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l. Resumen

Los subproductos agricolas hemicelulésicos son materiales altamente disponibles, los
cuales representan una oportunidad para desarrollar productos de valor agregado. El xilano
constituye la segunda fuente mas abundante de carbono organico renovable de la Tierra, y
se encuentra en las paredes celulares de las plantas en forma de hemicelulosa. Las endo-
1,4-p-D-xilanasas (EC 3.2.1.8) y exo B-xilosidasas (CE 3.2.1.37) catalizan la hidrolisis del
xilano. Existe un interés creciente en la produccién de enzimas xilanoliticas para
aplicaciones industriales tales como la bioconversion de residuos agroindustriales a
biocombustibles, edulcorantes bajos en calorias y productos farmacol6gicos. En este trabajo
se presenta la caracterizacion parcial de una [B-xilosidasa purificada de A. niger GS1
expresada en un sistema fungico, y la eficiencia de la produccion de xilanasa tanto en
fermentacion sumergida (FSm) como en estado solido (FES) mediante la co-transformacion
homologa de A. niger AB4.1. Ambas enzimas recombinantes se expresaron en A. niger
ABA4.1 bajo el control del promotor gdpA y el terminador trpC de A. nidulans. Los sistemas
de expresion fueron disefiados para producir enzimas recombinantes conteniendo un
péptido de seis histidinas fusionado en su extremo carboxilo para purificarlas mediante
cromatografia de afinidad. La B-Xilosidasa mostr6 un peso molecular de 90 kDa, y
actividad de 4280 U mg de proteina™ a 70°C, pH 3.6. La vida media fue de 74 min a 70°C,
la energia de activacion fue de 58.9 ki mol™, y a 50°C se observé una estabilidad 6ptima a
un pH de 4.0 a 5.0. Una productividad de 17,1 U L™ h™* fue estimada para FES, y 3.2 U L™
h' para FSm calculado en el valor méaximo de los titulos de xilanasa. La xilanasa
recombinante obtenida por FES con fibra de poliuretano, fue purificada 5.1 veces, con una
recuperacion de 35.7%, mostré un peso molecular de 30 kDa, y actividad 6ptima (522 U
mg de proteina™) a pH 5.5 y 50°C. La B-xilosidasa mantuvo actividad residual por encima
de 83% en presencia de 10 mM de DTT, B-mercaptoetanol, SDS, EDTA y Zn**. La
produccion de una xilosidasa libre de hemicelulasas podria ofrecer algunas ventajas en
aplicaciones tales como la alimentacién animal, la sintesis enzimatica y la industria de
jugos de frutas. El sistema de expresion, utilizando espuma de poliuretano como soporte
inerte, es una alternativa adecuada para la produccién homéloga de una endo-xilanasa por

FES, en condiciones de expresion selectiva.



1. Abstract

Hemicellulosic agricultural by-products are highly available materials, which represent an
opportunity to develop value added products. Xylan constitutes the second most abundant
source of renewable organic carbon on Earth, and is located in the cell walls of plants in the
form of hemicellulose. Endo-1,4-B-D-xylanases (E.C. 3.2.1.8) and exo-B-xylosidases (E.C.
3.2.1.37) catalyze the hydrolysis of xylan. There is a growing interest in the production of
xylanolytic enzymes for industrial applications such as bioconversion of agro-industrial
residues to biofuels, low-calorie sweeteners, and pharmacological products. This work
reports the partial characterization of a purified B-xylosidase from A. niger GS1 expressed
on a fungal system and the efficiency of xylanase production under submerged (SmF) and
solid-state (SSF) fermentations using the homologous co-transformed A. niger AB4.1. Both
recombinant enzymes were expressed in A. niger AB4.1 under control of A. nidulans gpdA
promoter and trpC terminator. Expression systems were designed to produce the
recombinant enzymes containing a six-histidine peptide fused to the carboxyl end of the
proteins to be purified by affinity chromatography. B-xylosidase showed a molecular
weight of 90 kDa, and activity of 4280 U mg protein™ at 70°C, pH 3.6. Half-life was 74
min at 70°C, activation energy was 58.9 kJ mol™, and at 50°C optimum stability was
observed at pH 4.0-5.0. A productivity of 17.1 U L™ h™* was estimated for SSF, and 3.2 U
L™ h™* for SmF calculated at peak value of xylanase titers. Recombinant xylanase obtained
by SSF on polyurethane fiber, was purified 5.1-fold, with 35.7% recovery, showed a
molecular weight of 30 kDa and optimal activity (522 U mg protein™) at pH 5.5 and 50 °C.
B-xylosidase kept residual activity above 83% in presence of 10 mM DTT, B-
mercaptoethanol, SDS, EDTA and Zn?*. Production of a hemicellulolytic free xylosidase
could give some advantages in applications such as animal feed, enzymatic synthesis and
the fruit juice industry. The expression system, using PF as inert support, is a suitable
alternative for production of homologous endo-xylanase by SSF, under conditions of

selective expression of a single xylanase.



1. Introduccion

La hemicelulosa es la segunda fuente renovable de carbono organico mas abundante
de la Tierra con un alto potencial en el uso de sus productos de degradacién en diversas
industrias. Proviene principalmente de los subproductos resultantes de la actividad
agroindustrial, tales como forrajes o esquilmos; cuyas paredes celulares tienen como
componentes principales a la celulosa, hemicelulosa y lignina.

El valor agregado de estos residuos puede incrementarse al utilizarlos como fuente
de energia en el crecimiento de microorganismos que los biotransformen, para obtener
metabolitos con posibilidad de incorporarse en el procesamiento de alimentos destinados al
consumo humano o animal y para la obtencion de biocombustibles.

Las endo-xilanasas y exo-xilosidasas son enzimas hidroliticas que participan en el
rompimiento de los enlaces glicosidicos f-1,4 presentes en la hemicelulosa. El interés por
las xilanasas empez6 alrededor de los afios 50 debido a su enorme potencial para convertir
la lignocelulosa en glucosa y azlcares solubles. Las endo-xilanasas y exo-xilosidasas son
producidas por una gran variedad de microorganismos entre los que se encuentran hongos y
bacterias. La produccidén microbiana de estas enzimas esta sujeta a diferentes mecanismos
de regulacién. Por un lado, la induccion que se lleva a cabo por sus sustratos naturales,
xilano para las xilanasas, y por otro la represion por fuentes de carbono de bajo peso
molecular como glucosa, xilosa, arabinosa o Xilobiosa para las xilanasas.

Los hongos filamentosos pueden ser huéspedes exitosos para la produccion de
proteinas tanto heter6logas como homoélogas (ejemplo: proteinas terapéuticas, anticuerpos
recombinantes). Para esto se desarrollan vectores de expresion para proteinas homo- y
heter6logas que faciliten el control de la expresion tanto en pequefia como a gran escala.

Una alternativa para una mejor produccion de enzimas en hongos filamentosos es la
fermentacion en estado solido; ya que emula las condiciones normales de crecimiento de

estos organismos.



IV.  Resumen en extenso y articulo original del primer articulo publicado

Expresion homologa de una f-xilosidasa de una cepa nativa de Aspergillus niger

Amaro-Reyes, A, Garcia-Almendarez, B E, Vazquez-Mandujano, D G, Amaya-Llano, S,

Castafio-Tostado, E, Guevara-Gonzélez, R G, Loera, O, Regalado, C.

2010 Noviembre 30 - Journal of Industrial Microbiology and Biotechnology; ISSN: 1476-
5535; DOI: 10.1007/s10295-010-0912-5. [En prensa].

El xilano constituye la segunda fuente més abundante de carbono organico
renovable en la Tierra, y se localiza en las paredes celulares de las plantas en forma de
hemicelulosa (Singh et al., 2003). Las B-1,4-xilano xilosidasas (EC 3.2.1.37) son enzimas
que hidrolizan la unidad terminal de los extremos no reductores de los xilooligosacéridos
provenientes de la actividad de endo-p-1,4-xilanasa (EC 3.2.1.8, Rasmussen et al., 2006).
Esto es importante porque la B-xilosidasa puede eliminar la inhibicion por producto final de
las endoxilanasas, mientras que también es efectiva en reacciones de transglicosilacion
donde unidades de monosacaridos o alcoholes se anexan e escinden de las unidades de
xilosa (Knob et al., 2010). Existe un creciente interés en desarrollar enzimas xilanoliticas
generadas con elevados rendimientos y bajo costo de produccién para aplicarlas en
procesos industriales tales como bioconversion de residuos agroindustriales en
biocombustibles, endulzantes de bajo contenido caldrico y productos farmacéuticos
(Polizeli et al., 2005). EI mercado mundial de estas enzimas se estima alrededor de los $200
millones de ddlares por afio (Liu et al., 2008).

Los hongos filamentosos como productores potenciales de enzimas resultan ser mas
atractivos que las bacterias debido a que poseen la habilidad natural de secretar elevados
niveles de enzimas en el medio de cultivo. (Okafor et al., 2007). Se ha reportado en una
extensa variedad de estudios la induccion de enzimas hemiceluloliticas con diversos
residuos hemicelulésicos (olote de maiz, bagaso de cafia de azlcar, salvado de trigo, paja
de trigo y paja de arroz) como la fuente principal de carbono usando especies de

Aspergillus (Lenartovicz et al., 2003; Pedersen et al., 2007). Sin embargo, algunas



aplicaciones industriales requieren xilanasas y xilosidasas libres de otras actividades
hemiceluloliticas tal como de celulasas, asi como también se requiere estabilidad
enzimatica en un rango amplio de valores tanto de temperatura como de pH (Polizeli et al.,
2005).

Una cepa de Aspergillus fue aislada en México a partir de pasta de copra, y ha
demostrado producir una gran variedad de enzimas degradadoras de paredes celulares de
plantas usando diferentes sustratos por medio de fermentacion en estado sélido (Regalado
et al., 2000). La identificacion molecular de esta nueva y potencialmente Gtil cepa de
Aspergillus asi como sus genes no ha sido reportada adn.

Algunos inductores naturales de genes xilanoliticos en Aspergillus pueden ser los
productos de la degradacion o procesos de transglicosilacion del xilano, tales como D-
xilosa, xilobiosa, xilotriosa y Xilotetrosa (Shallom y Shoham, 2003). Sin embargo, en
presencia de fuentes de carbono facilmente metabolizables como la D-glucosa, se ve
inhibida la expresion de genes implicados en el uso de fuentes de carbono menos
favorecidas, como lo es el sistema xilanolitico, debido a la represion catab6lica de carbono
(Prathumpai et al., 2004). Por lo tanto, aqui se describe el disefio de un sistema capaz de
producir una B-xilosidasa, incluso en presencia de su represor. Este trabajo tuvo como
objetivo expresar constitutivamente y parcialmente caracterizan una [-xilosidasa de la cepa

nativa de A. niger GS1 por medio de un sistema fangico.

Se utiliz6 como fuente de genes de xilosidasa la cepa de Aspergillus niger GS1
(NCBI No. GU395669, UAQ, Querétaro, México). La conserva de esporas aisladas de A.
niger GS1 y los cultivos frescos fueron obtenidos como lo describio Regalado et al. (2000).
Para la propagacion de los vectores se utilizaron células de Escherichia coli JM109
(Promega) cultivandose a 37°C en medio Luria-Bertani suplementado con 100 ml g*
ampicilina. Los vectores utilizados fueron el plasmido pGEM-T (Promega) como vector de
clonacion y el pAN52.1 se utilizo para construir el vector de expresion constitutiva pANJil
bajo control del promotor gpdA y terminador trpC (ambos de A. nidulans) separados por
sitios BamHI y Ncol. La cepa de A. niger AB4.1 (pyrG’) se utiliz6 para la expresion

homologos del gen de xilosidasa (xInD) (van Hartingsveldt et al., 1978). ElI marcador de



seleccion utilizado fue el vector pAB4.1 (pyrG) (van Hartingsveldt et al., 1978). Estos dos

ultimos vectores fueron amablemente proporcionados por el Dr. Punt (TNO, Holanda).

Luego de crecer A. niger GS1 de 2-3 d en medio conteniendo xilano de avena como
principal fuente de carbono (g I') (xilano de avena, 25; extracto de levadura, 5; agar-agar,
15) se colectd el micelio y de este se realiz6 la extraccion de ARN utilizando el RNeasy
Plant Mini Kit (Qiagen). La identificacion molecular de A. niger GS1 se realiz6 mediante la
secuenciacion del ADN ribosomal 26S (GBC-IPN, México). A partir del ARN total (2 pg)
extraido se obtuvo el cADN siguiendo las instrucciones del kit RevertAidH Minus
(Fermentas). EI cADN se utilizd como plantilla para amplificar mediante PCR (Taq
recombinante, Invitrogen) el gen de la xilosidasa utilizando los cebadores adelante (JilF 5'-
CCATGGATGGCGCACTCAATGTCTCG-3"), y reverso (JilR 5'-
CTGGATCCCTAGTGGTGATGGTGATGATGCTCCTTCCCCGGCCAC-3),  disefiados
utilizando secuencias reportadas en el NCBI que codifican para genes de -1,4-xilano
xilosidasa pertenecientes a cepas de A. niger. Las bases que codifican para la etiqueta de
histidina se muestran en cursiva.

El producto amplificado fue ligado en el vector pGEM-T y este fue clonado
mediante choque térmico en E. coli IM109. El inserto fue confirmado por la secuenciacion
(MCLab) de los plasmidos extraidos y después el marco de lectura abierta de ADN fue
clonado en el vector de expresién pAN52.1 (sitios de clonacion: Ncol y BamHI) obteniendo
el vector pANJil.

La transformacion de la cepa de A. niger AB4.1 se llevé a cabo mediante el
procedimiento reportado por Sanchez y Aguirre (1996) desarrollado para A. nidulans, con
las siguientes modificaciones: caldo papa dextrosa suplementado con uridina (2.5 g I
como medio de cultivo, temperatura de incubacién 30° C, esporas germinadas en 15 h,
tampon de electroporacion (10 mM Tris-HCI [pH 7.3], 270 mM de sacarosa, 1 mM
HEPES, 10 mM RbCI, LiCl 10 mM). Para la electroporacion de las esporas germinadas se
usaron 2 g de ADN total (vector de expresion pANJil con vector de seleccion pAB4.1 en
una proporcion de volumen 10:1), una cubeta de 0.2 cm y los pulsos eléctricos fueron
proporcionados por un aparato MicroPulser electroporacién (Bio-Rad), el ajuste de voltaje

a 1.4 kV con una duracion aproximada de 3.5 ms.



