genetic constructs
[99] (Figure 2). In a similar approach, the introduction of a
foreign pathway succeeded in deviating carbon flow from
3-dehydroshikimate towards the synthesis of 2-pyrone-
4,6-dicarboxylic acid (PDC) (Figure 3). Strains overex-
pressing six different genes from three different plasmids
were able to produce the desired compound with a 17.3%
yield from glucose [100].

It is also interesting to consider other strategies to
generate and screen metabolic diversity, such as modi-
fications of the global transcription machinery coupled
to high-throughput screening for metabolite production

[101,102]. By merging these approaches with combinator-
ial techniques for gene overexpression, a 114% increase in
L-TYR production from a previously engineered strain
was reported [101].

Strains with the capability to overproduce L-TYR from
simple carbon sources have been used as a backbone for
production of more structurally complex compounds.
For example, the construction of codon-optimized heter-
ologous gene clusters with a wide span of strengths in
promoter and ribosome binding sequences (RBS) has
allowed the generation of E. coli strains capable of produ-
cing phenylpropanoic acids such as caffeic acid, coumaric
acid and ferulic acid [103-105] (Figure 2), as well as hydro-
xycinnamoyl anthranilates [87] and other derivatives, such
as hydroxytyrosol [106] (Figure 3). Another combinatorial
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Figure 2 Biosynthetic pathways for the production of diverse aromatic metabolites by combination of heterologous expression

modules with the overproduction of intermediates from SHK- and terminal AAA pathways in Escherichia coli. Salvianic acid from HPP: (a)
hpaBC (codes for an endogenous hydroxylase) of E. coli and Idh (lactate dehydrogenase) of Lactobacillus pentosus [94]. 2S-pinocembrin from L-PHE and
malonyl-CoA: (b) arof and pheAfb' of E. coli; (c) PAL (phenylalanine ammonia lyase) of Rhodotorula glutinis and 4CL (4-coumarate-CoA ligase) of
Petroselium crispum; (d) CHS (chalcone synthase) of Petunia x hybrida and CHI (chalcone isomerase) of Medicago sativa, (e) matB and matC
(coding for malonate synthetase and malonate carrier protein) of Rhizobium trifolii [98]. 6-tocotrienol (f) via MGGBQ (2-methyl-6-geranylgeranyl-
benzoquinol) (g) from HPP and &-tocopherol via GGPP (geranylgeranylpyrophosphate): ggh (geranylgeranylpyrophosphate reductase) of
Synechocystis sp., crtE (geranylgeranylpyrophosphate synthase) of Pantoea ananatis, hpt (homogentisate phytyltransferase) of Synechocystis sp., hpd
(p-hydroxyphenylpyruvate dioxygenase) of Pseudomonas putida, vtel (tocopherol-cyclase) of Arabidopsis thaliana [95], idi (isopentenyl-diphosphate
isomerase) and dxs (1-deoxyxylulose-5-phosphate synthase) of E. coli [96]. Caffeic and ferulic acids from L-TYR: (h) TAL (tyrosine ammonia lyase) and
Sam5 (4-coumarate hydroxylase) of Saccharothrix espanaensis and COM (caffeic acid methyltransferase) of Arabidopsis thaliana [103]; (i) TAL of

R. glutinis and (j) Coum3H (4-coumarate hydroxylase) of S. espanaensis [104]. Resveratrol from L-TYR and malonyl-CoA: (k) TAL of R. glutinis and 4CL of
P. crispum; (1) STS (stilbene synthase) of Vitis vinifera; (m) matB and matC of R. trifolii [99]. Deoxyviolacein and violacein from L-TRP: (n) vioABCD genes
of Chromobacterium violaceum and (o) vioE of Janthinobacterium lividum [82]. Continuous arrows show unique enzymatic reactions; dashed arrows
show several enzymatic reactions. GAP: glyceraldehyde-3-phosphate. ¢, indicates chromosomal integration. p, indicates plasmid expression module. ™,

feedback resistant gene. °°, codon-optimized gene. », promoter.

technique applied in the generation and isolation of strains
with an increased production of indigo (a compound
that can be obtained from the L-TRP biosynthetic
intermediate indole) is coselection MAGE (multiplex
automated genome engineering). This method relies
on a cyclical oligo-mediated allelic replacement to
modify genomic targets [107] that was later improved by
linking the process with the recovery of an inactivated
selection marker, enhancing the size and efficiency of
insertions [108]. With this approach, the authors were
able to insert T7 promoters upstream of 12 genes or
operons associated with the AAA pathway in a strain
modified to produce indigo and recovered 80 unique
derivatives with variable promoter insertions. As a re-
sult, it was possible to identify strains with more than a
fourfold improvement in indigo production over the
ancestor strain, as well as synergetic interactions of
expressed genes [108].

The application of synthetic RNA devices with the
goal of increasing AAA production in E. coli has re-
cently attracted attention. In particular, artificial ribos-
witches coupling the binding of L-TRP to growth under
a selective pressure have been constructed and tested
in vivo. By modulating the expression of gene aroG
under this scheme, strains with superior capabilities for
L-TRP production could be linked to the increased growth
rates after rounds of selective improvement [109]. In an-
other report, a synthetic SRNA library was constructed for
targeted gene expression silencing. The authors demon-
strated the applicability of this approach in the production
of L-TYR with the plasmid-based expression of genes
PPsA, thktA, aroF, aroK, tyrC, aroG and tyrA, and the simul-
taneous silencing of genes tyrR, csrA, pgi and ppc in several
E. coli strains. With an easily transferrable gene-regulation
platform, the combination of expression levels and gen-
etic backgrounds led to the selection of a strain that can
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Figure 3 Biosynthetic pathways for the production of diverse aromatic metabolites by combination of heterologous expression
modules with the overproduction of intermediates from SHK- and terminal L-TYR pathways in Escherichia coli. PDC (2-pyrone-4,6-
dicarboxylic acid) from DHS and CHA: (a) aroF™ and aroB of E. coli: (b) ubiC (chorismate pyruvate-lyase) and pobA (4-hydroxybenzoate
hydroxylase) of E. coli and Pseudomonas putida, respectively; (c) LigAB (protocatechuate 4,5-dioxygenase) and LigC (CHMS dehydrogenase) of
Sphingobium sp. SYK-6 and qutC (dehydroshikimate dehydratase) of Emericella (Aspergillus) nidulans [100]. (S)-Reticuline from L-TYR: (d) tyrAfb’,
aroG™, tktA and ppsA of E. coli; (e) NCS (norcoclaurine synthetase) of Coptis japonica, TYR (tyrosinase) of Streptomyces castaneoglobisporus, DODC
(DOPA decarboxylase) of Pseudomonas putida and MAO (monoamine oxidase) of Micrococcus luteus; (f) 60MT (norcoclaurine 6-O-methyltransferase),
4'OMT (3"-hydroxy-N-methylcoclaurine 4’-O-methyltransferase) and CNMT (coclaurine-N-methyltransferase) of C. japonica [97). Hydroxytyrosol from L-TYR
via 34-DHPAA (34-dihydroxyphenylacetaldehyde): (g) PCD (pterin-4 alpha-carbinolamine dehydratase) and DHPR (dihydropteridine reductase) of human
and TH (tyrosine hydroxylase) of mouse; (h) DDC (L-DOPA decarboxylase) of pig and TYO (tyramine oxidase) of M. luteus [106]. Avenanthramides
AvnD [N-(4'-hydroxycinnamoyl)-anthranilic acid] and AvnF [N-(3',4'-dihydroxycinnamoyl)-anthranilic acid] from L-TYR and ANT: AvnDF module,

tal (tyrosine ammonia-lyase) of Rhodotorula glutinis, 4CL1 (4-coumarate-CoA ligase) of Nicotiana tabacum, COUA3H (SAM5) (p-coumarate
3-hydroxylase) of Saccharothrix espanesis, HCBT (hydroxycinnamoyl/benzoyl-CoA/anthranilate N-hydroxycinnamoyl/benzoyltransferase) of
Dianthus caryophyllus and hpaBC (code for an endogenous hydroxylase) of E. coli. SHK and TYR modules contain endogenous genes of E. coli
[56]. PCA (protocatechuate); CHMS (4-carboxy-2-hydroxymuconate-6-semialdehyde); CAFA (caffeate); CAF-CoA (caffeoyl-CoA); COUA
(p-coumarate); COU-CoA (p-coumaroyl-CoA); adhP (alcohol dehydrogenase of £. coli). p, indicates plasmid expression module. for feedback
resistant gene. °P, codon-optimized gene. », promoter. NER, Non-enzymatic reaction.

accumulate up to 21.9 g/L of L-TYR in high-density cul-
tures [110].

Integration and application of data: systems-based
approaches to the production of AAA

Even with the relative success obtained so far regarding
the overproduction of aromatic compounds in E. coli,
insights into the global metabolic state of engineered
strains under production conditions are still scarce.
Moreover, the effects of targeted strain modifications are
typically underestimated, since they do not always result
in significant differences in cell growth or production of
specific metabolites. Combination of techniques such as

genomics, transcriptomics, proteomics, metabolomics and
fluxomics can unravel the particular cellular state during
a defined condition by providing snapshots of different
levels of metabolism [111]. However, in order to turn this
information into knowledge of new potential engineering
targets, adequate comparisons must be established. Since
it is not trivial to define the type and extent of data to be
extracted and compared, systems biology approaches are
needed to manage holistic information at different levels
of cellular functions [112,113].

