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PRODUCAO DE CICLODEXTRINA GLICOSILTRANSFERASE PELA BACTERIA
ALCALOFILA Bacillus circulans ATCC 21783: CULTIVO EM BATELADA,
BATELADA ALIMENTADA E ESTADO SEMI-SOLIDO*

Autor: Flavia Santos Twardowski Pinto
Orientador: Prof. Plinho Francisco Hertz

RESUMO

A ciclodextrina glicosiltransferase [E.C. 2.4.1.19; CGTase] ¢ uma enzima industrialmente
importante, usada para produzir ciclodextrinas. Neste trabalho foi utilizado o planejamento
experimental ¢ a metodologia de superficie de resposta a fim de identificar as melhores
condi¢des para a produ¢do de CGTase pela bactéria alcalofila Bacillus circulans. As
melhores condigdes de temperatura e pH, para a produg¢do de CGTase foram, respectivamente,
36 °C e 9,7. Em seguida, utilizando estes parametros otimizados, a produgdo de CGTase foi
avaliada em cultivos submersos, batelada ¢ batelada alimentada, e em cultivo semi-sélido
(CSS), usando um residuo fibroso de soja (SIFR) como substrato. Nos cultivos em batelada, a
atividade méxima de CGTase obtida foi de 1155 U.mL", em acrobiose. A produgio de
CGTase foi bastante influenciada pelo fluxo de ar e pela agitagdo, sendo que uma alta
produtividade enzimatica (155 U.(mLh)™") foi obtida em condi¢des de acracio moderada (400
rpm para a velocidade de agitacdo e 1,7 vvm para o fluxo de ar). Com estes parametros
otimizados, a produtividade de CGTase obtida em cultivo em batelada alimentada foi de 137
U.(mLh)", com uma taxa de alimentaco de 0,17 g.(Lh)". O crescimento celular e a sintese
de CGTase, usando o residuo fibroso de soja como substrato apresentou um rendimento de
32.776 U.g(SIFR)'l. As diferentes abordagens utilizadas neste trabalho poderdo ser aplicadas
para a producdo de outras enzimas amiloliticas e também para a producdo de CGTase com
outros substratos.

Key words: Bacillus circulans; cultivo em batelada, batelada alimentada e estado semi-

solido; ciclodextrina glicosiltransferase
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PRODUCTION OF CYCLODEXTRIN GLYCOSYLTRANSFERASE BY
ALKALOPHILIC Bacillus circulans ATCC 21783 *: BATCH, FED-BATCH AND
SOLID STATE CULTIVATIONS

Author: Flavia Santos Twardowski Pinto
Supervisor: Prof. Plinho Francisco Hertz

ABSTRACT

Cyclodextrin glycosyltransferase [E.C. 2.4.1.19; CGTase] is an industrially important
enzyme, which is used to produce cyclodextrins. In this study we report the use of
experimental factorial design and response surface methodology to find the best conditions
for CGTase production by alkaliphilic Bacillus circulans. The optimized calculated values for
the tested variables were pH 9.7 and temperature 36°C. The CGTase production was further
studied with the optimized process parameters on submerged cultivations (SC), batch or fed-
batch, and solid-state cultivations (SSC) using soybean industrial fibrous residue (SIFR). The
maximum CGTase activity obtained on batch cultivation was 1,155 U.mL" under aerobic
conditions. The CGTase production was strongly affected by air flow rate and agitation speed,
showing high enzyme productivity (155 U.mL'h") under moderate conditions of aeration
(400 rpm for speed agitation and 1.7 vvm for air flow rate). With these optimized process
parameters, CGTase productivity obtained on fed-batch cultivations was 137 U.mL'h™", with
feeding rate at 0.17 g.L'h"'. Cell growth and CGTase synthesis in SSC using soybean
industrial fibrous residue as substrate was excellent, with CGTase yield of 32,776 U.gsirr) "
The different approaches used in this study may also find applications for the production of

other starch-converting enzymes and also for other CGTase-producing substrates.