Las esporas electroporadas (100 pl placa™) se extendieron sobre agar minimo con
sorbitol que contenfa (g I™): glucosa, 10; sorbitol, 218.64; NaNOs, 6; KCI, 0.52, KH,PO,,
1.52; oligoelementos: ZnSO4+7H,O, 0.022; H3BO;, 0.011; MnCl,*4H,0O, 0.005;
FeSO4*7H,0, 0.005; CoCl,*6H,0, 0.0017; CuSO4+5H,0, 0.0016; Na,M00,*H,0, 0.0015;
Na,EDTA, 0.05; sin uridina. Las esporas se incubaron a 30°C, durante 48 h. La estabilidad
de las transformantes prototrofas a uridina fue probada por replica en placas de medio
minimo selectivo. Ademas, se realiz6 una cepa control transformada Unicamente con el
vector de seleccion.

La seleccion de co-transformantes y produccion de la actividad B-xilosidasa se
realiz6 en medio selectivo minimo (sin uridina) incubando durante 8 d a 30°C. Se
inocularon cultivos liquidos con medio rico en glucosa (g I"): glucosa, 20, extracto de
levadura, 0.5; NaNOs, 7.5, (NH4).SO4 1.5; KCI, 8.67; MgSO47H,O, 8.67; y
oligoelementos) con 2 x 10° esporas ml™ en tubos Falcon de 50 ml. Hasta 20 clonas
individuales fueron inoculadas en medio minimo y se revisaron diariamente para la
actividad de xilosidasa por 4 d. Para realizar el ensayo de actividad, se tomaron alicuotas de
un ml del medio de cultivo filtrado a través de una membrana de 0.45um (Millipore). Las
co-transformantes positivas se analizaron mediante la amplificaciéon con PCR utilizando
ADN gendémico como molde, obtenido por el protocolo de bromuro de cetil trimetilamonio
(CTAB) y los cebadores JilF y JilR (Ausubel et al., 1999).

La cuantificacién de proteina soluble se determind de acuerdo a Bradford (1976)
usando albumina sérica bovina como estandar. La actividad de [-xilosidasa
se midi6é por el método de p-nitrofenol-f-D-xilopiranosido como lo describe Pedersen et al.
(2007). Una unidad de actividad de B-xilosidasa se calculé como la cantidad de enzima que
produce el equivalente a una pmol de p-nitrofenol por minuto, segun lo calculado a partir
de una curva estandar.

Se determind la actividad tanto de endo-p-1,4-xilanasa como de celulasa del
extracto purificado usando xilano de avena y carboximetil celulosa como sustratos,
respectivamente. Se determiné la liberacién de azlcares reductores de acuerdo con Miller
(1959) utilizando una curva estandar de xilosa y glucosa. Una unidad de actividad (U) se
define como la cantidad de enzima que libera un pmol equivalentes de xilosa o glucosa por
minuto, a 50°C, pH 5.5.



Se determind el perfil electroforético de los extractos enzimaticos mediante geles
desnaturalizantes de poliacrilamida (SDS-PAGE) como lo describe Laemli (1970) y las
bandas de proteinas se tifieron con azul brillante de Coomassie R-250 (Ausubel et al.,
1999). La actividad de pB-xilosidasa se ensayo en el gel después de la electroforesis,
cortando y lavando las bandas.

La purificacion de la B-xilosidasa recombinante se realiz6 a partir del caldo rico en
glucosa fermentado durante 4 d por un co-transformante de A. niger. El fermentado fue
filtrado a través de papel Whatman No. 4 y membranas de 0.2 pm (Millipore),
posteriormente fue concentrado con unidades Centricom (10 kDa, Millipore). La enzima
concentrada se aplicé en una columna de DEAE-celulosa, equilibrada y lavada con 50 mM
de tampon acetato, pH 3.9 y las proteinas unidas a la matriz se eluyeron utilizando el
mismo tampon de lavado adicionado con 1 M de NaCl. Se colectaron fracciones de 1.5 ml
las cuales fueron analizadas mediante absorbancia a 280 nm y actividad de B-xilosidasa.
Las fracciones que mostraron actividad fueron concentradas utilizando unidades Centricon
(10 kDa, Millipore) y estas fueron cargadas en una columna de Nickel (Ni) Sepharose 6
Fast Flow column (1 ml) (GE Healthcare) segun el manual del fabricante.

La temperatura Optima de la B-xilosidasa recombinante purificada se determind
midiendo la actividad utilizando alicuotas (65 ng) de enzima purificada e incubando de 30 a
80°C. La energia de activacion (Ea) de la B-xilosidasa recombinante se calcul6 en base al
comportamiento tipo Arrhenius, representando graficamente el logaritmo natural de la
actividad frente a la temperatura absoluta (K™) en el rango de 30-60°C. La pendiente de
esta gréfica indica (-Ea R™), donde R es la constante universal de los gases. El 6ptimo de
pH se determind midiendo la actividad de alicuotas de la enzima (65 ng) en diferentes
tampones: de acetato (50 mM) para valores de pH 3.6 a 5.0, de fosfato (50 mM ) para
valores de pH 6.0 a 8.0. Los experimentos se llevaron a cabo con tres repeticiones.

La estabilidad a temperatura y pH de la B-xilosidasa recombinante purificada se
determind ensayando la actividad de la enzima luego de incubarla en el rango de 50° a 70°C
durante 5, 60 y 120 min, utilizando un bafio seco AccuBlock (Labnet) y después de
enfriarla a 4°C. La vida media de la enzima recombinante se calculé mediante analisis de
regresion lineal de la actividad especifica a la temperatura deseada en funcién del tiempo.

El efecto del pH sobre la estabilidad de la enzima recombinante purificada se estudid



mediante la incubacion en tampdén 50 mM de acetato (pH 4.0, 5.0), y tampon 50 mM de
fosfato (pH 6.0), a 10 £ 2°C durante 2 h y 24 h seguido por la determinacién de la
actividad. Los experimentos se realizaron con tres repeticiones.

El efecto de diferentes iones metalicos y compuestos quimicos sobre la B-xilosidasa
recombinante purificada fue ensayado mediante la medicién de la actividad enzimatica en
presencia de compuestos individuales como lo describen Kumar y Ramon, 1996; Han y
Chen, 2010.

La cepa de hongo nativa de México A. niger GS1 fue identificada genéticamente
mediante la secuenciacion del gen 26S del ARN ribosomal. La secuencia de este gen ha
sido ampliamente utilizada para establecer las relaciones filogenéticas y sistematica dentro
de los hongos (Linton et al., 2007). Se obtuvo una secuencia parcial de 552 pb la cual fue
ingresada a la base de datos del NCBI con nimero de acceso GU395669. El analisis de esta
secuencia obtenida contra las demas reportadas en el NCBI mostré 100% de similitud con
la secuencia reportada para A. niger An03CBS clon 513.88 (NT_166520.1). Ademas,
utilizando la coleccion de nucle6tidos se encontrd una identidad del 99% de la secuencia
parcial de genes 26S ARN de A. niger VTCC:F021 (GQ382274.1) y A. niger VTCC:CF128
26S (GQ382273.1). Asi, tanto con el analisis morfolégico que previamente se habia
realizado (Regalado et al., 2000) y el molecular, se concluye que la cepa aislada fue
Aspergillus niger.

Se obtuvo una Unica banda de amplificacion a partir de productos de PCR con un
tamafno aproximado de 2,433 pb empleando los cebadores JilR y JilF (datos no
presentados). El producto de PCR insertado en el vector pPGEM-T fueron identificados por
secuenciacion, donde se presentd el 99% de homologia con A. niger CBS 513.88 xilosidasa
(xInD) (XM _0013819379) ARNm parcial. Por lo tanto, nuestra secuencia corresponde a un
gen estructural completo que codifica para una B-xilosidasa ademas de una cola de seis
histidinas antes del coddn de paro, que fue sometido a la base de datos NCBI obteniendo el
namero de acceso GU585573.

Nuestros resultados concuerdan con La Grange et al. (2001), quien report6 una -
xilosidasa de A. niger con un marco de lectura abierto de 2,412 nucledétidos, que codifica

una proteina tedrica de 804 aminoacidos (85 kDa).



Para evitar la represion catabolica ejercida por la glucosa en la expresion de xInD, se
expreso la B-xilosidasa de A. niger GS1 en pAN52.1 bajo el control del promotor
constitutivo (gpdA) y terminador trpC ambos de A. nidulans. EI promotor gpdA se ha
expresado de manera eficiente en las cepas de A. niger (Pachlinger et al., 2005; Kainz et
al., 2008). La construccion del vector pANJil incluyé la secuencia del péptido sefial propia
de xInD (ALA-QA) de acuerdo con Bendtsen et al., (2004). De aproximadamente mas de
200 regenerantes Pyr* co-transformadas, quince fueron re-sembradas en placas con medio
minimo en dos ocasiones y luego se ensayaron para la actividad de B-xilosidasa en un
medio liquido minimo rico en glucosa (20 g I'"). Estas condiciones reprimen la sintesis de
xInD en la cepa nativa. Dos cepas (gpd-Jil-1, -2) que fueron morfolégicamente estables y
que mostraron actividad de B-xilosidasa fueron cultivadas para aislamiento de ADN
gendémico, que fue analizado por PCR utilizando los cebadores JilF y JilR. Una cepa,
designada gpd-Jil-1, mostr6 un patron de amplificacion individual de aproximadamente
2,433 pb (Fig. 1) que corresponden a los marcos de lectura abierto reportados para xInD en
A. niger (AN Z84377). Por otro lado, no se encontr6 patron de bandas en la cepa control.
De 13 cepas co-transformadas seleccionadas s6lo dos mostraron esta secuencia en la
amplificacion por PCR utilizando los cebadores mencionados. Es posible que la cepa
receptora posea una variante de la secuencia del gen xInD como se ha demostrado (Pérez-
Gonzélez et al., 1999). Sin embargo, las secuencias de etiqueta de histidinas mas la del sitio
BamH1 (29 pb) no son de origen natural y por lo tanto, estas secuencias no serian

amplificadas en las condiciones astringentes utilizadas en este trabajo.

La produccion de B-xilosidasa recombinante activa en un medio rico en glucosa fue
aumentado de forma constante hasta las 24 h, luego mostré6 un marcado descenso de
actividad después de 48 h, y se mantuvo constante hasta el final de la fermentacion (96 h,
Fig. 2). Este comportamiento puede deberse a la presencia de proteasas (datos no
mostrados), lo cual puede correlacionarse con que el contenido de proteina se mantuvo en
aumento durante el tiempo de fermentacion (Fig. 2). Estos resultados estan de acuerdo con
el comportamiento reportado para otras -xylosidasas recombinantes (Pérez-Gonzélez et
al., 1999).
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El transformante A. niger gpd-Jil-1 produjo una B-xilosidasa recombinante la cual se
purificd 31.6 veces a través de la columna de cromatografia de afinidad del niquel con una
recuperacion de la actividad del 9%. La B-xilosidasa purificada mostr6 una actividad
especifica de 2,094 U mg de proteina™ a 50°C y pH 4.0, ademas no mostré actividad de
endo-B-xilanasa o celulasa. La tincion de SDS-PAGE mostré una banda de proteina con un
peso molecular aparente de 90 kDa (Fig. 3), que fue el Unico que mostré actividad de -
xilosidasa después de ensayar la actividad en cada banda.

El tamafio mostrado por la p-xilosidasa purificada es similar (62 a 122 kDa) a los
reportados para otras pB-xylosidasas en especies de Aspergillus (Wakiyama et al., 2008;
Knob et al., 2010). Se ha reportado una amplia gama de actividades de pB-xilosidasa
purificadas de Aspergillus spp. donde la méas alta, mostro 55,800 U mg de proteina™
(Pedersen et al., 2007) que es 27 veces mas activa que la obtenida en este trabajo. Otros
autores han reportado actividades menores tales como 360 U mg de proteina™ (Lenartovicz
et al., 2003) para una xilosidasa aislada de un hongo termotolerante A. fumigatus. Por otra
parte, una xilosidasa de A. japonicus mostré 112 U mg de proteina™ (Wakiyama et al.,
2008). Mientras que su homédlogo recombinante mostré sélo un 18.7 U mg de proteina™ la

cual es 112 veces menor que la actividad de nuestra -xilosidasa recombinante.

La temperatura de maxima actividad de la B-xilosidasa recombinante fue de 70°C,
mientras que a 50° y 60°C la enzima exhibié un 57.5% y 93.6% de la actividad méaxima,
respectivamente (Fig. 4.). Estos resultados concuerdan con los reportados previamente por
Pedersen et al., 2007 y Selig et al., 2008, indicando la estabilidad térmica natural de A.
niger XInD. Se hace evidente entonces que el sistema de expresion utilizado en este trabajo
tuvo éxito en mantener la estabilidad térmica de la proteina.

Los estudios de termoestabilidad mostraron que la enzima purificada se mantuvo
estable a 50°C durante 2 h, mientras que una relativamente larga vida media (74 min) se
observo a 70°C. Después de la incubacion a 80°C durante 10 min, la xilosidasa purificada
mostré una actividad ligeramente inferior a la de la enzima incubada a 50°C en el mismo
lapso de tiempo (Fig. 4). Esta propiedad puede ser Gtil en aplicaciones donde se requieren

de altas temperaturas por un tiempo corto, como en los procesos de extrusion.
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La temperatura éptima encontrada para nuestra enzima concuerda con la de una -
xilosidasa purificada de A. phoenicis que fue de 75°C (Rizzatti et al., 2001). Sin embargo,
la estabilidad térmica fue menor que la mostrada por nuestra enzima recombinante, ya que
la actividad residual después de 1 h a 65°, 70° y 75°C disminuyd significativamente
(inferior al 30%, 25% Yy 0%, respectivamente). Por otra parte, una p-Xilosidasa
recombinante de A. niger mostro el 80% de actividad residual después de su incubacion a
55°C durante 2 h. Por el contrario, la estabilidad térmica fue menor que la que nosotros
reportamos porque el 60% de reduccién de actividad se encontr6 mediante la incubacion a
60°C durante 20 min, y después de 2 h la actividad se redujo a menos del 10% (La Grange
et al., 2001). Sélo unas pocas B-xilosidasas de A. niger se reportan activas y estables a altas
temperaturas (Pedersen et al., 2007; Selig et al., 2008). Mientras que para A. phoenicis si se
reportan resultados similares, 100% de actividad después de 4 h a 60°C (Polizeli et al.,
2005).

Se calculé la energia de activacion de 58.9 kJ mol™ siguiendo un comportamiento de
tipo Arrhenius, con un coeficiente de determinacion (r?) de 0.97. Este valor fue similar a la
reportada para un p-xilosidasa de Thermoanaerobacter ethanolicus que fue de 69 kJ mol™
(Shao y Wiegel, 1992).