Although the systematic integration of -omics approaches
have been applied to characterize and reverse engineer bac-
terial strains producing several amino acids [6,114-117],
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there are still relatively few reports on the use of these
techniques with AAA overproducers. For example, one
study reports the effect of inactivating genes coding for
PEP-consuming enzymes (PTS, PykF and PykA) over the
flux distributions in the central carbon metabolism as an
attempt to increase the availability of this AAA precursor
[33]. The net result of either inactivation was a flux in-
crease to biomass formation pathways, but several dif-
ferences on important CCM nodes were also found
between all conditions. Furthermore, PTS inactivation
revealed a carbon recycling response between PEP and
OAA combined with a reduced glycolytic flux. When
these strains were transformed with plasmids encoding
enzymes to promote the production of L-PHE, a 19-,
14-, and 25- fold increase on the yield of this amino
acid was observed for the PTS, PTS™ pykA, and PTS™
pykF mutants, respectively [33].

Targeted proteomics and metabolite profiling analyses
are also very valuable to provide feedback about expres-
sion systems used in the production of AAA. One report
describes such approaches on a collection of L-TYR
producing strains with different gene-expression arrays,
allowing the authors to identify and improve sub-optimally
expressed genes. After a second engineering round of
the synthetic expression modules a strain was constructed
which can produce L-TYR from glucose with 80% of the
theoretical yield, estimated as 0.55 g/g in strains with a
functional PTS [58]. A related work characterized the
impact on SHK pathway enzyme levels resulting from
the removal of TyrR regulator, along with the use of a
feedback-resistant TyrA and deletion of the pheA gene
on L-TYR producing strains. The results showed that
small changes in protein levels caused by the genetic al-
terations can have a big impact on metabolite produc-
tion, as a 250-fold span of L-TYR concentrations were
detected [118]. A different work found many proteins
differentially expressed as a response to the sole inactivation
of the pykF gene, including DAHP synthase (AroG), SHK
dehydrogenase (AroE), SHK kinase I (AroK), CHA syn-
thase (AroC), prephenate dehydratase (PheA), anthranilate
synthase (TrpD, TrpE) and L-TRP synthase (TrpA), as
compared to the wild type strain [119].

In another example, transcriptional analysis and whole
genome sequencing studies were performed on L-TYR
producing strains obtained by combinatorial and targeted
approaches, coupled to high-throughput screening, in an
attempt to discover the changes that led to higher L-TYR
production [101]. The transcriptional analysis revealed
upregulation of genes related to acid stress resistance
and global reductions in the expression of several pathways
such as ribosomal protein and RNA formation, fatty
acid elongation, de novo purine/pyrimidine biosynthesis
and DNA replication, which imply a cellular shift from
proliferation and growth to maintenance and stress
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survival. Genomic analyses revealed differential single
base-pair changes between the studied strains. When
these mutations were reintroduced on a parental strain
background higher L-TYR production was observed,
showing their contributions to the overproduction pheno-
type. Finally, a reverse engineered strain was constructed,
which gave a titer of 902 mg/L and an L-TYR yield on
glucose of 0.18 g/g on a genetically-defined background
[101]. Other works have also characterized the global
transcriptional response to the presence of high levels of
L-PHE or SHK in simple and complex media [120,121] or
starvation conditions [122], revealing metabolic informa-
tion that can be used for further improvement of the
strains and cultivation conditions.

Along with data obtained by high-throughput systems,
modeling of metabolism by mathematical approaches has
become an important tool for analyzing cell responses and
unravel the metabolic regulation between the cell informa-
tion/control systems [111]. Moreover, genome-scale models
of metabolism have been analyzed by constraint-based ap-
proaches [123]. Gene deletion effects over flux distributions
have also been studied in order to find the combination
that provides the best metabolic performance on a given
condition. For example, the deletion impact of 1261 genes
was modeled using a reconstruction of biochemical interac-
tions, resulting in 195 genes exerting high impact on flux
distributions in various metabolic subsystems [124]. A strat-
egy developed to circumvent the need for kinetic parame-
ters of enzymes present in a metabolic network is ensemble
modeling, which uses phenotypic data obtained from over-
expression and deletion of enzymes to screen out flux dis-
tributions from an initial ensemble of solutions derived
from elementary reaction models [125]. This method has
been used to model the AAA pathway for DAHP produc-
tion with data obtained from the overexpression of CCM
genes. A subset of flux distributions was found capable of
describing the phenotypic characteristics of the strains and
rendered information about the kinetic and stoichiometric
limitations around PEP and E4P nodes [125]. As more gen-
omic, transcriptomic and proteomic functional interactions
continue to be unraveled, similar approaches will become
powerful tools to model specific metabolic outcomes
related to AAA biosynthesis.

Bioprocess engineering: optimization of AAA

compound production

In order to create economically viable products, the
processes developed and tested at laboratory scale have
to be adapted to larger operational volumes. Although
engineered strains should ideally perform equally in 1 L
scale as in industrial scales (going from 500-10,000 L for
fine chemicals to more than 100,000 L for commodity
chemicals), a significant reduction in performance as a
result of scale-up is often observed [126]. Therefore, it
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is important to apply strategies to prevent physiological
changes caused by heterogeneities of fermentation parame-
ters during scale-up processes with E. coli. Stress-mediated
cellular responses to chemical and physical factors can
negatively impact as much as 60% over the productivity,
the biomass and product yields when a strain is exposed to
large-scale production conditions [127,128].

Fed-batch cultivations have been a popular method to
produce aromatic compounds since they promote high
cellular densities, offer tight control over the y and sub-
strate concentrations, and permit a better management
of dissolved oxygen tension (DOT) to prevent the activa-
tion of fermentative pathways [16,129]. In one example,
a fed-batch strategy improved violacein production from
arabinose (through an expanded pathway from L-TRP)
by adjusting the x at 0.011 h™* [82]. With this procedure,
cellular concentrations with optical density values up to
70 were reached, producing 710 mg/L of violacein and
avoiding acetate accumulation in the medium, a known
inhibitor of growth and pigment production.

Another work studied the impact of different feeding
strategies over the production of L-TRP in a recombinant
strain [16]. An increase in the volumetric productivity of
this compound was reached by a novel feeding strategy
with a highly concentrated glucose solution (800 g/L) after
the exhaustion of the initial glucose. By using a combined
pseudo-exponential feeding at the exponential phase and
a glucose-stat feeding after the exponential phase, an effi-
cient control over the y was achieved (below the acetic
acid production threshold), reaching 38.8 g/L of L-TRP.
This represented an increase of 19.9% due to reduced
acetic acid accumulation [16].

Even if feeding strategies can cope to some extent with
the problems derived from acetic acid production, a
combination of these with genetic modifications has
also been tested for the production of aromatic com-
pounds. In a recent report, the effect of inactivating
the gene coding for the enzyme phosphotransacetylase
(Pta) over the production of L-TRP was assessed. By
combining this modification with the use of a DO-stat
for controlling inflow rate at a suitable DOT, the authors
were able to increase the production of L-TRP and biomass
while maintaining the growth rate and reducing the accu-
mulation of acetic acid [129].

Substrate characteristics can also be optimization
variables for the production of AAA pathway interme-
diates. One example is the evaluation of glycerol for
L-PHE production [130,131]. The low cost of glycerol
coupled with its higher degree of carbon reduction
when compared to other sugars such as glucose, could
result in high energy yield per carbon and hence be ad-
vantageous for AAA production processes. However, it
is important to characterize the influence of fermentation
parameters such as DOT, temperature and pH, as well as
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the availability of substrates, over the growth and product
formation rates. In one report, variations in oxygen supply
(by changing aeration rates and impeller speeds) were
tested over the L-PHE production capabilities of a re-
combinant strain growing on glycerol [130]. With this
approach, a direct correlation between biomass and L-PHE
production rates were found at impeller speeds up to
400 rpm, being this the maximum operational value
before shear stress starts to diminish strain capabilities.
After setting the impeller speed to 400 rpm, aeration
optimization resulted in the highest product yield ob-
tained, 0.58 g/g, which is 20% higher than the yields
obtained before optimization of oxygen supply. Inter-
estingly, the authors report this high yield with a strain
in which the only recombinant measure taken is the
heterologous expression of a phenylalanine dehydro-
genase gene [130]. On the other hand, another group
has recently reported the production of 13 g/L of L-PHE
from glycerol and a yield of 0.15 g/g using a multi-phase
fed-batch process with a strain containing several genetic
modifications [131] (Table 1).