Key words: Bacillus circulans; batch, fed-batch and solid-state cultivation; cyclodextrin

glycosyltransferase
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1 INTRODUCAO

O crescimento da populacdo mundial juntamente com a exigéncia dos mercados
consumidores por produtos seguros ¢ de qualidade foram decisivos para o aumento do
desenvolvimento de novos produtos com o intuito de melhorar a qualidade e aumentar a vida
de prateleira dos mesmos. Por isso, o interesse da utilizacao de ciclodextrinas, principalmente
no processamento de alimentos e em farmacos, vem crescendo com o decorrer dos ultimos
anos. Em 1998, a B-ciclodextrina passou a fazer parte da lista GRAS (generally recognized as
safe), o que acarretou o aumento nas pesquisas sobre sua producao e utilizagao.

As ciclodextrinas sdo oligossacarideos ciclicos compostos de residuos de glicose
sintetizados exclusivamente pela enzima ciclodextrina glicosiltransferase. Estes acgucares
possuem hidroxilas na sua parte externa tornando-os soliveis em agua ao passo que seu
interior ¢ hidrofobico. Desta forma, as ciclodextrinas possuem a habilidade de formar
complexos de inclusdo, limitadas apenas por restricdes estereoquimicas de sua cavidade
interna rigida.

A encapsulacdo molecular de compostos lipofilicos e hidrofébicos por ciclodextrinas
melhora a estabilidade de aromas, vitaminas, cor e gorduras insaturadas presentes nos
alimentos, aumentando a vida de prateleira destes e, algumas vezes, sua aceitabilidade. Outras
aplicacdes podem ser identificadas na industria farmacéutica, onde as ciclodextrinas sao
utilizadas in natura ou modificadas, como por exemplo pela adi¢do de um grupamento metila
em seu anel.

Por ser um aditivo multifuncional, as ciclodextrinas podem ser aplicadas na industria
de alimentos também como agente estabilizante. Como exemplo desta aplicacdo cita-se a
encapsulacao de compostos de cor do ketchup impedindo que ocorra oxidagao durante o seu
processamento que alcanga 100°C. Outra aplicacdo da ciclodextrina ¢ em hidrolisados de
caseina de leite, uma fonte de proteina prontamente digerivel. Neste caso, a adicdo de [3-
ciclodextrina a proteina hidrolisada elimina o residual amargo da mesma, ndo eliminando as
propriedades nutricionais além de ampliar a aplicagdo industrial da proteina a outros
alimentos.

O aumento da aplicagdo das ciclodextrinas em alimentos e fairmacos faz com que a

otimizagdo da producdo de CGTase seja essencial. Frente a essa necessidade este trabalho
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visa, primeiramente, a avaliagao das condi¢des 6timas de produgdo enzimatica em incubadora
agitadora orbital, estudando duas fontes de carbono na sintese enzimatica, € em uma segunda
etapa, busca otimizar a produ¢do de CGTase em biorreator em processo de batelada, testando
também o crescimento e sintese enzimatica em processo de cultivo de batelada alimentada e
estado semi-sdlido, abrindo portanto perspectivas para producdo desta enzima em

diversificados bioprocessos industriais.

1.1 Ciclodextrinas

Conforme o historico de Pszczola (1988) foi Villiers, em 1891, o primeiro pesquisador a
relatar a existéncia das ciclodextrinas (CDs) ap6s hidrolisar o amido com a bactéria Bacillus
amylobacter, denominando este composto como celulosina. Em 1904, Schardinger
caracterizou as CDs como dextrinas de Schardinger identificando o Bacillus macerans como
seu produtor. Em 1938, Freudenberg verificou a estrutura das CDs e detectou sua habilidade
de formar complexos de inclusdo. Tilden e Hudson (1939), descobriram que uma amilase era
a responsavel pela sua producdo, comprovando que as CDs ndo eram produtos sintetizados
durante o metabolismo microbiano, sendo compostos oriundos da agdo extracelular de uma
enzima microbiana. Somente na década de 50 € que as pesquisas sobre CDs comecaram a
aumentar.

As CDs sio, portanto oligossacarideos ciclicos compostos de unidades de glicose (a-D-
glucopiranose) unidas por ligacdes a-1,4. Existem trés formas mais comuns de CDs que sdo
classificadas de acordo com o nimero de residuos glicosil na molécula: 6, 7 ou 8 unidades de

glicose chamados de a, 3 e y—CDs, respectivamente (Figura 1).
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Figura 1: Estruturas das a—, B— e y—clodextrinas

Fonte: FIEDLER; PAJATSCH; BOCK (1996)

Estes oligossacarideos sdo relativamente estaveis devido a auséncia das unidades de

glicose redutoras e nao-redutoras além de serem resistentes a acdo da maioria das exo-
amilases (TONKOVA, 1998).