El andlisis de la secuencia de aminoacidos de la B-xilosidasa usando los paquetes
computacionales OGPET v. 1.0 y YinOYang v. 1.2, mostré 14 sitios potenciales de
glicosilacion. De igual manera, la fraccion de hidratos de carbono de una p-xilosidasa de
Aspergillus spp. se ha estimado entre 10 y 47%, lo cual promueve una mayor estabilidad de
la enzima en condiciones de desnaturalizacion sin afectar la actividad catalitica (Knob et
al., 2010).

El pH de méxima actividad de la B-xilosidasa recombinante purificada fue de
alrededor de 3.6 (Fig. 6). Presento una disminucion de la actividad a valores de pH 4.0, 5.0
y 6.0 de hasta el 85.6%, 74.9% y 44.4%, respectivamente. Esto contrasto con los resultados
reportados para la B-xilosidasa de A. niger IBT-3250, donde la actividad fue similar en el
rango de 3.0 a 5.0 (Pedersen et al., 2007). El valor de pH 6ptimo fue similar al reportado

para una B-xilosidasa de A. pulverulentus (2.5-3.5), lo que representd una caracteristica
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versatil en estas cepas comparadas con la mayoria de las especies de Aspergillus que
comunmente producen B-xilosidasas con un pH optimo entre 4.0 y 6.0 (de Vries y Visser,
2001). La méxima actividad de la B-xilosidasa recombinante fue de 4,280 U mg de
proteina™ utilizando tanto el pH (3.6) como temperatura (70°C) éptimo.

Los resultados de la estabilidad al pH de la pB-xilosidasa purificada indican que se
mantuvo estable después de 2 h de incubacion en valores de pH de 4.0 y 5.0 (Fig. 7). Sin
embargo, la actividad disminuyd ligeramente a un pH de 6.0 (el 58.4% de su actividad
inicial). Después de incubar durante 24 h la enzima recombinante a 10 £ 2°C, la menor
actividad relativa era de 52.1% a pH 6.0 (Fig. 7). Por otra parte, una p-xilosidasa de A.
phoenicis se mantuvo estable durante el intervalo de pH 4.0-6.0 durante 7 h a temperatura
ambiente (Rizzatti et al., 2001). Ademas, cuando se incubo a temperatura ambiente durante
3 h una B-xilosidasa recombinante de A. japonicus conservd mas del 90% de su actividad

original a pH entre 2.0 y 7.0 (Wakiyama et al., 2008).

El efecto de diversos iones metélicos y otros reactivos sobre la actividad de la -
xilosidasa purificada se muestran en la Tabla 1. La actividad fue drasticamente inhibida
(58.5% y 72.5% de la actividad residual) por Cu®* y Li*. Una ligera inhibicién (alrededor
del 83%) se observo en presencia de EDTA, SDS y B-mercaptoetanol, mientras que la
actividad residual en presencia de DTT fue del 91.3%. Unas B-xilosidasas de E. nidulans y
A. nidulans mostraron cierta estabilidad con SDS, pero de alta sensibilidad al Cu** (Kumar
y Ramon, 1996). Estos autores también reportaron un efecto estimulante sobre la actividad
residual cuando se agregé EDTA, DTT y Zn®*, lo que contrasta con el comportamiento
aqui observado. Un efecto similar a lo reportado en nuestra investigacion fue reportado por
Rizzati et al. (2001) utilizando una B-xilosidasa purificada de A. phoenicis en presencia de
Cu®*, EDTA y B-mercaptoetanol, ademés observaron un efecto opuesto en la actividad

cuando se afiadié Zn?*.

La retencion de la actividad de B-xilosidasa (por encima del 83%) en presencia de
agentes reductores, detergentes y algunas sales como el DTT, B-mercaptoetanol, SDS,
EDTA y Zn" muestran otra caracteristica notable de esta enzima, lo que representa una

ventaja en aplicaciones industriales donde la presencia de estos compuestos es inevitable.
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En este trabajo se obtuvo con éxito una xilosidasa libre de hemicelulasas mediante
el crecimiento de A. niger gpd-Jil-1 utilizando una Unica fuente de carbono. La p-xilosidasa
recombinante producida por A. niger gpd-Jil-1 mostr6 una actividad significativa a
temperaturas altas, medio &cido y en presencia de agentes reductores, y por lo tanto es
probable que tenga un buen potencial en la alimentacién animal, la sintesis enzimatica, y la

industria de los jugos de fruta.
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Abstract Xylan constitutes the second most abundant
source of renewable organic carbon on earth and is located
in the cell walls of hardwood and softwood plants in the
form of hemicellulose. Based on its availability, there is a
growing interest in production of xylanolytic enzymes
for industrial applications. f-1,4-xylan xylosidase (EC
3.2.1.37) hydrolyses from the nonreducing end of xylool-
igosaccharides arising from endo-1,4-f-xylanase activity.
This work reports the partial characterization of a purified
p-xylosidase from the native strain Aspergillus niger GS1
expressed by means of a fungal system. A gene encoding
p-xylosidase, xInD, was successfully cloned from a native
A. niger GS1 strain. The recombinant enzyme was
expressed in A. niger AB4.1 under control of A. nidulans
gpdA promoter and trpC terminator. f-xylosidase was
purified by affinity chromatography, with an apparent
molecular weight of 90 kDa, and showed a maximum
activity of 4,280 U mg protein~" at 70°C, pH 3.6. Half-life
was 74 min at 70°C, activation energy was 58.9 kJ mol ™',
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and at 50°C optimum stability was shown at pH 4.0-5.0.
p-xylosidase kept residual activity >83% in the presence of
dithiothreitol (DTT), f-mercaptoethanol, sodium dodecyl
sulfate (SDS), ethylenediaminetetraacetate (EDTA), and
Zn**. Production of a hemicellulolytic free xylosidase
showed some advantages in applications, such as animal
feed, enzymatic synthesis, and the fruit-juice industry
where the presence of certain compounds, high tempera-
tures, and acid media is unavoidable in the juice-making
process.

Keywords Aspergillus niger GS1 - ff-xylosidase
activity - Thermostability - Homologue expression

Introduction

Xylan constitutes the second most abundant source of
renewable organic carbon on earth and is located in the cell
walls of hardwood and softwood plants in the form of
hemicellulose [28]. Endo-f5-1,4-xylanases (EC 3.2.1.8) and
f-1,4-xylan xylosidase (EC 3.2.1.37) are key enzymes that
hydrolyze xylan into xylooligosaccharides [4, 27]. f-xy-
losidase hydrolyses the terminal xylose unit from the
nonreducing end of the xylooligosaccharides arising from
endo-1,4-f-xylanase activity [22]. This is important, as
p-xylosidase may relieve the end-product inhibition of
endoxylanases and is also effective in transglycosylation
reactions in which monosaccharide units or alcohols are
attached to or cleaved from xylose units [9]. There is a
growing interest in developing high-yield and low-cost
production of xylanolytic enzymes for industrial applica-
tions, such as bioconversion of agroindustrial residues to
biofuels, low-calorie sweeteners, and pharmacological
products [20]. The worldwide market of these enzymes is
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around 200 million US dollars per annum [14]. Therefore,
the search for strains with the generally recognized as safe
(GRAS) status that will grow in low-cost substrates that
will optimize xylanolytic enzyme production represents an
ultimate goal in this field of research. Filamentous fungi
are more attractive than bacteria as potential producers of
these enzymes because fungi secrete higher enzyme levels
into the culture medium [16]. Aspergillus niger is a sap-
rophytic fungus well known for its production and secre-
tion of a variety of hydrolytic enzymes, contributing to its
ability to degrade plant polysaccharides such as cellulose,
hemicellulose, pectin, starch, and inulin [31]. Several
studies have reported a variety of hemicellulolytic enzymes
induced with various hemicellulosic residues (corn cob,
sugar-cane bagasse, wheat bran, wheat straw, and rice
straw) as the main carbon source using Aspergillus species
[12, 18]. Nevertheless, some industrial applications require
xylanases and xylosidases free of cellulase, among other
hemicellulolytic activities, and enzymatic stability is also
required over a broad range of temperatures and pH values
[20].

A strain of Aspergillus was isolated from Mexican copra
paste that produces a variety of cell-wall-degrading
enzymes using different substrates upon solid-state fer-
mentation [23]. Molecular identification of this novel and
potentially useful Aspergillus strain and its xylanolytic
genes have not yet been reported. Natural inducers of
xylanolytic genes in Aspergillus may be products of xylan
degradation or transglycosylation processes, such as
D-xylose, xylobiose, xylotriose, and xylotetrose [27].
However, in the presence of readily metabolizable carbon
sources such as p-glucose, gene expression involved in the
use of less-favored carbon sources, such as the xylanolytic
system, is inhibited due to carbon catabolite repression
[21]. We describe the design of a system capable of pro-
ducing f-xylosidase even in presence of its repressor. The
purpose of our study was to constitutively express and
partially characterize a ff-xylosidase from the native strain
A. niger GS1 by means of a fungal system.

Materials and methods

Materials

All chemicals were of analytical grade and were purchased
from Sigma (St. Louis, MO, USA), except as indicated.

Microorganisms and plasmid
Aspergillus niger GS1 (NCBI No. GU395669) was used as

a source of xylosidase gene (UAQ, Queretaro, Mexico).
Spores isolated from A. niger GS1 were stored in Tween 20
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on silica gel at 4°C. Stock cultures were subcultured on
fresh sterile potato dextrose agar (PDA; Bioxon, Cu-
autitlan, Mexico) plates and incubated for 72-120 h at
30°C [23]. Escherichia coli JM109 genotype recAl,
endAl, gyrA96, thi, hsdR17 (tk-mK+), relAl, supE44,
A(lac-proAB) [F’, traD36, proAB, laclqZAM15] (Promega,
Madison, WI, USA) was used to propagate vectors and was
cultured at 37°C in Luria—Bertani medium comprising
(g 1_1): bacto-tryptone (Difco, Franklin Lakes, NJ, USA),
10; yeast extract (Difco), 5; sodium chloride (NaCl), 10;
supplemented with 100 ug ml~" ampicillin. The pGEM-T
plasmid (Promega) was used as the subcloning vector, and
A. niger AB4.1 (pyrG™) strain [29] was used for homolo-
gous expression of xylosidase (xInD) gene. Vector
PANS2.1 was used to construct the constitutive expression
vector pANJil. This vector contains the gpdA promoter
and the terminator region of the trpC gene (both from
A. nidulans) separated by BamHI and Ncol sites. Vector
pAB4.1 (pyrG) [29] was used as selection marker. Both
vectors were kindly provided by Dr. Punt (TNO, The
Netherlands).

Induction of f-xylosidase

Aspergillus niger GS1 spores were inoculated into PDA-
xylan slants (glucose 15 g 17!, oat spelts xylan 5 g 17",
agar—agar (Bioxon) 15 g 17!, and potato infusion 0.5 1), pH
5.5-6.0, incubated at 30°C, for 72 h. Harvested spores
were then transferred to PDA-xylan slants increasing by
5 g 17" the initial xylan concentration while decreasing
initial glucose concentration by 5 g 17" until complete
replacement with xylan as main carbon source (g17")
(agar—agar, 15; oat spelts xylan, 20; and potato infusion,
0.5 1) was attained. Spores collected from the potato xylan
agar were seeded in basal xylan media supplemented with
yeast extract (oat spelts xylan 25 g 17!, yeast extract
5g17"). After incubation for 2-3 days, mycelia were
collected for RNA extraction using the RNeasy Plant Mini
Kit (Qiagen, Hamburg, Germany).

Molecular identification of A. niger GS1, and xInD gene

Aspergillus niger GS1 was genetically identified by
sequencing the 26S ribosomal DNA (rDNA) (GBC-IPN,
México). Collected mycelia from basal xylan media was
employed for RNA extraction. Forward (JilF 5-CCATG
GATGGCGCACTCAATGTCTCG-3'), and reverse (JilR
5'-CTGGATCCCTAGTGGTGATGGTGATGATGCTCCT
TCCCCGGCCAC-3') primers were designed using the
National Center for Biotechnical Information (NCBI)-
reported sequence (ANXM_001389379) for A. niger
f-1,4-xylan xylosidase. Bases coding for His-tag are shown
in italics.
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The RevertAidH Minus kit (Fermentas, Ontario, Can-
ada) was used to obtain xylosidase complementary DNA
(cDNA) from total RNA (tRNA) (2 pg) following the
manufacturer’s instructions. Polymerase chain reaction
(PCR) amplification of A. niger GS1 cDNA (100 ng) was
conducted using 400 mM primers; 10 mM deoxyribonu-
cleotide triphosphate (ANTP), 1.5 mM magnesium chloride
(MgCl,), 1x reaction buffer [200 mM Tris pH 8.4,
500 mM calcium chloride (KCI)] (Invitrogen, Carlsbad,
CA, USA), and 2 U recombinant Tag polymerase (Invit-
rogen) in a final volume of 50 pl. Reaction conditions were
5 min at 94°C, followed by 30 cycles of 30 s at 94°C, 30 s
at 65°C, 2.5 min at 72°C, and a final extension of 10 min at
72°C. The amplicon was ligated into pGEM-T vector,
followed by heat-shock cloning into E. coli IM109. Clones
containing the insert were directly identified by blue/white
color screening on indicator plates, and then from Mini-
prep (Qiagen) extraction, the isolated plasmid was sent for
sequencing (MCLab, San Francisco, CA, USA). After
sequence confirmation, the DNA open-reading frame was
cloned into the expression vector pAN52.1 (cloning sites
Ncol and BamHI) to obtain pANJil expression vector.