Product characteristics should also be taken into account
when developing an efficient bioprocess. For example,
L-TYR exhibits low solubility in typical fermentation
conditions, triggering its precipitation when saturation
is reached. This characteristic would normally be bene-
ficial for a fermentation process, as a precipitated com-
pound can be easily recovered and it is not expected to
affect strain physiology and production capabilities.
Interestingly, one report described that the L-TYR
crystals can stabilize foam, causing operational problems
during fermentation [17]. Consequently, this foaming
process was studied on 10 and 200 L fed-batch fermenta-
tions for L-TYR production to assess the effect of pH, an-
tifoam concentration, cooling rate, L-PHE concentration
and seeding level on foam production. It was determined
that high concentrations of L-PHE or antifoam, as well as
low pH and low seeding, are the preferred conditions to
avoid detrimental foaming production. With this approach
it was possible to produce L-TYR from glucose with a
yield of 0.3 g/g and titers as high as 55 g/L on a 200 L
scale [17]. Moreover, this study revealed important data
for the design of an economically feasible process for the
production of L-TYR.

Process optimization could also be concerned with
an enhancement of the strain ability to withstand high
concentrations of aromatic compounds, not only for
toxic final products but for harmful intermediates or
byproducts, which often accumulate as a consequence
of the suboptimal alleviation of control levels in the
biosynthetic pathways. This is a commonly-encountered
problem with many of the intermediates and final prod-
ucts in the AAA. For example, one group reported the
optimization of L-TRP production by modifying the export
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and import capabilities of a modified strain in order to
minimize its intracellular concentration and avoid feed-
back control by product accumulation [79]. This group
constructed a strain featuring the plasmid-based overex-
pression of the AAA exporter YddG, resulting in a pro-
duction increase of 12.6% compared to the parental
strain on a 30 L fermentation. Another example of the
successful combination of genetic and fermentation
procedures involves the construction of a strain for L-PHE
overproduction with a PTS-independent glucose transport
and expression of feedback-resistant versions of AroG and
PheA. By overexpressing genes ydiB, aroK and tyrB with a
temperature-dependent system, as well as yddG in a TyrA~
background, the authors were able to produce up to 47 g/L
of L-PHE with a yield of 0.25 g/g from glucose in a 15 L
fed-batch process [132].

Finally, bioprocess design is also an important factor
in optimization of the production of aromatic pathway
derivatives. The bioconversion of phenylpyruvate (PPN)
to L-PHE was studied with an immobilized cell bioprocess
[133]. This technique has several advantages such as the
ability to reuse the immobilized cells, the capacity to utilize
high cell densities and improved stability of the system. For
example, a mixed-gel surface composed of k-carrageenan
and gelatin, together with the optimization of its compos-
ition to enhance the mechanical strength and reduce the
toxicity and solidification point was used as biomass carrier
for the production of L-PHE [133]. Studies on the effect of
pH, temperature, Mg*? and trehalose presence resulted in
the implementation of a process showing an improvement
of 80% on the L-PHE conversion from PPN after 15 succes-
sive batch experiments.

Conclusions

The present review aims to provide a panorama of the
current achievements and newly found goals related to
the production of aromatic compounds in E. coli. The
AAA pathway and the metabolic changes resulting from
its deregulation have attracted the interest of metabolic
engineers for many years and remain important research
targets on several organisms. It is evident that the estab-
lishment of efficient bioprocesses on this topic requires
the design and implementation of multidisciplinary strat-
egies, taking advantage of the fast-paced developments
coming from nearly all biotechnological fields but par-
ticularly from those related with information technolo-
gies, such as systems and synthetic biology. The works
compiled here are a good example of the benefits obtained
when new ideas and viewpoints are introduced to an estab-
lished field in order to cope with long-known problems.
From the comparisons presented, it is noticeable that the
use of rational and combinatorial approaches powered by
the ability to develop complex genetic circuits and high-
throughput screenings of new producers has set new trends
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when dealing with the production of aromatic compounds
in E. coli. The benefits of the integral application of these
technologies can already be observed, not only from the
improved production processes for AAA and pathway
intermediates with large and established markets, but
also with the generation of novel derivative compounds
with important pharmaceutical applications.
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Abstract

Background: During the last two decades many efforts have been directed towards obtaining efficient microbial
processes for the production of shikimic acid (SA); however, feeding high amounts of substrate to increase the titer
of this compound has invariably rendered low conversion yields, leaving room for improvement of the producing
strains. In this work we report an alternative platform to overproduce SA in a laboratory-evolved Escherichia coli
strain, based on plasmid-driven constitutive expression of six genes selected from the pentose phosphate and
aromatic amino acid pathways, artificially arranged as an operon. Production strains also carried inactivated genes
coding for phosphotransferase system components (ptsHicrr), shikimate kinases | and Il (aroK and arol), pyruvate
kinase | (pykF) and the lactose operon repressor (lacl).

Results: The strong and constitutive expression of the constructed operon permitted SA production from the
beginning of the cultures, as evidenced in 1 L batch-mode fermentors starting with high concentrations of glucose
and yeast extract. Inactivation of the pykF gene improved SA production under the evaluated conditions by
increasing the titer, yield and productivity of this metabolite compared to the isogenic pykF" strain. The best
producing strain accumulated up to 43 g/L of SA in 30 h and relatively low concentrations of acetate and aromatic
byproducts were detected, with SA accounting for 80% of the produced aromatic compounds. These results were
consistent with high expression levels of the glycolytic pathway and synthetic operon genes from the beginning of
fermentations, as revealed by transcriptomic analysis. Despite the consumption of 100 g/L of glucose, the yields on
glucose of SA and of total aromatic compounds were about 50% and 60% of the theoretical maximum,
respectively. The obtained yields and specific production and consumption rates proved to be constant with three
different substrate concentrations.

Conclusions: The developed production system allowed continuous SA accumulation until glucose exhaustion and
eliminated the requirement for culture inducers. The obtained SA titers and yields represent the highest reported
values for a high-substrate batch process, postulating the strategy described in this report as an interesting
alternative to the traditionally employed fed-batch processes for SA production.
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Background

Shikimic acid (SA) is an intermediate compound in the
aromatic amino acid (AAA) biosynthetic pathway in plants
and bacteria (Figure 1). This metabolite is utilized as
starting material in the chemical synthesis of oseltamivir
phosphate (Tamiflu), used for influenza treatment [1-3].
Several genetic strategies have been reported for improving
SA productivity and yield in Escherichia coli. These
strategies aim to increase the availability of the direct
precursors of the AAA pathway, erythrose 4-phosphate
(E4P) and phosphoenolpyruvate (PEP), by genetic alter-
ations that promote a convenient redistribution of carbon
fluxes in the central metabolism [4,5]. Complementary
approaches include the interruption of the AAA pathway
after SA formation by inactivation of the genes coding for
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shikimate kinases (aroK and arolL), as well as enhance-
ments in carbon channeling towards SA by overexpression
of feedback-resistant DAHP synthases, shikimate dehydro-
genase, transketolase, and DHQ synthase enzymes (coded
by aroFGH™ ", aroE, tktA, and aroB, respectively) (Figure 1)
[6-9]. In an attempt to further increase the intracellular
availability of PEP, strains overexpressing PEP syn-
thase (coded by ppsA), or lacking the PEP:carbohydrate
phosphotransferase system (PTS) and the pyruvate
kinase isozymes (coded by pykF and pykA), have also
been evaluated (Figure 1) [10-13].

Although the implementation of these modifications
along with bioengineering strategies has led to diverse
E. coli strains capable of accumulating SA, the yields
obtained to date are still far from the theoretical maximum

Glucose Glucose

Periplasm

AT AT
T T I IR LR e
R R

Cytosol

SRSS8S

EL Hpr. [[AGk tranintolase
(ptsHl,crr) /} P @
%X
transaldolase
(talB)
GAP E4P 6P
(gapA) |
(eno) 1
DAHP\synthase
PEP »DAHP  DHQ synthase
PEP carboxylase
(ppo) I;Y];AIjinases QA<—DHQ DHQ dehydratase
(Py) . 5
EP _ (PvkF) % Acetic acid
OAA carboxykinase C Nacery GA<—DHS SA dehydrogenase
\\ (pck) PYR%
* Acetic acid
TCA o «—ACoA® Ty *mm _—
cycle ackA) /, SA Kinases
(pia, ool 7/ (arol) X
S3p
1
&= cat - I H
Sa - = 4 ¢
L ’,/ CHO
\\\ x ‘/, i =| \“
— — by 3
Aromatic amino acids

ackA, acetate kinase; poxB, pyruvate oxidase.