A molécula de CD possui o exterior hidrofilico, podendo ser dissolvida em agua e uma

cavidade interna apolar, possibilitando as CDs a capacidade de formar complexos de inclusao

com uma ampla variedade de moléculas hidrofobicas (Figura 2) (VAN DER VEEN et al
2000a).

- Cavidade hidrofobica
T

Cavidade hidrofilica

Figura 2: Estrutura e propriedades das ciclodextrinas: forma e propriedades tridimensionais
Fonte: VAN DER VEEN et al. (2000a)

A complexacdo ocorre quando uma molécula hospedeira preenche totalmente ou em parte

a cavidade interna da CD, podendo formar complexos com compostos solidos, liquidos ou

b
gasosos. Para tanto, o tamanho da molécula a ser encapsulada deve ser compativel com o
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tamanho da cavidade interna da CD. Os complexos de inclusdo sao relativamente estaveis e
facilmente separados das solucdes devido a sua cristalinidade (PSZCZOLA, 1988).

A forma tridimensional e o tamanho das moléculas de CDs (tabela 1) nos fornecem
importantes informacgdes com respeito a formagdo dos complexos com compostos
hidrofébicos ou grupos funcionais. A formagdo destes complexos de inclusdo ocorre a nivel
molecular e pode ocasionar trocas das propriedades fisicas e quimicas das moléculas inclusas,
bem como a alteragio do meio onde as moléculas de CDs estdo. E importante ressaltar que
dentre as CDs mais usualmente utilizadas, a 3-CD apresenta a menor solubilidade, sendo
industrialmente a mais facilmente recuperada através do processo de cristalizagdo. Por isso, a
produgdo de B-CD, atualmente, ¢ a mais economicamente viavel, sendo seu custo para
aplicagdes industriais em torno de US$ 5-6/kg. Ja a a-CD e a y-CD necessitam processos
mais sofisticados de recuperagdo, sendo necessdrias operagdes unitarias de purificacio
ficando o custo, respectivamente, em torno de US$ 20-25/kg e US$ 80-100/kg (SZENTE;
SZEJTLI, 2004).

Tabela 1: Propriedades das ciclodextrinas

Caracteristica a-ciclodextrina [-ciclodextrina y-ciclodextrina
Numero de monomeros de glicose 6 7 8

Peso Molecular (g/mol) 972 1135 1297
Solubilidade em agua (g/L - 25°C) 145 18,5 232

Diametro externo (A) 14,6 15,4 17,5

Diametro interno (A) 4,7-5,3 6,0-6,5 7,5-8,3
Volume da cavidade interna (A*) 174 262 427

Fonte: Adaptada de VAN DER VEEN et al. (2000a).

As caracteristicas destes oligossacarideos ciclicos tém proporcionado uma ampla
possibilidade de pesquisa relacionada ao estudo das diversas aplicagdes em quimica analitica,
agricultura, biotecnologia, farmacia e cosméticos. Como conseqiiéncia da formacgdo de
complexos de inclusdo das CDs com as moléculas inclusas tem-se a estabilizagdo de
compostos sensiveis a luz ou oxigénio, estabilizacdo de compostos volateis, alteracdo de
reatividade quimica e aumento da solubilidade (VAN DER VEEN et al., 2000a).

As B-CDs, CDs de tamanho intermediario, foram aprovadas pelo Food and Drug

Administration (FDA) para uso alimenticio em 1998. A microencapsulagdo de compostos
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hidrofébicos em B-CD vem sendo reconhecida, nos ultimos anos, como um método eficiente
para protecdo de aromas e sabores contra a oxidagdo, degradacdo ao calor e evaporagdo na
industria de alimentos. Os produtos de inclusdo nestas moléculas costumam apresentar maior
vida de prateleira em comparagdo aos agentes encapsulantes utilizados pelo método de
atomizagdo, como por exemplo, os amidos modificados (SZENTE; SZEJTLI, 2004).