Aspergillus transformation

Fungal cotransformation was accomplished using the pro-
cedure reported by Sanchez and Aguirre [25] developed for
A. nidulans, with modifications. Spores from A. niger
AB4.1 were washed with 10 ml sterile distilled water, and
an inoculum of 8.6 x 10° spores ml~' was added to 50 ml
of dextrose potato broth (Difco) supplemented with uridine
(2.5 g 171, followed by incubation at 30°C in a rotary
shaker (300 rpm) for 15 h. Next, germinating spores (GTS)
were recovered by centrifugation at 4,000x g for 10 min at
4°C (Eppendorf, Mod. 5804R, Hamburg, Germany). GTS
were resuspended in 50 ml of ice-cold sterile water, cen-
trifuged again, resuspended in 25 ml of ice-cold pretreat-
ment buffer [1% yeast extract, 1% glucose; YED] plus
20 mM hydroxyethyl-1-piperazine ethanesulfonic acid
(HEPES) (adjusted to pH 8.0 with 100 mM Tris), and
incubated for 1 h at 30°C in a rotary shaker at 100 rpm.
After this incubation, GTS were centrifuged and resus-
pended in 1 ml (about 2.2 x 10" spores ml ™", final) of ice-
cold electroporation buffer [10 mM Tris—HCI(pH 7.3),
270 mM sucrose, 1 mM HEPES, 10 mM rubidium chloride
(RbCl), 10 mM lithium chloride (LiCl)], kept on ice, and
stored at —70°C. For electroporation, 2 pg of total DNA
(tDNA) (pANIil expression vector with pAB4.1 vector in a
10:1 volume ratio) was added to 50 pl of ice-cold GTS
suspension. The mixture was then incubated on ice for
15 min and transferred to a 0.2-cm cuvette. Electroporation
was performed using a MicroPulser Electroporation Appa-
ratus (Bio-Rad, Hercules, CA, USA), adjusting voltage to

1.4 kV and pulses lasting approximately 3.5 ms. After
electroporation, 600 pl of ice-cold YED was added to the
cuvette and the cell suspension transferred to a sterile 1.5-
ml tube, kept on ice for 10 min, and incubated at 30°C for
90 min in a rotary shaker at 100 rpm. Electroporated spores
(100 pl plate™) were extended on sorbitol-containing
minimal agar (g 1_1): glucose, 10; sorbitol, 218.64; sodium
nitrate (NaNOj3), 6; KCIl, 0.52, potassium dihydrogen
phosphate (KH,PO,), 1.52; trace elements: zinc sulfite
(ZnSO,4 7TH,0), 0.022; boric acid (H;BO3), 0.011; manga-
nese (II) chloride (MnCl, 4H,0), 0.005; ferrous sulfate
(FeSO4 7H,0), 0.005; cobalt(Il) chloride (CoCl, 6H,0),
0.0017; copper(Il) sulfate (CuSO4 5H,0), 0.0016; sodium
molybdate (Na,MoO, H,0), 0.0015; sodium ethylenedia-
minetetraacetate (Na,EDTA) 0.05; without uridine. Spores
were incubated at 30°C, for 48 h. The stability of uridine
prototroph transformants was tested by velvet-replica plating
on selective minimal medium. In addition, a control was
transformed with the pyrG gene but without expression
vector.

Screening and production of f-xylosidase activity

Cotransformants were plated on the selective minimal
medium (without uridine) and incubated for 8 days at
30°C. Liquid cultures were inoculated in glucose-rich
medium (g 1_1): glucose, 20; yeast extract, 0.5; NaNOjs,
7.5; (NH4),S0,, 1.5; KCl, 8.67; MgSO,4 7H,0, 8.67; and
trace elements) with 2 x 10° spores m1™" in 50-ml Falcon
tubes. To screen cotransformants, up to 20 individual
clones were inoculated into minimal medium and checked
daily for xylosidase activity for 4 days. For the activity
assay, a 1-ml aliquot of culture medium was collected, and
cells were removed by filtration through a 0.45-um filter
(Millipore, Billerica, MA, USA). Positive cotransformants
were assayed through JilF-JilR amplification using geno-
mic DNA as template, obtained by the cetyl trimethylam-
monium bromide (CTAB) protocol [1].

Analytical methods
Protein and f-xylosidase activity

Soluble protein content was determined according to
Bradford [2] using bovine serum albumin (BSA) as stan-
dard. Xylosidase activity was measured by the p-nitro-
phenol method, as described by Pedersen et al. [18], using
2.5 mM p-nitrophenol-f-p-xylopyranoside (PNPX) in
50 mM acetate buffer and 100 pl of enzyme solution at pH
4.0 in a total reaction volume of 1 ml. After incubation at
50°C for 10 min, the reaction was stopped by adding 1 M
Na,CO; (JT Baker, Phillipsburg, NJ, USA) to a final
concentration of 0.33 mM, and the released p-nitrophenol
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was measured spectrophotometrically at 400 nm. One unit
of f-xylosidase activity was calculated as the amount of
enzyme producing 1 pmol equivalent of p-nitrophenol
per min, as calculated from a standard curve. Endo-f-1,4-
xylanase and cellulase activities of the purified extract was
determined using 5 g 17! xylan and carboxymethyl cellu-
lose as substrates, respectively, dissolved in 50 mM acetate
buffer, pH 5.5. The reaction mixture consisted of 100 pl of
enzyme solution, 400 pl of the corresponding substrate,
and incubated at 50°C for 10 min, followed by immersion
in ice-cold water. Released reducing sugars were quantified
according to Miller [15] using a xylose and a glucose
standard curve (1-10 mM). One activity unit (U) was
defined as the amount of enzyme that released 1 pumol of
xylose or glucose equivalents per minute at 50°C.

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS—PAGE)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out using a 10% (w/v) T (%
acrylamide plus bis-acrylamide in gelling solution)
according to Laemmli [11], and protein bands were stained
with Coomassie Brilliant Blue R-250 [1]. f-xylosidase
activity was detected in the gel after electrophoresis by
cutting bands. Each band was washed three times with
high-performance liquid chromatography (HPLC)-grade
water, placed in a microtube containing 200 pl substrate
solution (PNPX), and incubated for 30 min at 50°C. The
reaction was stopped by adding 150 pl of 1 M Na,COjy
solution, and absorbance was measured at 400 nm.

Purification of the recombinant f-xylosidase

To purify the recombinant f-xylosidase, cotransformed
A. niger was cultivated in glucose-rich medium. Then, 600
ml of a 4-day-old culture medium was filtered through
Whatman No. 4 (Whatman International, Maidstone, UK)
and 0.2 pym membrane (Millipore) and concentrated using
a Centricon centrifugal filter unit with molecular mass
cutoff membrane of 10 kDa (Millipore). Concentrated
enzyme (2.0 ml) was applied into a diethylaminoethanol
(DEAE)-cellulose column (1.5 x 25 cm), equilibrated, and
washed with 50 mM acetate buffer, pH 3.9, at a flow rate of
25 ml h™'. Bound proteins were eluted using the same
washing buffer plus 1 M NaCl. Fractions of 1.5 ml were
collected and assayed for absorbance at 280 nm and
p-xylosidase activity, and those showing high activity were
pooled and concentrated using the Centricon units
(10 kDa). Concentrated fractions were then loaded onto a
Nickel (Ni) Sepharose 6 Fast Flow column (1 ml) (GE
Healthcare Bio-sciences, Uppsala, Sweden) following the
manufacturer’s manual.
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Effect of temperature and pH on purified recombinant
p-xylosidase activity

To determine optimal temperature of purified recombinant
f-xylosidase, activity determinations were conducted using
65-ng aliquots of purified enzyme and incubating at
30-80°C. Activation energy (Ea) of recombinant f-xylos-
idase was calculated following an Arrhenius-type behavior
by plotting In (activity) vs (absolute temperature, K)~',
in the range of 30° to 60°C. The slope of this plot indicates
(-Ea R™"), where R is the universal gas constant. Optimal
pH was determined using same protein aliquots of the
enzyme in same total reaction volume, and activity was
measured using acetate buffer (50 mM) for pH values
3.6-5.0; 50 mM phosphate buffer was used for pH values
6.0-8.0. Experiments were conducted for three replicates.

Temperature and pH stability of the purified
recombinant f-xylosidase

Aliquots (65 ng) of purified recombinant f-xylosidase were
preincubated in the range of 50° to 70°C for 5, 60, and
120 min using an AccuBlock dry bath (Labnet, Edison, NJ,
USA). After cooling at 4°C, xylosidase activity was assayed.
The recombinant enzyme half-life was calculated by linear
regression analysis of specific activity at desired temperature
against time. The effect of pH on the purified recombinant
enzyme stability was studied by incubating in 50 mM acetate
buffer (pH 4.0, 5.0) and 50 mM phosphate buffer (pH 6.0), at
10 £ 2°Cfor2 and 24 h, followed by activity determination.
Experiments were conducted for three replicates.

Effect of metal ions and chemical reagents
on recombinant -xylosidase activity

The effects of several metal ion salts and chemicals on the
recombinant purified f-xylosidase were tested by measur-
ing enzyme activity in the presence of individual com-
pounds at a final concentration of 10 mM. These chemicals
have been shown to affect xylanolytic activity [6, 8], and
those used were CuSO,; 5H,0, LiCl, ZnCl,, Na,EDTA,
SDS, dithiothreitol (DTT), and f-mercaptoethanol. After
preincubating for 10 min at room temperature (26 £ 2°C),
the residual enzyme activities were expressed as the per-
centage of enzyme activity without added chemical.

Results and discussion

Molecular identification of A. niger GS1 and x/nD gene

Aspergillus niger GS1 was isolated from copra paste. A
pure culture was obtained by single streaking on PDA and
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morphologically identified by microscopic visualization of
its reproductive structures and main characteristics [23].
This native Mexican fungal strain was genetically identi-
fied by sequencing the 26S rRNA gene. Sequence of this
gene has been extensively used to establish phylogenetic
and systematic relationships within fungi [13]. A partial
sequence of 552 bp was obtained and submitted to the
NCBI database, with accession No. GU395669. Blast
analysis against NCBI genome database showed 100%
similarity with A. niger CBS 513.88 clone An03
(NT_166520.1). In addition, using the nucleotide collec-
tion, a 99% identity was found for partial sequence of 26S
RNA genes of A. niger VTCC:F021 (GQ382274.1), and A.
niger VICC:CF128 26 S (GQ382273.1). Thus, from both
morphological and molecular analysis, we conclude that
the isolated strain was A. niger. A single amplification band
was obtained from PCR products with an approximate size
of 2,433 bp when primers JilR and JilF were used (data not
shown). PCR product was inserted into pGEM-T vector,
and positive clones identified by sequencing showed up to
99% homology with A. niger CBS 513.88 xylosidase
(xInD) (XM_0013819379) partial messenger RNA
(mRNA). Our sequence corresponded to a complete
structural gene coding for ff-xylosidase, plus a six histidine
tag before the stop codon, which was submitted to NCBI
database, obtaining accession number GU585573. In
addition, our findings are in agreement with La Grange
et al. [10], who reported that S-xylosidase in A. niger is
coded by x/nD, containing an open reading frame of 2,412
nucleotides, which encodes a theoretical protein of 804
amino acids (85 kDa).

Expression of f-xylosidase gene from the gpdA
promoter

To avoid catabolic repression exerted by glucose over xinD
expression, we expressed the f-xylosidase from A. niger
GS1 into pANS52-1 under the control of the strong consti-
tutive A. nidulans glyceraldehyde-3-phosphate dehydro-
genase (gpdA) promoter and frpC terminator. The gpdA
promoter is expressed efficiently in A. niger strains [7, 17].
The construction of pANIJil included a DNA sequence
encoding the first 26 amino acids of the x/nD signal peptide
(ALA-QA), according to Bendtsen et al. [3]. The pANIJil
was introduced into A. niger AB4.1 strain by cotransfor-
mation with the plasmid pAB4.1, which contains the
A. nidulans pyrG gene encoding orotidine 5'-phosphate
carboxylase. Preliminary analysis of Pyr" regenerants from
these cotransformations identified up to 200 transformants.
From those transformants, 15 were streaked twice on
minimal plates and then screened for f-xylosidase activity
on minimal liquid media under glucose-rich conditions
(20 g 17" that repress xinD synthesis in the wild-type

Fig. 1 Agarose gel (1% w/v) visualization of polymerase chain
reaction (PCR) products amplified with JilF and JilR primers using
cotransformed genomic DNA of Aspergillus niger gpd-Jil-1 as
template. Lanes: M, 1 kb DNA ladder (Promega); / amplicon from
gpd-Jil-1 wusing primers Jil-F and Jil-R; 2 PCR from single
transformant using primers Jil-F and Jil-R

strain. Two strains (gpd-Jil-1, -2) that were morphologi-
cally stable showed f-xylosidase activity and were cultured
for genomic DNA isolation, which was analyzed by PCR
using JilF and JilR primers. One strain, designated gpd-Jil-
1, showed a single-band amplification pattern of about
2,433 bp (Fig. 1), corresponding to the reported x/nD open-
reading frame in A. niger (AN Z84377); on the other hand,
no band pattern was found in the control strain (pAB4.1
single transformant). From 13 selected possibly cotrans-
formed strains, only two showed this sequence upon PCR
amplification using the above-mentioned primers. Thus, it
is possible that the recipient strain had a sequence variant
for this gene, as previously shown [19]. However, added
His-tag plus BamH]1 site sequence (29 bp) is not naturally
occurring and therefore would not be amplified under the
stringent conditions used in this study unless there were
fully cotransformed cells.

Purification of the recombinant f-xylosidase
Preliminary experiments showed that A. niger GS1 pro-

duced a complex of hemicellulolytic enzymes (mannanase,
cellulose, xylosidase) after solid-state fermentation. These

@ Springer
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Fig. 2 Relative (i.e., ratio of actual to maximum) f-xylosidase
specific activity (filled circles) and protein concentration (open
triangles) in fermentation broth by growing Aspergillus niger gpd-Jil-
1 in glucose-rich medium. Each data point represents the mean of
three independent experiments + standard deviation

results indicate that hemicellulolytic enzyme expression is
subject to induction and carbon catabolic repression,
according to substrate composition used for fermentation
(data not shown). Therefore, the choice of an appropriate
system to constitutively provide hemicellulolytic free
f-xylosidase activity without being affected by catabolic
repression is of importance for processes such as modified
xylooligosaccharides production. Growth of our cotrans-
formed strain in glucose-rich medium produced steadily
increased f-xylosidase activity up to 24 h but showed a
strong decrease after 48 h and remained constant up to the
end of fermentation time (96 h) (Fig. 2). This behavior
may be due to the presence of proteases (data not shown),
despite the fact that protein content kept increasing during
fermentation (Fig. 2). Furthermore, small pf-xylosidase
activity that might be associated with the cell wall was
found from acetate buffer (50 mM, pH 3.6) extracts of
crushed mycelia (832 U mg protein~'). Enzyme activity
was not detected in any of the PyrG™ transformants. This is
in agreement with the behavior reported for other recom-
binant f-xylosidases [19].

The transformant A. niger gpd-Jil-1 produced one
recombinant f-xylosidase, and from culture supernatant it
was purified 31.6-fold through the Ni-affinity chromatogra-
phy column, with 9% activity recovery. Purified f-xylosi-
dase showed a specific activity of 2,094 U mg protein~" at
50°C and pH 4, and showed no endo-f-xylanase or cellulase
activities when tested with xylan or carboxy-methylcellulose
(CMC) as substrates, respectively. SDS-PAGE showed a
protein band with an apparent molecular weight of 90 kDa
(Fig. 3), which was the only one showing f-xylosidase
activity after testing each band.