Figure 1 Genetic modifications applied in this report to enhance the production of shikimic acid from glucose in the laboratory-evolved E. coli
strain PB12. Inactivated genes are indicated with a cross and plasmid-expressed genes are circled (see Methods for details). Dashed arrows indicate more
than one catalytic step. G6P = glucose 6-phosphate; F6P = fructose 6-phosphate; GAP = glyceraldehyde 3-phosphate; 6PGNL = 6-phosphogluconolactone;
Ru5P =ribulose 5-phosphate; RSP = ribose 5-phosphate; Xu5P = xylulose 5-phosphate; S7P = sedoheptulose 7-phosphate; E4P = erythrose 4-phosphate;

PEP = phosphoenolpyruvate; PYR = pyruvate; ACoA = acetyl-coenzyme A; Ace-P = acetyl phosphate; CIT = citrate; OAA = oxaloacetate; DAHP = 3-deoxy-D-
arabinoheptulosonate 7-phosphate; DHQ = 3-dehydroquinic acid; DHS = 3-dehydroshikimic acid; QA = quinic acid; GA = gallic acid; SA = shikimic acid;

S3P = shikimate 3-phosphate; CHO = chorismate; IICBGIc = membrane component of glucose-specific PTS permease; E1 = PTS enzyme 1; Hpr = PTS
histidine protein; IIAGIc = cytosolic component of glucose-specific PTS permease. Genes coding for enzymes not named in the figure: galP, galactose
permease; glk, glucokinase; pgi, phosphoglucose isomerase; pfkA, 6-phosphofructokinase I; fbaA, fructose bisphosphate aldolase class II; gapA,
glyceraldehyde 3-phosphate dehydrogenase; eno, enolase; actP, acetate permease; acs, acetyl-coenzyme A synthetase; pta, phosphate acetyltransferase;
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[10,11,14,15]. This can be partially attributed to the fact
that most expression systems used involve genes controlled
by a mixture of inducible and native promoters of variable
strengths, contained in more than one type of plasmid.
These imbalances often cause a metabolic burden and
heterogeneities on the intensity and temporality of
gene expression, which may translate into suboptimal
production capabilities of the recombinant strains,
resulting in low productivity and yield of SA [16-19].
Consequently, optimized DNA expression systems and
genetic backgrounds are needed for promoting a more
efficient carbon channeling towards SA formation.

With the goal of producing aromatic compounds, our
group has constructed and characterized strains lacking
PTS, the major glucose transport system [20]. One of
such strains is PB11, which grows poorly on glucose
due to the inactivation of PTS [21,22]. Strain PB12, a
derivative of PB11 with a 400% increased growth rate,
was isolated in a short laboratory adaptive evolution
process to foster derivatives growing in glucose [21,22].
This strain can simultaneously utilize glucose and other
carbon sources (acetate, glycerol and various carbohydrates)
in minimal medium due to the lack of catabolite repression
exerted by PTS [21,23]. Whole genome analysis allowed the
identification of the genetic changes that occurred in PB12,
suggesting that the deletion of 12 genes, including rppH,
galR and mutH, is the main reason for its rapid growth on
glucose [24].

It was reported that PB12, which assimilates glucose
by the non-PTS symporter GalP [25], can be engineered
to accumulate SA in culture media containing glucose
(Glc) and yeast extract (YE). For instance, when PB12
was transformed with two plasmids encoding four
biosynthetic genes, the variant with both functional
pyruvate kinases accumulated the highest SA concentration
(up to 7 g/L), but the highest yield of aromatic compounds
was achieved by a derivative with an inactivated pykF gene
[11]. This result may be related to other reported effects
caused by the inactivation of pykE, such as an increase in
plasmid copy number per cell [26], low acetate production
due to less glycolytic overflux [13,27,28], or higher concen-
trations of the AAA pathway enzymes [29]. Interestingly, in
spite of the aforesaid features that can be beneficial
for SA production, the metabolic engineering efforts
to overproduce this compound have been mainly applied
to strains with a pykF" background, probably because of
their typically higher glucose consumption rates compared
to the pykF" counterparts [11,30].

Here, we propose that a PTS™ pykF strain has the
potential to increase the yield and titer of SA when
compared to an isogenic pykF" strain, provided that
the gene expression system permits an appropriate
temporal coordination in the synthesis of the enzymes
required to channel the carbon towards SA, while reducing
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the accumulation of acetate and intermediate compounds
in the AAA pathway. In order to accomplish this goal a
synthetic operon was constructed containing the coding
sequences of six genes selected from the pentose
phosphate (PPP) and AAA pathways (Figure 1), controlled
by a single constitutive Trc promoter [31] and inserted it
into a high-copy plasmid containing a region that confers
segregational stability (Figure 2) [32]. The resulting
plasmid was transformed into a modified PB12 strain
with inactive aroK, aroL, pykF, and lacl genes, and was
cultured in fermentors using mineral media containing
Glc and supplemented with YE. Overall, the strategy
proposed in this report allowed the overproduction of SA
from the beginning of the culture, resulting in a high titer
and yield of SA with relatively low accumulation of acetate
and aromatic byproducts. It was also found that, under
the high-substrate conditions tested, the SA titer was
independent of the YE concentration and the maximum
biomass produced depended exclusively on the initial YE
concentration but not on the amount of glucose.

Results and discussion

Construction of strains derived from PB12 aroK arol
containing a plasmid designed for the constitutive
expression of a synthetic operon used in the production
of shikimic acid

Unpublished evidence from our laboratory indicates
that the production of aromatic compounds in the
laboratory-evolved strain PB12 can attain higher levels
when the transcriptional induction of the genes involved in
canalizing carbon flux into the AAA pathway occurs at the
beginning of fermentations. Taking into account this ob-
servation, a new strategy was developed for optimizing
the production of SA in PB12 carrying inactive aroK and
aroL genes (Figure 1). This strategy included the design
and construction of a plasmid for the strong and stable ex-
pression of six key genes arranged in the form of a syn-
thetic operon, controlled exclusively by a single Trc
promoter. In order to reduce metabolic burden, a single
plasmid derived from pBR327 carrying the par locus
for increased plasmid stability was utilized as the vector
[32], after incorporating a fragment containing the pro-
moter, polylinker, and transcriptional terminators from
pTrc99A (Figure 2).

The initial part of the operon was constructed by
sequential amplification and ligation of the first 4
coding sequences (aroB, tktA, aroG™, and aroE) into
the polylinker of plasmid pBRINT-Ts Cm, used as a
cloning scaffold (see Methods). Later, the 4-gene construc-
tion was transferred to the hybrid plasmid pTrc327par in
conjunction with 2 more genes (aroD and zwf), leading to
an 8Kb operon contained in a 12Kb plasmid (Figure 2).
The resulting plasmid, termed pTrcAro6, was transformed
into the PB12 aroK aroL” strain devoid of the lacl? gene,
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Figure 2 Simplified scheme of the steps required in the construction of plasmid pTrcAro6, carrying 6 synthetic genes under the
control of the Trc promoter. First, a segment of pTrc99A was amplified and ligated into pBR327par, creating plasmid pTrc327par. A synthetic
operon comprising the required genes (aroB, tktA, aroG™", arof, aroD, and zwf) was assembled separately and transferred to pTrc327par,
generating pTrcAro6. The dotted lines indicate the site and orientation of some of the performed ligation reactions. Only the relevant restriction
sites are displayed. A more detailed scheme of the constructions is presented in Additional file 3.

allowing constitutive expression of the genes of interest
(Table 1). For simplicity, the generated PB12 aroK aroL
lacl’ strain was termed AR2. After the pykF gene was
inactivated in AR2, the resulting strain was named
AR3. Strains derived from AR2 and AR3 carrying
plasmid pTrcAro6 were named AR26 and AR36,
respectively (Table 1).

The spatial arrangement of the coding sequences that
constitute the synthetic operon in pTrcAro6, flanked by
the Trc promoter and transcriptional terminators, is
shown in Figure 2. aroB is the first gene in the operon
since several evidences indicate that its low expression is
one of the limiting steps in the production of aromatic
compounds [33-35]. Plasmid pTrcAro6 also carries the
tktA and aroG™ genes, whose products are involved in
E4P synthesis and its condensation with PEP to form
DAHP, the first aromatic compound (Figure 1). aroD
and aroE genes were also included to promote an efficient
conversion of DHQ to SA. Additionally, this plasmid carries

the zwf gene, coding for the first enzyme of the PPP
(Figure 1). The decision to include this gene was
based on the following observations: 1) the overexpression
of zwf substantially recovered the growth rate loss due to
plasmid metabolic load in strain JM101 growing on
glucose as only carbon source [36]; 2) it has been reported
that strain PB12 displays a particularly low carbon
flux partition at the glucose 6-phosphate (G6P) node
towards the PPP (5% of the consumed G6P compared
to 22% in the parental strain JM101) [25]. Therefore,
an overexpression of this gene should increase NADPH
availability, required in catalytic amounts by the enzyme
shikimate dehydrogenase (AroE), and may alleviate poten-
tial growth affectations by redirecting more G6P towards
nucleotide and amino acid biosynthesis in strains derived
from PB12 [37]. However, the experiments presented in
this report did not aim to dissect the specific effect
of any utilized gene but instead sought to characterize
the consequences of expressing all of them as an operon.