The purified -xylosidase showed a size similar to those
reported for other Aspergillus spp. (62—-122 kDa) [9, 30]. A
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Fig. 3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) of purified ff-xylosidase from Aspergillus niger gpd-Jil-
1. Lanes: M, molecular weight markers: rabbit muscle phosphorylase
b (97 kDa), bovine serum albumin (66 kDa), chicken egg white
ovalbumin (45 kDa), bovine erythrocyte carbonic anhydrase (30 kDa)
(GE Healthcare); 1 purified recombinant f-xylosidase; 2 culture
supernatant proteins

wide range of purified f[-xylosidase activity have been
reported for Aspergillus spp., with the highest, isolated
from tannins, showed 55,800 U mg proteinf1 [18], which is
27 times more active than that obtained in this study (assay
as depicted in section “Protein and f-xylosidase activity”).
Other authors have reported lower activities, such as
360 U mg protein~' [12], for a xylosidase isolated from a
thermotolerant A. fumigatus. On the other hand, a xylosi-
dase from A. japonicus showed 112 U mg protein~' [30],
whereas its recombinant counterpart showed only
18.7 U mg protein~', which is 112 times lower than the
activity found in our study.

Effect of temperature on activity and stability
of recombinant f-xylosidase

The temperature for maximum activity of the recombinant
p-xylosidase was 70°C, whereas at 50° and 60°C, the
enzyme exhibited 57.5% and 93.6% of maximum activity,
respectively (Fig. 4.). These results are in agreement with
those previously reported, indicating the thermally stable
nature of A. niger XInD [18, 26]. It was evident that the
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Fig. 4 Effect of temperature on activity of recombinant f-xylosidase.
The ordinate represents relative activity that is the ratio of the activity
to the activity found at optimal temperature (70°C, 3,272 U mg
protein~") expressed as percentage. Each data point represents the
mean of three independent experiments + standard deviation
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Fig. 5 Thermostability of recombinant f-xylosidase at 50°C (filled
square), 60°C (open square), and 70°C (gray shaded square). The
ordinate represents relative activity that is the ratio of the activity to
the initial activity (1,883 U mg protein™") expressed as percentage.
Each data point represents the mean of three independent experi-
ments =+ standard deviation

expression system used in this work was successful in
retaining protein thermal stability.

Thermostability studies showed that the purified enzyme
was stable at 50°C for 2 h, whereas a relatively long
enzyme half-life (74 min) was observed at 70°C (Fig. 5).
After incubation at 80°C for 10 min, purified xylosidase
showed activity slightly lower than that of the enzyme
heated at 50°C for same time (Fig. 4). This property may
be useful in applications where high temperatures are
required for short time, e.g., extrusion processes.

Optimal temperature of a purified f-xylosidase from
A. phoenicis was 75°C [24], in agreement with our results.

However, thermal stability was smaller than that shown by
our recombinant enzyme because residual activity after 1 h
at 65°, 70°, and 75°C significantly decreased (<30%, 25%,
and 0%, respectively). On the other hand, recombinant
p-xylosidase from A. niger showed 80% remaining activity
after incubating at 55°C for 2 h. However, thermal stability
was lower than that of our recombinant enzyme because
60% activity reduction was found by incubating at 60°C for
20 min, and after 2 h, activity decreased to <10% [10].
Only a few A. niger p-xylosidases are reported to be active
and stable at high temperatures [18, 26], whereas similar
findings are reported for A. phoenicis, which retained 100%
activity after 4 h at 60°C [20].

Following Arrhenius type behavior, a determination
coefficient (r2) of 0.97 was obtained, and from the slope, the
activation energy was 58.9 kJ mol . This value is similar to
that reported for a f-xylosidase from Thermoanaerobacter
ethanolicus, which was 69 kJ mol~". Prediction electronic
tools for O-linked f-N-acetylglucosamine (O-GINAc) and
O-f-GIcNAc attachment sites in eukaryotic protein
sequences, OGPET v. 1.0 (http//www.ogpet.utep.edu/ogpet/
index.php), and YinOYang v. 1.2 (http//www.cbs.dtu.dk/
services/YinOYang) respectively, using f-xylosidase amino
acid sequence analysis showed 14 potential glycosylation
sites. The carbohydrate moiety of f-xylosidase from most
Aspergillus spp. has been estimated to be between 10% and
47%, which promotes further enzyme stability under dena-
turing conditions without affecting catalytic activity [9].

Effect of pH on activity and stability of recombinant
p-xylosidase

The pH of maximum activity of purified recombinant
p-xylosidase was around 3.6 (Fig. 6). Activity decreased to
85.6, 74.9, and 44.4% of the optimum at pH values 4.0, 5.0,
and 6.0, respectively. This is in contrast with the results
found for f-xylosidase from A. niger IBT-3250, where
activity was similar in the range 3.0-5.0 [18]. The optimum
pH value was similar to that found for a -xylosidase from
A. pulverulentus (2.5-3.5), which shows a versatile feature
in these strains, as the majority of other Aspergillus spp.
produce f-xylosidases with optimal pH between 4.0 and
6.0 [5]. Using the optimum pH (3.6) and temperature
(70°C), the recombinant f-xylosidase activity was found to
be as high as 4,280 U mg protein™ .

Results of stability of purified f-xylosidase toward pH
indicate that it was fairly stable after 2 h incubation at pH
values of 4.0 and 5.0 (Fig. 7). Nevertheless, the activity
slightly decreased at pH 6.0 (58.4% of its initial activity).
After 24 h of recombinant enzyme incubation at 10 £ 2°C,
the lowest relative activity was 52.1% at pH 6.0 (Fig. 7). On
the other hand, a f-xylosidase from A. phoenicis was stable
over the pH range 4.0-6.0 for 7 h at room temperature [24].
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120 Table 1 Residual activity of recombinant f-xylosidase after incu-
bating for 10 min at 28°C with different additives (10 mM each)
100 -
Added chemical Residual activity (%)
&3 %0 1 No additive 100*
;é‘ 6 | Cu 58.5 + 11°
E Li 713 + 3.3
[+
Zz 40 Zn 107 + 14
S EDTA 853+ 9.7
20 A
SDS 853 £ 11
0 A DTT 913 £ 11
f-mercaptoethanol 83.8 £ 8.5
3 4 5 6 7 8 9 Cu copper, Li lithium, Zn zinc, EDTA ethylenediaminetetraacetate,

pH

Fig. 6 Effect of pH on recombinant f-xylosidase activity. Acetate
buffer (50 mM) was used for pH 3.6, 4.0, and 5.0; 50 mM phosphate
buffer was used for pH 6.0, 7.0, and 8.0. The ordinate represents
relative activity that is the ratio of the activity to the activity found at
optimal pH (2,694 U mg protein™') expressed as percentage. Each
data point represents the mean of three independent experi-
ments + standard deviation
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Fig. 7 Effect of pH on recombinant f-xylosidase stability. The
enzyme was incubated at 10°C for 2 h and 24 h. Acetate buffer
(50 mM) was used for pH 4.0 (filled square) and pH 5.0 (open
square), whereas 50 mM phosphate buffer was used for pH 6.0 (gray
shaded). The ordinate represents relative activity that is the ratio of
the activity to initial activity (2,137 U mg protein~"). Each data point
represents the mean of three independent experiments + standard
deviation

In addition, a recombinant f-xylosidase from A. japonicus
retained >90% of its original activity between pH 2.0 and
7.0 when incubating at room temperature for 3 h [30].

Effect of metal ions and chemicals on recombinant
f-xylosidase activity

Effects of various metallic ions and other reagents on the
activity of purified f-xylosidase were investigated. As

@ Springer

SDS sodium dodecyl sulfate, DTT dithiothreitol
1

* 100% residual activity corresponded to 2,194 U mg protein™ .
Values represent mean of three independent experiments

® Unstable solution, showing small precipitate

shown in Table 1, activity was dramatically inhibited
(58.5% and 72.5% of residual activity) by Cu®" and Li*. A
slight inhibition (around 83%) was observed in the pres-
ence of EDTA, SDS, and f-mercaptoethanol, whereas
residual activity was 91.3% in the presence of DTT.
p-xylosidases from Emericella nidulans and A. nidulans
showed some resistance to SDS but high sensitivity to
Cu" [8]. The author of that study also reported a stimu-
lating effect on residual activity when EDTA, DTT, and
Zn*" where added, which is in contrast to the behavior
reported here. An effect similar to the one found here was
noted by Rizzati [24], who used a purified f-xylosidase
from A. phoenicis, when Cu2+, EDTA, and p-mercap-
toethanol were added, but an opposite effect was observed
on activity when Zn** was added.

Retention of main activity by f-xylosidase (>83%) in
the presence of reducing agents, detergents, and some salts,
such as DTT, B-mercaptoethanol, SDS, EDTA, and Zn*
show another remarkable feature of this enzyme, which
represents an advantage in industrial applications where the
presence of these compounds is unavoidable.

Conclusion

This work successfully obtained hemicellulolytic-free
xylosidase when growing A. niger gpd-Jil-1 using a single
carbon source. Recombinant f-xylosidase produced by
A. niger gpd-Jil-1 exhibited significant activity at high
temperatures, in acid media, and in the presence of reducing
agents. It is thus likely to have good potential in animal
feed, enzymatic synthesis, and the fruit-juice industry.
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V. Resumen en extenso y articulo original del segundo articulo publicado

Expresion homologa de una endo--1 ,4-D-xilanasa mediante fermentacion sumergida

y sélida

Amaro-Reyes, A, Garcia Almendarez, BE, Vazquez Mandujano, DG, Amaya-Llano, S,
Castafio-Tostado, E, Guevara-Gonzalez, RG, Loera, O, Regalado, C.

Vol. 10 (10), 2011 Marzo 7 - African Journal of Biotechnology; 1760-1767. ISSN 1684—
5315.

La hemicelulosa es la segunda fuente de carbono organico renovable en la Tierra
con un alto potencial para la recuperacion de los productos finales (Park y Cho, 2010). El
xilano constituye el principal componente de la hemicelulosa, mientras que la endo-p-1,4-
D-xilanasa (EC 3.2.1.8) y exo-B-xilosidasa (EC 3.2.1.37) cataliza la hidrolisis del xilano
(Polizeli et al., 2011). Actualmente existe un creciente interés en la obtencion de enzimas
xilanoliticas mediante procesos de bajo costo y alto rendimiento para aplicaciones
industriales, tales como productos farmacéuticos, bioconversion de residuos
agroindustriales, produccién de xilo-oligosacéridos prebidticos, entre otros (Dhiman et al.,
2008; Antoine et al, 2010). Entre las tecnologias existentes, la fermentacion en estado
solido (SSF) proporciona una técnica adecuada que requiere tanto de baja inversion de
capital como de bajo suministro de energia asi como también disminuye la produccion de
aguas residuales, en comparacion con la fermentacion sumergida clasica (SmF) (de Castro
et al., 2010). Muchos materiales inertes han sido reportados como soportes, facilitando
estudios detallados y reproducibles, tales como perlita y resinas poliméricas (Gamarra et
al., 2010), espuma o fibra de poliuretano (Montiel-Gonzalez et al., 2004) y poliestireno
(Gautam et al., 2002). Los hongos filamentosos son potenciales productores de enzimas
mas atractivos que las bacterias, ya que estos microorganismos secretan niveles mas altos
de enzimas en el medio de cultivo (Palaniswamy et al., 2008). Aspergillus niger se usa

comunmente en SSF con soportes inertes (Rana y Bhat, 2005) para obtener proteinas
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recombinantes funcionales mas estables. El objetivo de este trabajo fue comparar la
expresion homologa de una endo-p-1,4-D-xilanasa fangica en SSF y SmF.

Aspergillus niger GS1 (N °© GU395669 NCBI) fue utilizado como fuente de xilanasa
(UAQ, Querétaro, Mexico). La conserva de esporas aisladas de A. niger GS1 y los cultivos
frescos fueron obtenidos como lo describié Regalado et al. (2000). Para la propagacion de
los vectores se utilizaron células de Escherichia coli IM109 (Promega) cultivandose a 37°C
en medio Luria-Bertani suplementado con 100 ml g* ampicilina (Ausubel et al., 2002). Los
vectores utilizados fueron el plasmido pGEM-T (Promega) como vector de clonacion vy el
pAN52.1 se utilizo para construir el vector de expresion constitutiva pANXyl bajo control
del promotor gpdA y terminador trpC (ambos de A. nidulans) separados por sitios BamHI y
Ncol. La cepa de A. niger AB4.1 (pyrG") se utilizo6 para la expresion homologos del gen de
xilanasa (xyn5) (van Hartingsveldt et al., 1978). EI marcador de seleccién utilizado fue el
vector pAB4.1 (pyrG) (van Hartingsveldt et al., 1978). Estos dos altimos vectores fueron
proporcionados por el Dr. Punt (TNO, Holanda).

Se empled micelio de A. niger GS1 crecido en cajas con medio PDA para la
extraccion y el aislamiento de ADN gendémico (QDNA) mediante el protocolo de CTAB
(Ausubel et al., 2002). El gen de la endo-xilanasa fue amplificado por PCR utilizando
gDNA como plantilla. Los cebadores fueron disefiados utilizando secuencias reportadas en
la base de datos del NCBI para genes de endo-f3-1,4-D-xilanasa (ANU39784) en A. niger:
XynF (delantero) 5- CCATGGATGAAGGTCACTGCGGC -3, XynR (reverso) 5'-
GGATCCTTAGTGGTGATGGTGATGATGAAGATATCGTGACAC-3'. Las bases que

codifican para una etiqueta de seis histidinas se muestran subrayadas y las secuencias que

codifican los sitios de restriccion (Ncol y BamHI para cebador delantero y reverso,
respectivamente) estan en cursiva. EI ADN amplificado se ligd en el vector pGEM-T
(Promega) y se envia para la secuenciacion (MCLab, San Francisco, CA, EE.UU.).
Después de la confirmacion de secuencia, el marco de lectura abierta de ADN fue clonado
en pAN52.1 (sitios de clonacion: Ncol y BamHI), para obtener el vector de expresion
PANXyI.

La co-transformacion de A. niger AB4.1 se llevé a cabo con algunas modificaciones

del protocolo descrito anteriormente por (Sanchez y Aguirre, 1996) para A. nidulans. Todas
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las temperaturas de incubacion se realizaron a 30°C, mientras que el medio de cultivo fue el
caldo de papa dextrosa (Difco) suplementado con uridina (2.5 g I™"). Dos microgramos de
ADN total (pANXyl méas pAB4.1 en proporcion volumen 3:1) se afiadieron a 50 pl de
suspension de esporas. Esta mezcla se aplicd un pulso eléctrico de 7 kV cm™ utilizando un
MicroPulser (Bio-Rad) con una duracion aproximada de 4.3 ms. Las esporas (100 ul placa’
1) se extendieron sobre agar minimo con sorbitol que contiene: (g I™): glucosa, 10; sorbitol,
218.64; NaNOs, 6; KCI, 0.52, KH,PO,4, 1.52; agar, 15; oligoelementos: ZnSO4+7H,0,
0.022; H3BO3, 0.011; MnCl,*4H,0, 0.005; FeSO4*7H,0, 0.005; CoCl,*6H,0, 0.0017;
CuSQO4+5H,0, 0.0016; Na;Mo0O4*H,0, 0.0015; Na,EDTA, 0.05. Las placas se incubaron a
30°C, durante 48 h. La estabilidad de las transformantes prototrofas a uridina se ensayo
mediante su resiembra en placa. Ademas, se realizd el ensayo previo sin vector de
expresion para tener una cepa control un control tnicamente transformada con el gen pyrG.