Table 1 Escherichia coli strains and plasmids utilized in this report

Strains
Name Characteristics Reference
JM101 F" traD36 proA ¥ proB ™ laclq lacZAM15/supE thi A(lac-proAB) rpoS(33 am) Messing [41]
PB11 JM101 AlptsH, ptsl, crr):kan Flores et al. [21]; Flores et al. [22]
PB12 PB11, PTS Glc*; laboratory-evolved strain Flores et al. [21]; Flores et al. [22]
AR2 PB12 lacl aroK arol” This work
AR3 PB12 Jacl aroK arol™ pykF This work
AR26 AR2 + pTrcAro6 (Trc/aroB* tktA*aroGfbrtaroE aroD* zwf*) This work
AR36 AR3 + pTrcAro6 (Trc/aroB* tktA* aroGfbr*aroE* aroD* zwf") This work
AR2e AR2 + pTrc327par (plasmid vector without synthetic operon) This work
AR3e AR3 + pTrc327par (plasmid vector without synthetic operon) This work
Plasmids
Name Characteristics Reference
pKD3 PCR template for ampilification of chloramphenicol resistance gene flanked by Datsenko and Wanner [42]
homologous sequences
pKD46 Plasmid expressing A-Red recombinase system with thermosensitive origin of replication Datsenko and Wanner [42]
pCP20 FLP recombinase expression plasmid Cherepanov and Wackernagel [43]
pBR327par Derivative of pBR322 exhibiting increased copy number and segregational stability Zurita et al. [32]
pTrc99A Multipurpose expression plasmid bearing lac/ gene and a polylinker in front of Trc promoter Amann et al. [31]

pTrc327par Contains the promoter, polylinker, and terminators of pTrc99A, and par and ori regions of pBR327par

pTrcAro6

pTrc327par containing a 6-gene synthetic operon to enhance the production of shikimate

This work (Figure 2)
This work (Figure 2)
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In order to promote an efficient translation of every gene,
each coding sequence was amplified using designated
primers that introduced a consensus Shine-Dalgarno
sequence located 8 bp upstream of the translation
start site. The nucleotide sequence of the constructed
operon is presented in Additional file 1.

Assessment of the effects caused by pykF inactivation in
strains expressing the Aro6 operon

To evaluate the effects caused by pykF inactivation on
the production of SA, the performance of production
strains AR26 (pykF') and AR36 (pykF) was compared
using shake flasks containing 15 g/L of Glc and 5 g/L of
YE. As a control, the same strains containing an empty
pTrc327par plasmid (without the Aro6 operon), AR2e
and AR3e, were also included.

Even though SA accumulated in all cases, as expected
for mutants in aroK and aroL, the strains containing
pTrcAro6 reached higher SA concentrations than the
ones with an empty plasmid (Figure 3b). Moreover, the SA
titer was almost two times higher in AR36 than in AR26
(6.1 g/L vs. 3.3 g/L). A decrease in Glc consumption was
observed in strain AR26 after approximately 18 h of culture,
correlating with high acetate concentration and an arrest in
the production of SA. In contrast, strain AR36 exhibited
constant Glc consumption and negligible amounts of
acetate were produced (Figure 3c, 3d). These results
demonstrate that the genes present in the artificial
operon are functional and promote the production of
SA since the beginning of the culture. Their constitutive
expression diminished the specific growth rate (p) by 25%
in the pykF" background, and marginally increased it in
the pykF variant, but did not cause significant changes to
the maximum biomass produced (X,,.,) compared to
strains with an empty plasmid (Figure 3a). Remarkably,
in the operon-expressing strains under these growth
conditions, the inactivation of the pykF gene increased
the production of SA, eliminated the accumulation of
acetate, and allowed steady Glc consumption.

To determine if the higher acetate production and
lower SA production in AR26 compared to AR36 is a
consequence of the inherently low oxygen availability
and acidification of the medium in shake flask cultures,
both strains were cultured in 1 L batch fermentors
under controlled conditions of pH and dissolved oxygen
tension (DOT). As an approach to increase the SA titer,
the initial concentration of Glc in these experiments
was raised to 100 g/L, and the YE concentration was
concomitantly increased to 15 g/L to allow higher
biomass generation.

Under these conditions strain AR36 produced 42 g/L
of SA in 60 h, consuming all the Glc, and accumulating
12 g/L of acetate. In contrast, after 47 h strain AR26 pro-
duced a maximum of 13 g/L of SA, did not exhaust the
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Glc, and accumulated 29 g/L of acetate (Figure 3e and
Table 2). Regardless of the controlled conditions in the
fermentors, where the pH was kept at 7 and the DOT was
higher than 20% at all times, the production profiles of
both strains resembled the behavior observed in shake
flasks, with AR26 producing more acetate and less SA.
Even when the global volumetric Glc consumption rate
(Q8globat)s 1t and Xy, attained by both strains were similar,
the productivity, yield, and titer were more than twofold
higher in AR36 than in AR26 (Figure 3e and Table 2).

It is remarkable that such large differences in acetate
and SA production were observed by disrupting only
one gene, which demonstrates the advantages of the
combined inactivation of PTS and pykF when using a
constitutive expression system in an evolved E. coli
strain. To account for the observed improvements in SA
production, we suggest that the early and constant
expression of enzymes encoded in the operon could
maintain a steady consumption of glycolytic intermediates
throughout the cultures, preventing high fluctuations in
their intracellular concentrations. We hypothesize that the
combination of this steady metabolic state with a reduced
flux from PEP to pyruvate caused by the inactivation of the
PpYKF gene may increase the availability of PEP and other
glycolytic precursors for SA production without decreasing
the Glc consumption rate. However, we acknowledge that
in the absence of measured intracellular metabolite
concentrations, these remarks are speculative.

Fermentation profiles of AR36 in batch cultures
Taking into account the previous results, AR36 was selected
for further characterization of its kinetic and stoichiometric
performance in 1 L fermentors. To accomplish such
purpose, the production of SA was tested with three
different high-substrate culture conditions. Growth,
Glc and byproducts were measured for each case, which in
turn allowed a comparison of the productivities and yields.
First, 50 g/L of Glc and 15 g/L of YE were utilized
(Figure 4a). Growth occurred during the first 10 h,
generating 6.3 g/L of dry cell weight with a p of
0.53 h'. Under this condition, 24 g/L of SA were
produced in 32 h. Glc consumption and SA production
occurred since the beginning of the fermentation and
lasted until Glc exhaustion, although the specific Glc
consumption rate (gs) and specific SA productivity (qp)
were higher in exponential phase (Table 3). The resulting
yield of SA on Glc (Ysa/gic) was 0.47 mol/mol and the glo-
bal volumetric SA productivity (Qpgiohal) Was 0.74 gSA/
L*h (Table 3). With respect to the accumulation of
byproducts in the SA pathway, concentrations of 2.4 g/L
of DAHP, 2.1 g/L of DHS, 1.4 g/L of QA, 0.4 g/L of GA,
and 0.3 g/L of DHQ, were present in the supernatant at
the end of the fermentation (Figure 5a). Under these
conditions, virtually no acetate was produced during
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Figure 3 Behavior of strains AR26, AR36, and their empty-plasmid derivatives, AR2e (pykF") and AR3e (pykF), using shake flasks containing
15 g/L of Glc and 5 g/L of YE (a,b,c,d), and 1 L fermentors containing 100 g/L of Glc and 15 g/L of YE (e). a) Growth; b) SA production; c) Glc
consumption; d) acetate production; e) Glc consumption and SA production of AR26 and AR36 in fermentors. Error bars represent standard deviation.

the course of the fermentation, reaching a maximum
concentration of 1.5 g/L after 32 h (Figure 4a).
Considering that 50 g/L of Glc were consumed
completely, a second batch experiment was initiated
with 100 g/L of Glc and 15 g/L of YE. As stated in
the comparison with AR26 in the previous section,
AR36 grown under these conditions produced approxi-
mately 42 g/L of SA in 60 h (Figure 4b). In this case, after
consuming about 100 g/L of glucose and attaining the
maximum concentration of SA, the strain produced
12 g/L of acetate. The values obtained for Ysa;gie,
Qpgiobats QSgiobal, Xmax» and p, were similar to those
obtained with 50 g/L of Glc and 15 g/L of YE
(Table 3). These experiments show that when using
the same YE concentration, twice the amount of Glc
is consumed in almost twice the time, indicating that

the average glucose consumption rate is maintained
between both culture conditions. Concentrations of
4.8 g/L of DAHP, 2.8 g/L of DHS, 3.4 g/L of QA,
0.7 g/L of GA, and 0.9 g/L of DHQ, were present in
the supernatant after 60 h (Figure 5b). Interestingly,
when doubling the Glc concentration the intermediate
products of the AAA pathway increased in a fairly
proportional manner with the SA, indicating that the
consumption of 100 g/L of Glc did not apparently
generate new carbon flux bottlenecks. As a result,
the amount of SA formed with respect to the total
aromatic compounds produced was close to 80% in
both experiments (Figure 6).