Las cepas co-transformantes se sembraron en agar minimo (sin sorbitol) y se
incubaron durante 8 d a 30°C. Hasta 20 clones individuales se inocularon (2 x 10° esporas
ml™) en 50 ml de medio minimo y se revisaron diariamente para la actividad xilanasa
durante 4 d.

La SmF se llevé a cabo en tubos de 50 ml inoculando 1.46 x 10" esporas ml™ en 10
ml de medio rico en glucosa (g I™"): glucosa, 50, extracto de levadura, 0.5; NaNOs, 7.5,
(NH,4)2SOy4, 1.5, KCI, 8.67; MgSO,4+7H,0, 8.67 y elementos traza. La mezcla se incub6 a
30°C en un agitador orbital (MRC) a 200 rpm hasta por 65 h. Para la SSF se utilizé fibra de
poliuretano comercial (PF) lavada con agua hirviendo y secada en horno durante 24 h
(WTC Binder) a 70°C. Diez ml de medio rico en glucosa inoculado con 1.46 x 10’ esporas
ml™ se afiadieron en matraces conteniendo 1 g de PF estéril y finalmente se incubaron a

30°C con agitacién de 250 rpm hasta por 65 h.

La biomasa y los extractos enzimaticos del caldo de fermentacion obtenido por SmF
y SSF, etiquetados como extracto de xilanasa (XE), se obtuvieron mediante filtracion a
través de papel filtro N ° 4 (Whatman) y membrana de 0.45 um (Millipore). La biomasa se
determiné como la diferencia entre los pesos inicial y final después del secado hasta peso
constante a 70°C. El contenido de proteina soluble se determind segun Bradford (1976)

usando albumina sérica bovina como estandar. La actividad de endo-B-1,4-D-xilanasa se
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determiné empleando 5 g I* de xilano de avena como sustrato disuelto en 50 mM de
tampdn acetato pH 5.5. La mezcla de reaccidon contenia 100 pl de solucion de la enzima,
400 pl de sustrato y fue incubada a 50°C durante 10 min seguido por la inmersion en agua
helada. Se cuantificaron los azlcares reductores liberados de acuerdo con Miller (1959)
utilizando una curva estandar xilosa. Una unidad de actividad (U) se define como la
cantidad de enzima que libera 1 pmol de equivalentes de xilosa min™ a 50°C. La actividad
especifica (U mg de proteina™) se obtuvo dividiendo el producto de la actividad
volumétrica multiplicada por el contenido de proteina soluble con el tiempo de
fermentacion.

El perfil de proteina soluble se determind mediante geles desnaturalizantes de
poliacrilamida (SDS-PAGE) al 12% (p/v) segun Laemmli (1970), y las bandas de proteinas
fueron tefiidas con Coomassie Brilliant Blue R-250 (Ausubel et al., 2002). La actividad de
endo-xilanasa fue detectada en el gel después de la electroforesis, cortando las bandas.

Para purificar la Xyn5 recombinante, la co-transformante de A. niger se cultivd en
SSF con medio rico en glucosa. EI XE obtenido de 600 ml de medio de cultivo después de
30 h de fermentacion se concentré con una unidad de filtracion YM-10 Centricon
(Millipore). La enzima concentrada se carg6 en una columna de cromatografia de DEAE-
celulosa (1.5 x 25 c¢cm) equilibrada y eluida con 50 mM de tampdn acetato pH 4.4. Las
proteinas ligadas fueron liberadas mediante un gradiente lineal del mismo tampén de
elucion méas 1 M de NaCl. Se colectaron fracciones de un ml las cuales fueron analizadas
mediante su absorbancia a 280 nm y su actividad de endo-xilanasa. Las fracciones activas
fueron agrupadas, concentradas y luego fueron cargadas en una columna Ni Sepharose 6
Fast Flow de 1 ml (GE Healtcare) de acuerdo al manual del fabricante.

Para determinar la temperatura 6ptima de la xilanasa se llevaron a cabo las
determinaciones de la actividad a diferentes temperaturas de incubacion (30-80°C)
utilizando alicuotas de 1 pg de Xyn5 recombinante purificada. EI pH optimo la enzima se
determind con alicuotas y volumen de reaccion similares a la de temperatura 6ptima usando
tampon acetato 50 mM de pH 3.6 hasta 5.0, tampo6n fosfato 50 mM de pH 6.0 a 8.0, y
tampon glicina 50 mM a pH 9.0. Todos los experimentos se realizaron con tres

repeticiones.
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Se obtuvo una Unica banda de amplificacién de los productos de PCR con un
tamaro aproximado de 666 pb usando los cebadores XynR y XynF (datos no presentados).
El producto de PCR se insertd en el vector pGEM-T y los clones positivos fueron
identificados por su secuencia. Esta secuencia insertada muestra hasta el 99% de homologia
con la secuencia de completa ARNm de codificacion para una xilanasa (xyn5) de A. niger
ATCC 90196 (U39784). Nuestra secuencia correspondio a un gen estructural completo que
codifica para la endo-p-1,4-D-xilanasa, ademas de una etiqueta de seis residuos de histidina
en el extremo carboxilo para facilitar su purificacion. Esta secuencia obtenida quedo
registrada en la base de datos del NCBI con el nimero de acceso GU585574. El analisis del
marco de lectura abierto (654 pb) realizado usando el software ProtParam (Gasteiger et al.,
2005) indicé que codifica para un polipéptido de 217 aminoacidos con un peso molecular
de 23.6 kDa con pl de 5.47. La construccion del pANXyl contenia una secuencia de
codificacion de 16 aminoacidos del péptido sefial propio de Xyn5 (AFA-AP) de acuerdo
con Bendsten et al. (2004).

Aproximadamente  trescientos  co-transformantes  fueron identificados
como regenerantes PyrG* con los plasmidos pAB4.1 y pANXyl, de los cuales cincuenta
fueron sembrados dos veces en placas de medio minimo y luego se ensay6é su actividad de
endo-xilanasa. Cinco cepas morfoldgicamente estables mostraron actividad de endo-
xilanasa y aquella que mostré una actividad ligeramente superior a olas deméas (nombrada
gpd-Xyl-1) fue elegida para los siguientes estudios. La expresién de proteinas
recombinantes mediada por el promotor gpdA que permite la expresion de proteinas
recombinantes utilizando glucosa como fuente de carbono ya ha sido reportada (Pachlinger
et al, 2005; Kainz et al, 2008).

En la Figura 1a se muestran los perfiles de produccion de biomasa de A. niger gpd-
Xyl-1 utilizando SmF y SSF. Las curvas de crecimiento mostraron un aumento constante
hasta un valor maximo después de 41 h tanto para SSF (30.3 g de biomasa seca 1™) como
para SmF (15.8 g de biomasa seca I™). Este comportamiento, con la ausencia aparente de
una fase de adaptacion puede atribuirse a la utilizacion de una fuente de carbono facilmente

asimilable (glucosa). Después de las 41 h la biomasa no mostr6 cambios significativos (p
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<0.05) para ambos sistemas de cultivo, probablemente asociado al agotamiento de algunos
nutrientes y/o la falta de espacio para el crecimiento. En la Figura 1 (b y c), se muestran los
perfiles de los titulos extracelulares de proteina soluble y la actividad especifica de endo-
xilanasa respectivamente, obtenidos durante el crecimiento de A. niger gpd-Xyl-1 en SSF y
SmF.

El crecimiento de esta cepa co-transformada en un medio rico en glucosa produjo un
aumentado constante en la actividad de endo-xilanasa hasta las 28 h y 41 h para la SSF y
SmF, respectivamente. Despues de esos tiempos, ambos sistemas de fermentacion
mostraron una fuerte disminucion en la actividad especifica hasta el final del cultivo (65 h)
(Fig. 1c). Este comportamiento se debe probablemente a la liberacion de proteasas (datos
no mostrados) ya que el contenido de proteina se mantuvo en aumento durante el tiempo de
fermentacion hasta las 50 h (fig. 1b). Este aumento en la concentracion de proteinas a
través del tiempo de fermentacion se observo también por SDS-PAGE (Fig. 2, carriles 2y 4
contra 3 'y 5). En el sistema SSF, se observd un méximo nivel de actividad endo-xilanasa
(123.2 U mg de proteina™) después de 28 h, mientras que la mayor actividad en SmF (50.4
U mg de proteina™) se observé después de 41 h de fermentacion (Fig. 1c). La actividad de
endo-xilanasa no se detecté en ninguna de las cepas control. Adicionalmente, nuestros
resultados concuerdan con Oda et al. (2006), quienes informaron de que A. oryzae secreta
de 4.0 a 6.4 veces mas proteina por mg de micelio a 32 h y 40 h en SSF, en comparacion
con la SmF. Un problema cominmente citado sobre la expresion de proteinas heterdlogas
en hongos son las proteasas del hospedero (Gasser y Mattanovich, 2007), asi como la
morfologia celular y el medio ambiente del biorreactor (Talabardon y Yang, 2007). El
genoma de A. niger codifica para 198 proteinas involucradas en la degradacion proteolitica
incluyendo  aspartil  endoproteasas, serina  carboxipeptidasas, di- 'y tri-
peptidilaminopeptidasas (Pel et al., 2007). Las proteasas extracelulares aumentan de forma
considerable cuando el crecimiento de la célula entra en la fase estacionaria (Talabardon y
Yang, 2007). Este efecto se puede correlacionar con los datos de la Figura 1 (a-c), donde la
concentracion de proteinas va en aumento y cuando la biomasa llega a la fase estacionaria
disminuye la actividad especifica. Lu et al. (2010) reportaron que el cultivo con agitacion
de A. niger con xilosa y maltosa como fuente de carbono son menos favorables para la

produccién de proteinas recombinantes, porque las chaperonas y foldasas del reticulo
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endoplasmico se encuentran presentes en cantidades mas bajas, mientras que las proteasas
vacuolares se acumulan a niveles mas altos.

El pH inicial de la SSF con A. niger gpd-Xyl-1 fue de 6.5 disminuyendo a 5.5 a las
17 h de fermentacion, luego fue llegando a 5.8 después de 65 h. Para la SmF de la cepa
recombinante se observo una disminucion del pH 6.5 a 5.6 después de 17 h, terminando en
6.2 después de 65 h de fermentacion. Algunos reportes han demostrado que la produccion
de proteasas fungicas esta estrictamente regulada con el pH, alcanzando un méximo de
produccién a un pH de 5.5 (McKelvey y Murphy, 2010; Sarao et al., 2010). En el pico
méximo de titulos de enzima se estimé una productividad de 17.1 U I"* h* para SSF, y de
3.2 U I'* h! para SmF. Por lo tanto, la productividad en SSF fue 5.3 veces superior a la de
SmF probablemente asociada a que la cantidad de biomasa seca fue casi el doble. Estos
resultados también pueden ser explicados por un aumento en el nimero de puntas activas
de las hifas en crecimiento durante la SSF, que son mas porosas y proporcionan un paso
mas facil de las exoenzimas a traves de la pared celular (Wang et al., 2005). A. niger GS1
no fue capaz de crecer en SSF cuando la glucosa no estuvo presente en el medio, lo que
indica que la PF por si solo no aportdé ninguna fuente de carbono para mantener el
crecimiento. En general, los rendimientos de produccion enzimatica son mas altos en SSF
que en SmF (Ishida et al., 2006; Antoine et al., 2010). Esto podria estar relacionado con el
hecho de que en este sistema el hongo crece en condiciones similares a las que se
encuentran de forma natural (Dhiman et al., 2008). Diaz-Godinez et al. (2001) y te
Biesebeke et al. (2002) desarrollaron la hipdtesis de que los fendmenos de transferencia de
oxigeno, gradientes de concentracion de los sustratos, temperatura y contenido de agua en
soportes solidos, son factores fundamentales que explican las diferencias en la fisiologia

microbiana cuando se compara la SSF con SmF.

A. niger gpd-Xyl-1 produjo una endo-xilanasa extracelular, que con la
cromatografia de afinidad se purificd de 5.1 veces con recuperacion de la actividad del
35.7%. La endo-xilanasa purificada mostré actividad especifica de 522 U mg de proteina™
con un peso molecular aparente de 30 kDa (Fig. 2). La actividad de endo-xilanasa se
confirmd ensayandola en un fragmento aislado del gel que contiene esta banda Unica. Otras

endo-xilanasas de Aspergillus spp. han mostrado un tamafio similar (de 6 a 50 kDa, Polizeli
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et al. 2011) al de nuestra enzima purificada. A partir de Aspergillus spp. se han purificado
varias endo-xilanasas siendo de las més activas una inducida con salvado de trigo y xilano
(5,870 U mg de proteina™) (Krisana et al., 2005) que es 11 veces mé4s activa que la obtenida
en este reporte. Resultados similares a nuestro estudio fueron encontrados por Wakiyama et
al. (2010) quienes determinaron actividad especifica de 566 U mg de proteina™ para una
endo-B-1,4-xilanasa purificada de A. japonicus MU-2 cultivado en xilano de avena. Sin
embargo, se informé de una endo-xilanasa aislada de A. ficuum AF-98 crecido en SSF con
salvado y bagazo de trigo con aproximadamente la mitad de la actividad que se obtuvo aqui
(288.7 U mg de proteina™, Lu et al., 2008). Por otro lado, la xilanasa obtenida utilizando A.
carneus M34 en SmF suplementada con xilano de avena mostré 245.9 U mg de proteina™
(Fang et al., 2008). Ademas, Yang et al. (2010) purificaron y caracterizaron una xilanasa
extracelular de A. niger C3486 cultivado en SmF que mostré actividad de 123.4 U mg de
proteina™. En relacién con xilanasas recombinantes de Aspergillus, uno de los primeros
informes para la expresion heter6loga de genes xilanasa fungica fue el realizado por Luttig
et al. (1997) quienes consiguieron clonar los genes xyn4 y xyn5 de A. niger ATCC 90196
en Saccharomyces cerevisiae. Por otra parte, se logro la expresion heterdloga del gen de
xilanasa de A. niger F19 en P. pastoris mediante crecimiento en SmF con una alta actividad
de 3,330 U mg de proteina™ (Chen et al., 2010). Yi et al. (2010) reportaron la expresion
heter6loga de una XYNALy XYNB en E. coli BL21 que mostraron actividades especificas
de 16.58 U mg de proteina™ y 1,201.7 U mg de proteina™, respectivamente. Un gen de
endo-xilanasa de A. usamii EO01 fue expresado en E. coli BL21 y la enzima purificada
mostré 49.6 U mg de proteina™ (Zhou et al., 2008). El uso de una cepa de A. niger
BRFM281 proteasa-negativa permitid la expresion de xynB mediante SmF con actividad de
691 U mg de proteina™ (Levasseur et al., 2005), que es aproximadamente 1.3 veces mas

activa que la que presentamos.

La temperatura Optima para la actividad de la endo-xilanasa purificada fue de 50°C,
mientras que a 40°C y 60°C la enzima exhibi6é un 56.2% y 55.3% de actividad relativa,
respectivamente (Fig. 3a). ElI pH 6ptimo de la endo-xilanasa fue de 5.5 (Figura 3b). Se
observOo una actividad relativa de 49.7% y 21.6% a valores de pH de 50 y 7.1,

respectivamente. Estos resultados se encuentran dentro del rango de temperatura (40-70°C)
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y pH oOptimo (4.0-6.0) para endo-xilanasas reportadas de especies de Aspergillus (Dhiman
et al., 2008; Polizeli et al., 2011.).

Endo-xilanasas producidas por A. niger, A. niveus y A. ochraceus, usando SSF con
salvado de trigo y mazorca de maiz como sustrato mostraron una temperatura optima de
55°C, mientras que los valores éptimos de pH fueron 6.0, 5.0 y 5.5, respectivamente (Betini
et al.,, 2009). Una xilanasa recombinante reportada por Li et al. (2010) mostro valores
similares de actividad Optima, que fueron a 50°C y pH 5.0. Una XYNB recombinante
mostro actividad optima a 50°C que disminuyo rapidamente a 25% de la actividad inicial a
70°C. EIl pH o6ptimo de la actividad de esta proteina recombinante fue de 5.5 y sélo el 25%
del méximo se alcanz6 en pH inferior a 3.5 y por encima de 7.5 (Levasseur et al., 2005).
Este comportamiento es comparable a nuestra endo-xilanasa recombinante. Un perfil
similar se observo para una endo-xilanasa de A. niger BRFM281 expresada en E. coli. La
actividad éptima se encontré a un pH de 4.6 con retencion de la actividad del 50% en el
rango de pH 4.2-5.3, mientras que la temperatura 6ptima a pH 4.6 fue de 50°C (Zhou et al.,
2008).

Se concluye que el sistema de expresion empleado en este estudio, usando PF como
soporte inerte, es una alternativa adecuada para la produccion homologa de una endo-
xilanasa por medio de SSF en condiciones de expresion selectiva. Este sistema proporciona
mayor rendimiento de la enzima, menor riesgo de contaminacion y un proceso ecoldgico,
en comparacion con el sistema de SmF. Este enfoque podria utilizarse para expresar
proteinas individuales de familias de genes que se encuentran regulados coordinadamente.
Sin embargo, otros aspectos de la biotecnologia, como la optimizacion del disefio de
biorreactor, transferencia de calor y de masa, deben ser desarrollados para hacer de la SSF

una tecnologia viable para obtener productos de valor agregado a escala comercial.
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The xyn5 gene, which encodes an endo-$-1,4-xylanase (Xyn5), in Aspergillus niger GS1 was cloned into
an expression cassette under the control of constitutive glyceraldhehyde-3-phosphate dehydrogenase
gene promoter. The expression system was designed to produce the recombinant enzyme containing a
six-histidine peptide fused to the carboxyl end of the protein. The efficiency of Xyn5 production under
submerged (SmF) and solid-state (SSF) fermentation was investigated using the homologous co-
transformed A. niger AB4.1. A productivity of 17.1 U/(I-h) was estimated for SSF and 3.2 U/(I-h) for SmF
calculated at peak value of enzyme titers. Recombinant Xyn5 obtained by SSF on polyurethane fiber,
was purified 5.1-fold by anion exchange and immobilized metal affinity chromatography, with 35.7%
recovery. The purified recombinant enzyme showed an apparent molecular weight of 30 kDa and

optimal activity (522 U/mg protein) at pH 5.5 and 50°C.

Key words: Aspergillus niger GS1, xylanolytic activity, solid-state fermentation, homologue expression,

polyurethane fiber.

INTRODUCTION

Hemicellulose is the second source of renewable organic
carbon on earth, with a high potential for the recovery of
useful end products (Park and Cho, 2010). Xylan consti-
tutes the major component of hemicellulose, while endo-
1,4-B-D-xylanases (E.C. 3.2.1.8) and exo-B-xylosidases

*Corresponding autor. E-mail: carlosr@uaq.mx,
regcarlos@gmail.com. Tel: +52 442 1921307. Fax: +52 442
1921304.

Abbreviations: CTAB, Cetyl trimethylammonium bromide;
DEAE, diethyl aminoethyl; NCBI, National center of
biotechnology information; ORF, open reading frame; PCR,
polymerase chain reaction; PDA, potato dextrose agar; PF,
polyurethane fiber; SmF, submerged fermentation; SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis;
SSF, solid-state fermentation; XE, xylanase extract.

(E.C. 3.2.1.37) catalyze the hydrolysis of xylan (Polizeli et
al., 2011).

In order to obtain xylanolytic enzymes, there is a
growing interest in developing both high yield and low
cost processes for industrial applications, such as
pharmaceutical products, bioconversion of agro-industrial
residues, production of prebiotic xylo-oligosaccharides,
among others (Dhiman et al., 2008; Antoine et al., 2010).
In fact, xylanases are an important group of carbo-
hydrolases, with a worldwide market of around US $200
million per annum (Mullai et al., 2010). Therefore, the
search of strains showing generally recognized as safe
status, able to grow in low cost substrates to optimize
enzymes production is a highly relevant goal. Among
existing technologies, solid-state fermentation (SSF)
provides a suitable technique requiring low capital invest-
ment and energy supply, while a characteristic decrease
in wastewater output as compared with classical sub-



merged fermentation (SmF) (de Castro et al., 2010).
Additionally, SSF promotes a relatively low water activity
environment favoring growth of fungi inoculated into a
liquid medium impregnated in the solid substrate (Kapilan
and Arasaratnam, 2011). Many inert materials have been
reported for use in SSF, facilitating reproducible and
detailed studies, involving perlite and polymeric resins
(Gamarra et al., 2010), polyurethane foam or fiber
(Montiel-Gonzalez et al., 2004) and polystyrene (Gautam
et al., 2002).

Filamentous fungi are more attractive than bacteria as
potential enzyme producers since these microorganisms
secrete higher levels of enzymes into the culture medium
(Palaniswamy et al., 2008). Aspergillus niger is commo-
nly used in strategies of SSF using inert supports (Rana
and Bhat, 2005), to achieve functional and more stable
recombinant proteins. The aim of this work was to com-
pare the homologue expression of an endo-1,4-3-D-
xylanase under SSF and SmF using a fungal system.

MATERIALS AND METHODS
Materials

All chemicals were of analytical grade and were purchased from
Sigma (St. Louis, MO, USA), except those indicated.

Microorganisms and plasmid

A. niger GS1 (NCBI no. GU395669) was used as a source of
xylanase (UAQ, Querétaro, Mexico). A. niger GS1 was stored in
Tween 20 on silica gel at 4°C. Stock cultures were sub-cultured on
fresh sterile potato dextrose agar (PDA; Bioxon, Cuautitlan, Mexico)
plates and incubated for 72 to 120 h at 30°C. Escherichia coli
JM109 (Promega, Madison, WI, USA) was used for propagation of
vectors and was cultured in Luria-Bertani medium (Ausubel et al.,
2002) supplemented with 100 mg/I ampicillin at 37°C. The pGEM-T
plasmid (Promega) was used as the subcloning vector. A. niger
AB4.1 (pyrG) strain (van Hartingsveldt et al., 1987) was used for
homologous expression of xylanase (xyn5) gene. Vector pAN52.1
was used to construct the constitutive expression vector pANXyl.
This vector contains the constitutive gpdA promoter and the termi-
nator region of the trpC gene (both from Aspergillus nidulans) sepa-
rated by BamHI and Ncol sites. Vector pAB4.1 which contains the
A. nidulans pyrG gene (van Hartingsveldt et al., 1987) was used as
selection marker. Both vectors were kindly provided by Dr. Punt
(TNO, The Netherlands).

Molecular identification of A. niger GS1 endo-1,4-B-D-xylanase
gene

Mycelia from A. niger GS1 grown in PDA slants were employed for
genomic DNA (gDNA) extraction and isolation using the CTAB
protocol (Ausubel et al., 2002). The endo-xylanase gene was
amplified by PCR using gDNA as template. Primers were designed
using NCBI reported sequences for A. niger endo-1,4-B-D-xylanase
gene (ANU39784): XynF (forward) 5-CCATGGATGAAGGTCA
CTGCGGC-3°, XynR (reverse) 5-GGATCCTTAGTGGTGATG
GTGATGATGAAGATATCGTGACAC-3". Bases coding for Hise-tag
are shown underlined and those coding for restriction sites (Ncol
and BamH]I for forward and reverse primers , respectively) are in
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italics. The amplified DNA was ligated into pGEM-T (Promega)
vector and sent for sequencing (MCLab, San Francisco, CA, USA).
After sequence confirmation, the DNA open reading frame was
then, cloned into the expression vector pAN52.1 (cloning sites: Ncol
and BamH|), to obtain pANXyl expression vector.

Aspergillus AB4.1 transformation

A. niger AB4.1 co-transformation was accomplished as previously
reported (Sanchez and Aguirre, 1996) developed for A. nidulans,
with modifications. All incubation temperatures were performed at
30°C, while growing medium was potato dextrose broth (Difco)
supplemented with uridine (2.5 g/l). 2 pg total DNA (pANXyl
expression vector plus pAB4.1 vector in a 3:1 volume ratio) was
added to 50 pl of ice cold spore suspension. This mixture was
electroporated using a MicroPulser (Bio-Rad, Hercules, CA, USA),
adjusting voltage to 7 kV/cm and pulses lasting approximately 4.3
ms. Spores (100 pl/plate) were extended on sorbitol-containing
minimal agar (g/l): glucose, 10; sorbitol, 218.64; NaNOs, 6; KClI,
0.52, KH2POy4, 1.52; agar, 15; trace elements: ZnSO4+7H,0, 0.022;
HsBOs, 0.011; MnCl*4H,O, 0.005; FeSO47H.O, 0.005;
COClz'SHzO, 0.0017; CUSO4'5H20, 0.0016; NazMOO4'H20, 0.0015;
Na;EDTA, 0.05; without uridine. Spores were incubated at 30°C, for
48 h. Uridine prototrophy transformants stability was tested by
velvet-replica plating on minimal medium. In addition, a control was
transformed with the pyrG gene but without expression vector.

Screening and production of xylanase activity

Co-transformants were placed on minimal agar (without sorbitol)
and incubated for 8 days, at 30°C. To screen co-transformants, up
to 20 individual clones were inoculated (2x10°spores/ml) into 50 ml
minimal medium and checked daily for xylanase activity during 4
days.

Fermentation systems

SmF was carried out in 50 ml tubes, inoculating 1.46x10” spores/ml
in 10 ml glucose-rich medium (g/l): glucose, 50; yeast extract, 0.5;
NaNOQs, 7.5; (NH4)2SO4, 1.5; KCI, 8.67; MgSO.+7H.0, 8.67; trace
elements. The mixture was incubated at 30°C in an orbital shaker
(MRC, Hagavish, Holon, Israel) at 200 rpm, for up to 65 h. For SSF,
locally produced commercial polyurethane fiber (PF) was washed
with boiling water and oven dried for 24 h (WTC Binder, Tuttlingen,
Germany) at 70°C. Glucose-rich medium and 1 g of dry PF placed
in 250 ml flasks, were sterilized separately at 121°C for 15 min. 10
ml of medium inoculated with 1.46x10” spores/ml were added to
each flask, homogenized and incubated at 30°C using 250 rpm, for
up to 65 h.

Biomass and enzyme extracts

Fermentation broth from SmF was filtered through Whatman no. 4
filter (Maidstone, England). After SSF, extracts containing extra-
cellular xylanase were obtained by compressing PF in a Buchner
funnel lined with a Whatman no. 4 filter. Biomass was determined
as the difference between initial and final weights after drying to
constant weight at 70°C. Both filtrates were passed through a 0.45
um pore size membrane (Millipore, Billerica, MA, USA) to remove
any insoluble material and were labeled as xylanase extract (XE).

Protein and xylanase activity

Soluble protein content was determined according to Bradford
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(1976), using bovine serum albumin as standard. Endo-1,4-3-D-
xylanase activity was determined using 5 g/l oats spelt xylan as
substrate, dissolved in 50 mM acetate buffer, pH 5.5. The reaction
mixture contained 100 pl enzyme solution, 400 pl substrate and
was incubated at 50°C for 10 min, followed by immersion in ice cold
water. Released reducing sugars were quantified according to
Miller (1959), using a xylose standard curve. One activity unit (U)
was defined as the amount of enzyme that releases 1 pmol of
xylose equivalents/min at 50°C. Specific activity (U/mg protein) was
obtained dividing volumetric activity by soluble protein content.
Endo-xylanase productivity was calculated as the product of
specific activity multiplied by soluble protein content and dividing by
fermentation time.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

SDS-PAGE was carried out using 12% (w/v) polyacrylamide gels,
according to Laemmli (1970) and protein bands were stained with
Coomassie brilliant blue R-250 (Ausubel et al., 2002). Endo-
xylanase activity was detected in the gel after electrophoresis, by
cutting the bands.

Purification of the recombinant endo-1,4-3-D-xylanase

To purify the recombinant Xyn5, co-transformed A. niger was
cultivated on SSF in glucose-rich medium. XE from 600 ml culture
medium after 30 h fermentation was concentrated using a YM-10
Centricon filter unit (Millipore). Concentrated enzyme was applied
into a DEAE-cellulose chromatography column (1.5 x 25 cm)
equilibrated and eluted with 50 mM acetate buffer, pH 4.4, at a flow
rate of 15 ml/h. Bound proteins were released by using a linear
gradient of same elution buffer plus 1 M NaCl. 1 ml fractions were
collected and assayed for absorbance at 280 nm and endo-
xylanase activity. Active fractions were pooled, concentrated and
loaded onto a Ni Sepharose 6 fast flow column (1 ml) (GE
Healthcare, Uppsala, Sweden) following manufacturers manual.