The effect of increasing the YE on SA productivity was
investigated with a third set of experiments, using 100 g/L
of Glc and 30 g/L of YE. Although the biomass was
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Table 2 Comparative data from 1 L batch fermentations
of strains AR26 and AR36, using 100 g/L of Glc and 15 g/L

of YE as substrates

Strain AR26 AR36
SA titer (g/L) 1295+ 0.64 41.80+283
Glc consumed (g/L) 82.65+4.88 103.70+6.79
Duration of culture (h) 47 60
Ysascic (mol/mol) 0.16 £ 0.02 042 +0.00
Acetate titer (g/L) 29.35+0.21 11.90+0.14
Xmax (9/L) 6.18£0.10 6.54 +0.09
p ™ 045+ 001 045 +0.02
Qpgiobal (9SA/L*h) 0.27£0.02 0.75+0.07
QSgiobal (9Glc/L*h) -1.76 £0.10 4173011
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Ysasaic = SA yield from GIc; Xmax = maximum attained biomass expressed as dry
cell weight; Qpgiobal = volumetric SA productivity for the entire fermentation;
Qsgiobal = Volumetric Glc consumption rate for the entire fermentation;

W = specific growth rate.

doubled when using twice the concentration of YE, the
SA titer, p and Ygsa,gic Were very similar to those obtained
in the culture with 100 g/L of Glc and 15 g/L of YE
(Figure 4b and Figure 4c). In conjunction with data
obtained from the other two conditions, these findings
suggest that the amount of YE primarily determines the
maximum biomass that can be achieved. Additionally, an
increment in the initial YE concentration did not alter the
SA titer, and supports the observation that SA is mainly
being produced from glucose. The direct relation between
the initial YE concentration and the maximum biomass
generated, regardless of the initial Glc concentration
tested in these growth conditions, suggests that one or
more limiting nutrients are being supplied by the YE.
It would also appear that such nutrients cannot be synthe-
sized from Glc, hence their depletion from YE limits
growth long before Glc is exhausted. It is expected that the
aromatic amino acids and vitamins present in the YE that
are needed to counteract AR36 auxotrophy will become
limiting; however, other compounds in this complex media
may also play a role in growth limitation over time.

For a starting YE concentration of 30 g/L, a total of
106 g/L of Glc and 43 g/L of SA were consumed and
produced, respectively, in approximately half the time
than the fermentation with 15 g/L of YE. With 30 g/L
of YE, the Qsgopai and Qpgional increased twofold, in
comparison with the fermentations with 15 g/L of
YE, even though the SA titer remained unchanged
(Table 3). Since the biomass also increased twofold,
the calculated qp and qs were similar between the
three experiments, both in exponential and stationary
phases, exhibiting the metabolic robustness of the
engineered strain under the tested conditions.

In addition, the results showed that an increase in
YE concentration did not increase considerably the
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Figure 4 Fermentation profile of strain AR36 cultivated in 1 L
bioreactors with three different substrate concentrations. a)
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triangles; biomass concentration: inverted triangles. Error bars represent

standard deviation.
A o

concentration of SA pathway intermediates (Figure 5c¢).
In this respect, it has been acknowledged that the
presence of high quantities of pathway intermediates
can negatively impact the recovery of SA from the
fermentation broth [7,38]. This concern has directed
some efforts into the subject, leading to the testing of
culture conditions, genetic backgrounds, and the use
of non-metabolizable glucose analogs, as attempts to
minimize byproduct generation [39].

In these experiments, a high proportion of SA relative
to byproducts was detected without applying any further
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Table 3 Comparison of measured metabolites and calculated kinetic and stoichiometric parameters between three
fermentations of strain AR36 with different substrate concentrations

Strain AR36
Culture conditions Batch 50 g/L Glc+ 15 g/L YE
SA titer (g/L) 23.80+0.00
Glc consumed (g/L) 5265+ 120
Duration of culture (h) 32
Ysascic (mol/mol) 047 £0.01
Acetate titer (g/L) 1.45+0.00
Xmax (9/L) 6.30+0.09
uhM 0.53+0.03
Qpgiobal (9SA/L*h) 0.74+0.00
Qsgiobal (gGlc/L*h) -1.65+0.04
JPexp (9SA/gDCW*h) 038+ 0.00
JSexp (9Glc/gDCW*h) -1.14+0.15
dPsta (SA/gDCW*h) 0.16 +0.01
qssta (9Glc/gDCW*h) -0.36+0.01

AR36 AR36
Batch 100 g/L Glc+15 g/L YE Batch 100 g/L Glc+30 g/L YE
41.80+283 4330+057
103.70 £ 6.79 105.55 £ 445
60 30
042 +0.00 042 £0.01
11.90+0.14 8.65+0.92
6.54+0.09 1254 +0.06
045 +0.02 045 £0.00
0.75+0.07 144 +0.02
-1.74+0.11 -352+0.15
034 +0.03 046 +0.06
-1.11+0.00 -1.18+0.03
0.19+0.02 0.20£0.01
-042+001 -042+0.03

Ysascic = SA yield from GI¢; Xi,ax = maximum attained biomass expressed as dry cell weight; Qpgonal = volumetric SA productivity for the entire fermentation;
QSgiobal = Volumetric Glc consumption rate for the entire fermentation; gpey, = specific SA productivity for exponential phase; gs.,, = specific Glc consumption rate
for exponential phase; qps, = specific SA productivity for stationary phase; gs., = specific Glc consumption rate for stationary phase; p = specific growth rate.

modification to the strain or process. The concentration
of each pathway intermediate was compared against the
sum of all aromatic intermediates, and their percentages
were used to calculate the molar ratio of SA to each
byproduct at the end of the fermentations (Figure 6).
The ratio of SA turned out to be higher than 10 for
DHS, QA, or DAHP, and higher than 40 for GA or
DHQ for all the substrate concentrations tested.
Remarkably, in all the conditions the obtained SA yields
were close to 50% of the theoretical maximum and the
yields of total aromatic compounds (TAC) were above
60% of the theoretical maximum, estimated as 0.86
moltac/molg. (see Methods and Figure 6). This reflects
the efficient redirection of glucose towards the AAA
pathway in strain AR36, even when using high-glucose
batch cultures. The ratio of SA to byproducts, as well as
the obtained SA and TAC yields are fairly constant
for all the conditions evaluated, and represent to our
knowledge the highest reported values for a SA production
fermentation process. These improvements can be justified
by taking into account that the platform present in the
engineered strain allows a more homogeneous expression
of the necessary enzymes on an efficient genetic
background. This, in contrast with other expression
systems where the required genes are expressed from
separate plasmids, under different promoters, or in
strains not optimized for efficient use of high levels
of Glc. In addition to the advantages concerning the
dynamics of gene expression, the fact that IPTG is
not needed to induce the Aro6 operon represents an

important economical benefit for the production
process, since the high price of IPTG restricts its use
in large-scale fermentations.

Insights on the glycolytic and acetate metabolisms of
strain AR36 by RT-qPCR

To gain a deeper insight of the metabolic changes
induced by the constitutive expression of the Aro6
synthetic operon in strain AR36, transcript levels of
several genes were measured at three different growth
stages in cultures with 50 g/L of Glc and 15 g/L of YE. As
detailed in Methods, data obtained from early exponential
phase (EE), late exponential phase (LE), and stationary
phase (ST) were normalized against the values measured
from strain AR3e at EE, grown under the same culture
conditions.

The results indicate that the presence and expression of
the operon in strain AR36 increases the transcriptional
levels of several genes coding for glycolytic enzymes
during the EE and LE phases (Figure 1 and Figure 7a).
The rise in expression of genes galP and glk is particularly
interesting because it has been reported that their
products control the import and phosphorylation of
glucose in PB12, the parental strain of AR36 [21,25].
Furthermore, there is a significant increase in the
transcriptional levels of pgi and eno, but not pykA. These
changes may translate into higher availability of PEP and
fructose 6-P (which can be directly converted into E4P by
plasmid-encoded transketolase), increasing the yield of
aromatic compounds. We theorize that the observed
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Figure 5 Aromatic byproducts of the SA pathway detected in

1 L fermentor cultures of strain AR36 using three different
substrate concentrations. a) 50 g/L of Glc and 15 g/L of YE; b)
100 g/L of Glc and 15 g/L of YE; €) 100 g/L of Glc and 30 g/L of YE.
Diamonds: DAHP (3-deoxy-D-arabinoheptulosonate 7-phosphate);
squares: DHQ (3-dehydroquinic acid); circles: DHS (3-dehydroshikimic
acid); triangles: QA (quinic acid); inverted triangles: GA (gallic acid).
Error bars represent standard deviation.

upregulation of glycolytic genes in strain AR36 could
be one of the consequences to low levels of some
glycolytic intermediates (glucose 6-phosphate, fructose
6-phosphate and PEP), caused by the strong and con-
stitutive expression of the operon-encoded enzymes
that consume these metabolites.

On the other side, the transcriptional levels of genes
coding for enzymes involved in acetate biosynthesis
(poxB, ackA and pta) were not modified by the presence
of the synthetic operon, while actP and acs, coding
for enzymes involved in acetate assimilation, were
strongly upregulated in the EE and LE phases (Figure 7b).
Upregulation of actP and acs genes has also been detected
in the exponential growth phase in the parental strain
PB12 that is capable of co-utilizing Glc and acetate in
minimal medium [21]. These findings correlate with the
low levels of acetate in the assayed growth condition
(Figure 4a). Importantly, the transcriptional values of
these genes involved in acetate assimilation were low
in ST phase (Figure 7b). If this response is representative
of the other growth conditions used, it could partially
explain the acetate accumulation observed in fermenta-
tions with 100 g/L of Glc, which consume higher amounts
of Glc during stationary phase (Figure 4b and Figure 4c).
These results highlight actP and acs as potential gene
targets to artificially increase their expression in late
culture stages, taking advantage of the expected capabilities
of strain AR36 to utilize simultaneously Glc and acetate,
present in its parental strain PB12 [21,40].