Effect of temperature and pH on endo-1,4-B-D-xylanase activity

To determine optimal temperature of xylanase, activity determi-
nations were conducted using 1 pg aliquots of purified recombinant
Xyn5 and incubating at 30 to 80°C. Optimal pH was determined
using same protein aliquots and total reaction volume. Activity was
determined using 50 mM acetate buffer for pH values 3.6 to 5.0, 50
mM phosphate buffer for pH values 6.0 to 8.0 and 50 mM glycine
buffer for pH 9.0. All experiments were conducted using three
replicates.

RESULTS AND DISCUSSION

Molecular identification of endo-1,4-B-D-xylanase
gene from A. niger GS1

A single amplification band was obtained from PCR pro-
ducts with an approximate size of 666 bp when primers
XynR and XynF were used (data not shown). PCR
product was inserted into pGEM-T vector and positive
clones were identified by sequencing, showing up to 99%
homology with A. niger ATCC 90196 xylanase (xynb)
mRNA complete coding sequence (U39784). Our se-

quences corresponded to a complete structural gene
coding for endo-1,4-B-D-xylanase, plus a Hiss tag at the
carboxyl end for rapid purification. This sequence ob-
tained the NCBI database accession number GU585574.
The ORF (654 bp) was predicted to code for a
polypeptide of 217 amino acids with a molecular mass of
23.6 kDa and pl of 5.47 using ProtParam software
(Gasteiger et al., 2005). The construction pANXyl con-
tained a sequence coding for 16 amino acids of the own
xyn5 signal peptide (AFA-AP), according to Bendtsen et
al. (2004).

Expression of endo-1,4-B-D-xylanase gene from the
gpdA promoter

From Pyr" regenerants co-transformed with plasmid
pAB4.1 and pANXyl, up to three hundred transformants
were identified. Fifty of those transformants were strea-
ked twice on minimal plates and then, screened for endo-
xylanase activity by growing in glucose-rich medium that
represses Xyn5 synthesis in the wild-type strain. Five
morphologically stable strains showed endo-xylanase
activity and that showing slightly higher activity was
chosen for further studies (gpd-Xyl-1).

Expression of recombinant proteins mediated by gpodA
promoter has been reported (Pachlinger et al., 2005;
Kainz et al., 2008). This promoter also allows recom-
binant protein expression by using glucose as carbon
source instead of other inducing molecules such as
xylan.

Effect of fermentation system on biomass and endo-
1,4-B-D-xylanase production

Figure 1a shows biomass production profiles by A. niger
gpd-Xyl-1 either under SmF or SSF. Growth curves
showed a steady increase up to a maximum value after
41 h in SSF (30.3 g dry biomass/l) and in SmF (15.8 g
dry biomass/l). This behavior without apparent presence
of lag phase could be attributed to the use of the readily
available carbon source (glucose). After about 41 h
biomass did not show significant changes (p < 0.05) for
both culture systems, probably associated to the exhau-
stion of some nutrients and/or lack of growth space.
Figure 1b and c, shows the profiles of extracellular
soluble protein titers and endo-xylanase specific activity,
respectively, obtained during growth of co-transformant
A. niger gpd-Xyl-1 on SSF and SmF. Growth of this co-
transformed strain in glucose rich medium, produced
steadily increased endo-xylanase activity up to 28 and 41
h for SSF and SmF, respectively. After those times, both
fermentation systems showed a strong specific activity
decrease until the end of culture (65 h) (Figure 1c). This
behavior is probably due to the presence of increased
proteases release (data not shown), since protein content
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Figure 1. Growth profiles of A. niger gpd-Xyl-1 under SmF (o) and SSF (e). a) dry
biomass; b) extracellular soluble protein titers; c) endo-xylanase specific activity.
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Figure 2. SDS-PAGE of xylanolytic extracts from A. niger gpd-
Xyl-1 growth under different fermentation systems. Lanes: 1,
low molecular weight markers (GE Healthcare); lane 2,
extracellular proteins at 28 h of SSF; lane 3, extracellular
proteins at 41 h of SmF; lane 4, extracellular proteins at 41 h of
SSF; lane 5, extracellular proteins at 50 h of SmF; lane 6,
semi-purified endo-xylanase after DEAE-cellulose
chromatography; 7, purified endo-xylanase.

kept increasing during fermentation time up to 50 h
(Figure 1b). An increase in proteins concentration with
fermentation time was also noticed by SDS-PAGE
(Figure 2, lanes 2 and 4 versus 3 and 5). In the SSF
system, high level of endo-xylanase activity (123.2 U/mg
protein) was noticed after 28 h, while the highest activity
under SmF (50.4 U/mg protein) was observed after 41 h
of fermentation (Figure 1c). Endo-xylanase activity was
not detected in any of the PyrG" transformants. Addi-
tionally, our results are in agreement with Oda et al.
(2006) who reported that Aspergillus oryzae secreted 4.0-
to 6.4-fold more protein per mg mycelium at 32 and 40 h
under SSF when compared with SmF.

A commonly cited problem regarding expression of
heterologous proteins in fungi are host proteases (Gasser
and Mattanovich, 2007) as well as cell morphology and
bioreactor environment (Talabardon and Yang, 2007).
The A. niger genome encodes 198 proteins involved in
proteolytic degradation including a variety of secreted
aspartyl endoproteases, serine carboxypeptidases and
di- and tripeptidylaminopeptidases (Pel et al., 2007). The
extracellular proteases sharply increase when cell growth
enters the stationary phase (Talabardon and Yang,
2007). This effect may be correlated with data shown in
Figure 1a to ¢, where protein concentration is rising and
when biomass reaches stationary phase the specific acti-
vity decreases. Lu et al. (2010) reported that, A. niger
shake cultures using xylose and maltose as carbon source
are less favorable for recombinant protein production

because endoplasmic reticulum-resident chaperones and
foldases are present in lower amounts, while vacuolar
proteases accumulate to higher levels.

The initial pH of SSF using A. niger gpd-Xyl-1 was 6.5
decreasing to 5.5 at 17 h of fermentation, to end at 5.8
after 65 h. SmF of same recombinant strain decreased
pH from 6.5 to 5.6 after 17 h, ending at 6.2 after 65 h of
fermentation. Some reports have shown that, fungal
proteases production is strictly pH regulated reaching a
maximum at pH 5.5 (McKelvey and Murphy, 2010; Sarao
et al., 2010).

A productivity of 17.1 U/(I'h) was estimated for SSF and
3.2 U/(I'h) for SmF calculated at times of highest enzyme
titers. Thus, productivity from SSF was 5.3 times higher
than that from SmF, probably associated to about twice
dry biomass. These results may also be explained by an
increased number of active tips of growing hyphae during
SSF, which are more porous, providing an easier pass of
exoenzymes through the cell wall (Wang et al., 2005).
Furthermore, te Biesebeke et al. (2005) suggest that, a
higher number of wheat kernels penetrating hyphae per
hyphal growth unit may explain the higher secretion of
enzyme activities on A. oryzae mutant strains altered in
the number of hyphal tips.

A. niger GS1 was not able to grow on SSF when glu-

cose was not present in the medium, indicating that PF
alone did not provide any carbon source to sustain
growth.
It is generally agreed that, enzymatic yields are higher in
SSF in comparison to SmF (Ishida et al., 2006; Antoine et
al., 2010). This might be related to the fact that, the fun-
gus grows in similar conditions to those found in natural
habitats (Dhiman et al., 2008). Diaz-Godinez et al. (2001)
and te Biesebeke et al. (2002) hypothesized that, oxygen
transfer phenomena, substrates concentration gradients,
temperature and water content in solid supports are
fundamental factors that account for differences on
microbial physiology when SSF is compared with SmF.

Purification of the recombinant

xylanase

endo-1,4-B-D-

A. niger gpd-Xyl-1 produced one endo-xylanase in culture
supernatants, which after affinity chromatography was
purified 5.1-fold, with 35.7% activity recovery. Purified
endo-xylanase showed a specific activity of 522 U/mg
protein; showing a single protein band with an apparent
molecular weight of 30 kDa (Figure 2). Endo-xylanase
activity was confirmed from an isolated fragment of the
gel containing this single band. Other Aspergillus spp.
endo-xylanases have shown a similar size (6 to 50 kDa)
as that of our purified enzyme (Polizeli et al., 2011).
Several endo-xylanases have been purified from
Aspergillus spp., where the most active was one induced
with wheat bran and xylan (5,870 U/mg protein) (Krisana
et al., 2005), which is 11 times more active than that ob-
tained here. Results similar to our study were found by



Amaro-Reyes et al. 1765

120

Relative activity (%)
E 2 g8 8
I I I I
o

)
S
I

o
I

20 30 40 50 60 70

Temperature °C

3 4 5 6 7 8 9 10
pH

Figure 3. Effect of temperature and pH on purified endo-xylanase activity. (a) Effect of temperature on endo-xylanase activity in 50
mM acetate buffer, pH 5.5 (e). The ordinate represents relative activity that is the ratio of the activity at each tested temperature
value to the activity found at optimal temperature 50 °C (530 U/mg protein), expressed as percentage; (b), effect of pH on endo-
xylanase activity (o). The ordinate represents relative activity that is the ratio of the activity at each tested pH value to the activity
found at optimal pH (480 U/mg protein), expressed as percentage. Each data point represents the mean of three independent

experiments * standard deviation.

Wakiyama et al. (2010) for an extracellular endo-1,4-3-
xylanase with specific activity of 566 U/mg protein,
purified from Aspergillus japonicus MU-2 grown on oat
spelt xylan. However, about half the activity of the one
showed here (288.7 U/mg protein) was reported for an
endo-xylanase isolated from Aspergillus ficuum AF-98 on
SSF of wheat bran and bagasse (Lu et al., 2008). On the
other hand, using Aspergillus carneus M34 a xylanase
obtained by SmF supplemented with oats spelt xylan
showed 245.9 U/mg protein (Fang et al., 2008). In addi-
tion, Yang et al. (2010) purified and characterized an
extracellular xylanase from A. niger C3486 grown under
SmF showing activity of 123.4 U/mg protein. In relation to
Aspergillus recombinant xylanases, one of the first
reports for heterologous expression of fungal xylanase
genes was done by Luttig et al. (1997), who successfully
cloned xyn4 and xyn5 genes from A. niger ATCC 90196
in Saccharomyces cerevisiae. Moreover, high activity
(3,330 U/mg protein) was achieved by heterologous
expression of the xylanase gene from A. niger F19 in
Pichia pastoris using SmF growth (Chen et al., 2010). Yi
et al. (2010) reported a heterologous expression of a
XYNA1 and XYNB in E. coli BL21 showing specific
activities of 16.58 and 1201.7 U/mg protein, respectively.
An endo-xylanase gene from Aspergillus usamii EQ01
was expressed in E. coli BL21 and the purified enzyme
showed only 49.6 U/mg protein (Zhou et al., 2008). The
use of a protease-negative strain of A. niger BRFM281
allowed xynB gene expression by SmF, obtaining 691
U/mg protein (Levasseur et al., 2005), which is about 1.3
times more active than the one reported here.

Effect of temperature and pH on recombinant endo-
1,4-B-D-xylanase activity

The optimum temperature for activity by our purified
endo-xylanase was 50°C, while at 40 and 60°C, the
enzyme exhibited 56.2 and 55.3% relative activity, res-
pectively (Figure 3a). Optimum pH of purified endo-
xylanase was 5.5 (Figure 3b). A relative activity of 49.7
and 21.6% was observed for pH values 5.0 and 7.1, res-
pectively. These results are within the range of optimal
temperature (40 to 70°C) and pH (4.0 to 6.0) of
previously reported Aspergillus spp. endo-xylanases
(Dhiman et al., 2008; Polizeli et al., 2011). Endo-
xylanases produced by A. niger, A. niveus, and A.
ochraceus, using SSF, wheat bran and corn cob as
substrates showed same optimal temperature of 55°C,
while optimum pH values were 6.0, 5.0 and 5.5, respec-
tively (Betini et al., 2009). A recombinant xylanase
reported by Li et al. (2010) showed similar values of
optimal activity which were 50°C and pH 5.0.

A recombinant XynB showed an optimal activity at
50°C decreasing rapidly to 25% initial activity at 70°C.
The pH of optimal activity of this recombinant protein was
5.5 and only 25% of the maximum was reached at pH
below 3.5 and above 7.5 (Levasseur et al., 2005). This
behavior is comparable to our recombinant endo-
xylanase. A similar profile was observed for A. niger
BRFM281 recombinant endo-xylanase expressed in E.
coli. Optimal activity was found at pH 4.6, with 50% acti-
vity retention in the pH range 4.2 to 5.3, while optimal
temperature at pH 4.6 was 50°C (Zhou et al., 2008).
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We conclude that the expression system employed
here, using PF as inert support, is a suitable alternative
for production of homologous endo-xylanase by SSF,
under conditions of selective expression of a single xyla-
nase. This system provided higher enzyme yield, lower
risk of contamination and an ecologically friendly process
when compared with SmF system. This approach could
be used to express individual proteins from gene families
which are coordinately regulated. However, other bio-
technological aspects such as optimization of bioreactor
design and heat and mass transfer should be developed
to make SSF a feasible technology to obtain value added
products at commercial scale.
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VI.  Conclusiones generales

La produccion de enzimas xilanoliticas parcial o totalmente purificadas y los
productos derivados de la accidon xilanolitica son bienes que pueden tener beneficios
econdémicos a la sociedad. Como se discutid en el presente trabajo, el uso de herramientas
de biologia molecular nos brinda oportunidades para crear, modificar, sustituir o eliminar

procesos de gran impacto en diversas industrias y demas areas productivas.

En este trabajo se obtuvo con éxito una xilosidasa libre de hemicelulasas que mostré
actividad significativa a temperaturas altas, medio acido y en presencia de agentes
reductores, y por lo tanto es probable que tenga un buen potencial en la alimentacion

animal, la sintesis enzimatica, y la industria de los jugos de fruta.

El uso de espuma de poliuretano como soporte inerte es una alternativa para la
produccion homologa de una endo-xilanasa por medio de fermentacion en estado solido, en
condiciones de expresion selectiva. Este sistema proporciona mayor rendimiento de la
enzima, menor riesgo de contaminacion y un proceso ecolégico en comparaciéon con el

sistema de fermentacion sumergida.

Se estimé una productividad de 17.1 U I* h™* para la fermentacion en estado sélido
y 3.2 U It h! para la fermentacion sumergida calculada en el valor maximo de los titulos de
xilanasa. La xilanasa recombinante obtenida por fermentacién en estado s6lido con fibra de
poliuretano fue purificada 5.1 veces con una recuperacion de 35.7%, mostré un peso
molecular de 30 kDa, y actividad 6ptima de 522 U mg de proteina™ a pH 5.5 y 50°C.
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