The genes present in the synthetic operon showed
very strong expression levels (even in stationary phase),
reflecting the constitutive nature of the promoter and high
copy number of the plasmid (Figure 7c). These results
correlate with the uninterrupted Glc consumption and SA
production observed during the entire fermentation
(Figure 4a), suggesting that the enzymes coded by the
genes in the operon are present throughout the cultivation
time. It can be seen in Figure 7c that the transcript levels
of aroD and zwf are comparatively higher and lower,
respectively, than the other four genes in the operon. This
observation should be taken with caution because the six
genes in the operon are being compared to the ones
present in the chromosome of reference strain AR3e. Since
the values obtained for the six genes are not normalized
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Figure 6 Molar percentage of each aromatic compound produced
in strain AR36 with respect to the total in batch cultures starting
with: a) 50 g/L of Glc and 15 g/L of YE; b) 100 g/L of Glc and 15 g/L
of YE; ¢) 100 g/L of Glc and 30 g/L of YE. Calculated yields and molar
ratios of the produced aromatic compounds are shown below each

bar. The comparisons were made with the concentrations measured in
the supernatant at the end of the fermentations. Ysa/qc = yield of

SA from GIG Yrac/ac = Yield of total aromatic compounds from

GIG; Yimax = maximum theoretical yield of aromatic compounds.

between them, variations amongst their chromosomal
expression in strain AR3e can alter the relative compari-
sons with strain AR36. Nevertheless, the transcriptomic
data is consistent with the high ratio of SA to aromatic
intermediates obtained in the tested conditions, which is to
be expected if all the genes in the operon were adequately
expressed. Together with kinetic and stoichiometric
data, these results highlight the benefits of employing
a constitutively-expressed synthetic operon as an alternate
strategy to increase the yield of SA from Glc in an evolved
strain that lacks PTS and pykF.

Conclusions

E. coli is the microorganism that has given the best
results for SA production, with engineered strains that
can accumulate up to 85 g/L using 10 L fermentors in
fed-batch processes [10]. In this report, we showed that
the constitutive and synchronous expression of a six-gene
synthetic operon, in a laboratory-evolved strain bearing
simultaneous PTS and pykF inactivations, resulted in
a competitive process for the production of SA. The
expression of Aro6 operon in the PTS™ pykF derivative
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Figure 7 Transcriptional changes resulting from the expression
of Aro6 synthetic operon in strain AR36. For comparison, the
transcription level of each gene was determined at three different
points in the growth curve of strain AR36, grown with 50 g/L of Glc
and 15 g/L of YE (see Figure 4a). All data were normalized against
the values obtained from strain AR3e at early exponential growth
phase. a) Genes coding for glycolytic enzymes; b) genes involved in
acetate assimilation and biosynthesis; €) genes comprised in the
synthetic Aro6 operon (see Figure 1 and Figure 2). Black bars: early
exponential phase; gray bars: late exponential phase; white bars:
stationary phase. Error bars represent standard deviation.

resulted in higher Qpgoba and similar Qsgjopa than its
PTS™ pykF" counterpart. In addition, the Glc consumption
and SA production profiles of strain AR36 are consistent
with the observed increase in transcription levels of glyco-
Iytic genes as a response to the constitutive expression of
the operon in this strain. These features translated into
significant improvements in growth and production
parameters in strain AR36 (producing 0.74 gSA/L*h with
54% vyield, using 50 g/L of Glc + 15 g/L of YE), compared
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to the PTS™ pykF strain reported by Escalante et al. in 2010
(producing 0.11 gSA/L*h with 26% yield, using 25 g/L of
Glc + 15 g/L YE).

Albeit fed-batch fermentations in the past have given
the best results with respect to SA production, here we
report that under the appropriate conditions, batch cul-
tures of strain AR36 with an initially high concentration
of Glc can also be efficiently used to produce SA.
However, the production profiles obtained suggest
that fed-batch fermentations could also yield good
results with this strain. The fact that the SA production
ceases only when the glucose is exhausted suggests that
higher titers could be achieved by adequate Glc feeding
strategies and improvements in the acetate uptake
capabilities of this strain, considering that it lacks
PTS and could co-utilize Glc and acetate in these
growing conditions. The fermentations reported here
yielded an elevated ratio of SA to other byproducts of
the pathway (10 times more SA than the main byproducts
generated). Besides increasing the SA vyield, this behavior
is relevant for purifying SA from the culture broth. In fact,
preliminary experiments concerning SA purification from
the broth obtained from these cultures, resulted in an
almost quantitative purification process (unpublished
results). Furthermore, the highest yield of total aromatic
compounds obtained represents 67% of the theoretical
maximum, demonstrating the efficient redirection of car-
bon to the AAA pathway by strain AR36. Nevertheless,
the relatively low cellular concentration present in the
cultures, even when administering high concentrations of
YE, represents a significant problem to this production sys-
tem because it restricts the productivity of the process.
Other strategies need to be utilized in order to increase the
biomass concentration without increasing the supplemented
YE, which will constitute an important improvement for
scaling-up the process. Minimizing the metabolic load im-
posed by a high-copy plasmid while maintaining a sufficient
gene dosage of the operon, should improve the distribution
of resources that are directed towards biomass generation
and SA production.

Methods

Construction of Escherichia coli derivatives and plasmids
The laboratory-evolved strain PB12, a derivative of PB11
(obtained by the inactivation of PTS in strain JM101
[41]), was the receptor of the genetic modifications
described in this work [21,22,24]. The strains and plasmids
used in this report are listed in Table 1. The chromosomal
inactivations of aroK, aroL, and lacl genes were performed
sequentially by homologous recombination of PCR prod-
ucts [42]. In all cases, plasmid pKD3 was used as a PCR
template in conjunction with tailored oligonucleotides
containing 45 bp homology with the target chromosomal
sequence (Additional file 2). Plasmid pKD46 expressed the
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Red recombinase system of bacteriophage lambda, and
plasmid pCP20 allowed removal of the chloramphenicol
resistance cassette after each event [43]. Every step was
verified by PCR, identifying the clones that presented the
expected amplicon sizes when using different sets of
oligonucleotides and chromosomal DNA as a template
(Additional file 2). The pykF inactivated gene was
transduced to PB12 aroK aroL™ using a P1 phage lysate
obtained from strain PB28 (pykF:gen) [44]. Transductants
were selected on gentamycin plates (10 pg/ml), and the
inactivation was confirmed by PCR.

The construction of the Aro6 operon and expression
vector was accomplished in several steps (Figure 2 and
Additional file 3). First, aroB, aroG™, tktA and aroE
genes were amplified by PCR using Pfu DNA polymerase
and ligated sequentially into the polylinker of plasmid
pBRINT-Ts Cm [45]. Chromosomal DNA from strain
JM101 was used as a template for amplification of the
required genes, with the exception of aroG™, which was
amplified from plasmid pJLBaroG™tktA [46). Different sets
of oligonucleotides were employed for the amplification of
each gene (Additional file 2), which also generated flanking
restriction sites and consensus Shine-Dalgarno sequences
(AGGAGQG) situated 8 bp upstream of the start of each
coding sequence. The PCR products were inserted into the
polylinker in the following order: aroB in the Smal site,
aroG™ in the Xhol site, tktA in the EcoRV site, and aroE in
the Apal site. Simultaneously, plasmid pTrc327parlacl®
(Additional file 3) was built by ligating a PCR-amplified
fragment containing the lacl gene, Trc promoter, polylinker,
and transcriptional terminators of pTrc99A [31], into the
Scal and Pvul sites of pBR327par [32]. The 4-gene operon
present in plasmid pBRINT-Ts Cm was amplified by PCR
with a unique set of oligonucleotides (Additional file 1) and
ligated into pTrc327pariacl” after digesting both with Sacl
and Xbal. Later, aroD was amplified by PCR (flanked by
Nhel sites) and ligated into compatible Xbal site of
pTrc327parlacl’. Because of our interest in expressing the
operon in a constitutive manner, a lacl derivative of the
initial pTrc327parlacl” plasmid (without synthetic operon)
was generated, and called pTrc327par (Additional file 3).
The 5-gene operon was then transferred into Sac/ and Ncol
sites of pTrc327par, giving rise to pTrcAro5. Finally, the
zwf gene was inserted into the Xbal site, creating a 6-gene
operon in pTrc327par. The resulting plasmid was named
pTrcAro6 and transformed into AR2 and AR3 strains,
generating AR26 and AR36, respectively (Table 1).
The transformed strains were selected in LB plates
supplemented with tetracycline (30 pg/ml).

Each step in the gene cloning and plasmid construction
schemes was screened by endonuclease digestion and PCR,
visualized with gel electrophoresis, and verified by DNA
sequencing (3730, Perkin-Elmer/Applied Biosystems, USA).
All the enzymes and reagents used in the molecular biology
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procedures were purchased from Fermentas (USA) and
New England Biolabs (USA). When required, kits for the
purification of PCR, plasmid, and agarose-embedded DNA
were utilized (Roche, Switzerland). TOP10 cells (Invitrogen,
USA) were used as a host for screening of DNA ligations
during intermediate steps in vector construction.

Cultivation media and growth conditions

Composition of production medium

SA production medium (adjusted to pH 7.0 with 10 N
NaOH) contained per liter: K,HPO, (7.5 g), KH,PO,
(7.5 g), citric acid monohydrate (2.1 g), ammonium iron
(II) citrate (0.3 g), concentrated H>SOy (1.2 ml), MgSO4
(0.64 g), CaCl, (0.06 g), (NHy)s(M0,0,4) (0.0037 g),
ZnSO, (0.0029 g), H3BO; (0.0247 g), CuSO, (0.0025 g),
MnCl, (0.0158 g), CoCl, (0.00129 g), thiamine (0.001 g),
and betaine (0.234 g) as an osmoprotectant. Tetracycline
(30 pg/ml) was added to inocula and cultures whenever
needed for plasmid maintenance. Glucose (filter-sterilized)
and yeast extract (added before autoclaving) were supplied
at the concentrations indicated for each experiment.
The glucose was purchased from JT Baker (USA) and
the autolysed yeast extract from BD Difco (USA).

Shake flask cultures

The inoculum preparation for the shake flask cultures
started by the addition of 1 ml frozen aliquots to 250 ml
shake flasks containing 25 ml of production medium
supplemented with glucose (25 g/L) and yeast extract
(15 g/L). The inoculum was grown at 37°C and 300 rpm
until mid-exponential phase, and approximately 5% of
the final volume was transferred to the test shake flasks
and incubated under the same controlled conditions
with media containing 15 g/L of glucose and 5 g/L of
yeast extract. Cell growth was measured by monitoring
the optical density at 600 nm (ODgg) in a DU700
spectrophotometer (Beckman, USA), and samples were
taken periodically, centrifuged, and the supernatant was
stored at -20°C for metabolite analysis. These experiments
were performed at least in triplicate. All cultures started at
approximately 0.3 ODggo.

Fermentor cultures

Batch cultures were performed at least in duplicate
using 1 L autoclavable glass bioreactors (Applikon,
The Netherlands) with 500 ml of working volume.
Bioreactors were connected to an Applikon ADI 1010
BioController and ADI 1025 controllers to monitor
temperature, pH, impeller speed, and dissolved oxygen
tension (DOT). The pH was kept at 7.0 by the addition of
H3;PO;3 (3.3%) and NH,OH (10%). DOT in the culture
medium was maintained by a continuous supply of filtered
air (1 vvm), and by manually controlling the impeller speed
(ranging from 500 to 1000 rpm) to ensure that DOT was
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kept above 20% at all times. The inoculum preparation for
the fermentors started by the addition of 1 ml frozen
aliquots to 500 ml shake flasks containing 50 ml of pro-
duction medium supplemented with glucose (25 g/L) and
yeast extract (15 g/L). The strains were grown at 37°C and
300 rpm until mid-exponential phase and approximately
5% of the final volume was transferred from each inocu-
lum to previously prepared bioreactors containing the
production medium. All fermentations were performed in
presence of tetracycline (30 pg/ml). Cell growth was mea-
sured by monitoring optical density at 600 nm (ODggp) in
a spectrophotometer (DU700, Beckman, USA), and sam-
ples were taken periodically, centrifuged, and the super-
natant was stored at -20°C for metabolite analysis. All the
fermentations started at approximately 0.3 ODjgg.

Metabolite quantification

The supernatant from each sample was properly diluted
and filtered through 0.45 pM nylon membranes. Shikimic
acid (SA), 3-dehydroshikimic acid (DHS), 3-dehydroquinic
acid (DHQ), quinic acid (QA), gallic acid (GA), acetic acid,
and glucose (Glc) concentrations were determined by HPLC
using a Waters system (600E quaternary pump, 717 auto-
matic injector, 2410 refraction index, and 996 photodiode
array detectors; USA) equipped with an Aminex HPX-87H
column (300 x 7.8 mm; 9 pum; Bio-Rad, USA). The mobile
phase was 5 mM H,SO,, with a flow rate of 0.5 ml/min,
maintained at 50°C. 3-deoxy-D-arabinoheptulosonate
7-phosphate (DAHP) concentrations were determined
colorimetrically by the thiobarbituric acid assay [47].
This method does not distinguish between DAHP and its
unphosphorylated form, DAH, therefore in this work
DAHTP levels correspond to the sum of both compounds.

Data analysis and calculations

The measured concentrations of metabolites and biomass
were normalized to the starting volume conditions to
account for changes derived from pH control in fermen-
tors. Data from independent experiments were averaged
and presented in the corresponding graphs, where the
error bars indicate the standard deviation for each
point. Biomass concentration (X) was determined with
a calibration curve between dry cellular weight and
ODggo, resulting in the equation X =0.3587*ODgqy.
Specific growth rate (u) was determined by linearly
fitting the biomass concentration to time during exponen-
tial phase with the following equation: InX =InXo + p*t
(where t is time, and X, is the biomass concentration at
initial time), displaying R*values >0.97. The yield of SA
from Glc (Ysa/qle) was calculated with the average molar
concentrations of SA and Glc, produced and consumed,
respectively, at the point of highest SA concentration.
The yield of total aromatic compounds from glucose
(Ytacsgle) was calculated with the combined molar



Rodriguez et al. Microbial Cell Factories 2013, 12:86
http://www.microbialcellfactories.com/content/12/1/86

yields of DAHP, DHQ, DHS, SA, QA, and GA at the
point of highest SA concentration. The maximum
theoretical yield of aromatic compounds was previously
estimated as 0.86 moltac/molg for a PTS™ strain growing
on glucose as only carbon source [10]. The global volumet-
ric SA productivity (Qpgioba) and the global volumetric Glc
consumption rate (Qsgona) Were calculated taking into ac-
count the time needed to reach the maximum SA concen-
tration. Besides the previous calculations, linearizations
were made to obtain apparent biomass on substrate (Yy;s)
and product on biomass (Yp/x) yields. Although these
apparent yields do not take into account the yeast extract
consumption, correlation values for linearizations in all
experiments were found to be >0.95, allowing comparisons
between them. These yields were used to calculate the
specific productivity and specific consumption rate on
the exponential phase (qpex, and qsey, respectively)
with the following equations: qpexy = Yp/x* I qSexp = W/ Yx/s-
The volumetric productivity and volumetric Glc
consumption rate in stationary phase were determined
by linearization of the first concentration data points
at this stage versus time. The volumetric rates were utilized
for calculation of specific production and consumption
rates at stationary phase (qps. and ss., respectively) by
dividing them by the average biomass concentration.

RNA extraction, cDNA synthesis and RT-qPCR analysis

Samples from batch fermentations of strain AR36 with
50 g/L of Glc and 15 g/L of YE were collected for RNA
extraction at early exponential phase, EE (2 h ~1 ODg),
late exponential phase, LE (8 h ~ 12 ODgq), and station-
ary phase, ST (24 h~ 17 ODgq), to determine gene ex-
pression levels. For comparison of the data, samples
from early exponential phase (3.5 h~1 ODgq) of strain
AR3e (bearing an empty pTrc327par plasmid carrying
only the tetracycline-resistance gene, Figure 2) cultured
under the same conditions were also collected and
processed. RNA was extracted using hot phenol equili-
brated with water, and ¢cDNA synthesis was performed
using RevertAid H First Strand ¢DNA Synthesis kit
(Fermentas, USA) and a mixture of specific DNA primers,
as reported previously [21,24]. qPCR experiments
were performed with the ABI Prism 7300 Real Time
PCR System (Applied Biosystems, USA) using Maxima
SYBRGreen PCR Master Mix (Fermentas, USA) and
reaction conditions previously described [21,24]. The
quantification technique used to compare data was
the 222€T method [48] and the results were normalized
using the iifB gene as an internal control. The same
reproducible expression level for this gene was
detected in all the strains and conditions analyzed
[24]. All qPCR experiments complied with the MIQE
guidelines for publication of quantitative real-time
PCR experiments [49]. Using cells from two separate
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fermentations, RNA extraction and cDNA synthesis
reactions were performed for each biological replicate
at the indicated times and the gene expression values
were measured by triplicate for each sample. Average
values were graphed, with error bars representing
standard deviation. Standard deviation was less than
30% in all cases.

Additional files

Additional file 1: Nucleotide sequence of the synthetic operon
constructed in this work and present in plasmid pTrcAro6. The aroG™
gene included in this construction was a gift from DuPont™-Genencor®,
therefore its coding sequence cannot be disclosed. Each nucleotide of
aroG™ is indicated with an “n” except for the ones corresponding to its start
and stop codons.

Additional file 2: Oligonucleotides utilized in this work.

Additional file 3: Detailed scheme of the construction of plasmid
pTrcAro6.
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