Na industria alimenticia, as CDs podem ser utilizadas especificamente para: extrair
componentes especificos através de separacdo liquido-liquido favorecendo a extracao de
componentes amargos de frutas citricas ou proteinas hidrolisadas; extracdo de cafeina do café
ou cha; compostos de aroma oleosos podem ser extraidos diretamente de fontes naturais,
como alho e cebola, sem a necessidade da utilizagdo de solventes ou de processo de
destilacdo; remocao de colesterol da gordura do leite ou da gema de ovos; remogdo de acidos
graxos livres de gorduras para melhorar as propriedades de frituras; encapsulacdo de
vitaminas lipofilicas e vitaminas do complexo B para protecdo contra oxidagdo, degradagado
térmica e reagcdes com outros componentes ¢ para estabilizacdo de 6leos essenciais volateis de

ché (CEREDA, 2003).

1.2  Ciclodextrina glicosiltransferase

A ciclodextrina glicosiltransferase [CGTase; 1,4-a-D-glucana: 1,4-a-D-glicopiranosil
transferase; EC 2.4.1.19] ¢ uma enzima da familia 13 das a-amilases que possui a habilidade
de converter o amido e seus substratos em ciclodextrinas. Um aspecto caracteristico das
enzimas da familia das o-amilases ¢ que todas utilizam o mecanismo de a-conservacao,
porém seu substrato ou especificidade de produto ¢é largamente variavel (VAN DER
MAAREL et al., 2002). A principal diferenca entre as CGTase e demais a-amilases ¢ a
presenca de um dominio adicional na por¢ao C-terminal da enzima (VAN DER VEEN et al.,
2000a).

De acordo com VAN DER VEEN et al. (2000a), as enzimas da familia das a-amilases
possuem uma série de caracteristicas em comum: agem sobre as ligacdes a-glicosidicas e
hidrolisam esta ligagdo produzindo mono ou oligossacarideos por hidrdlise ou formam
ligagdes a-1,4 ou ligagdes a-1,6 por transglicosilagdo; possuem estrutura (f/o)s € possuem
quatro regides altamente conservadas na seqiiéncia primaria. Porém, uma enzima em

particular da familia das a-amilases, a CGTase destaca-se por possuir a habilidade de catalisar
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reacoes de transglicosilagdo intramolecular e intermolecular (Figura 3). A reagdo de
transglicosilacdo intramolecular, também chamada de ciclizagdo, ocorre quando a cadeia de
um oligossacarideo linear (amido ou maltodextrina) ¢ clivada e um novo agtcar com final
redutor ¢ transferido para o aclicar ndo redutor da mesma cadeia (Figura 4). Mais
especificamente, o aminoacido Asp 229 da enzima liga-se ao oligossacarideo linear formando
um intermedidrio covalente e a cadeia linear passa a assumir a conformacao ciclica
(UITDEHAAG et al., 2002).

Esta enzima também catalisa duas reagdes de transglicosilacdo intermolecular designadas
como acoplamento e desproporcionaliza¢do. A reagdo de acoplamento € reversa a ciclizagao e
ocorre quando o anel da ciclodextrina ¢ clivado e transferido para um substrato, o
maltooligossacarideo aceptor. A reagdo de desproporcionalizacdo ocorre quando o
maltooligossacarideo linear ¢ clivado e um novo agucar com final redutor ¢ transferido para
um substrato de maltooligossacarideo aceptor. A enzima possui ainda uma fraca atividade
hidrolitica. (VAN DER VEEN et al., 2000b).

Ao contrario da pequena similaridade na estrutura primaria das enzimas da familia 13
(menor que 30 %), sua estrutura tridimensional ¢ muito semelhante. As o-amilases
geralmente possuem trés dominios estruturais A, B e C, tendo a CGTase cinco dominios
marcados de A a E. O dominio A ¢ o dominio (o/B)s catalitico, sendo este comum as enzimas
da familia da ai-amilase e o mais conservado. O dominio B contribui com a liga¢do da enzima
ao substrato (STROKOPYTOV et al., 1996; UITDEHAAG, 1999). Os dominios C ¢ E tem
conformacdo P e sdo especializados na ligacdo com o grao bruto do amido. A fun¢do do
dominio D, que também possui conformagao f3, ¢ ainda desconhecida (UITDEHAAG et al.,
2002).



Figura 3: Representacdo esquematica das reacdes catalisadas pela ciclodextrina
glicosiltransferase. As esferas representam os residuos de glicose; os circulos claros indicam
os finais redutores dos agucares. Reagdes: (a) ciclizagdo; (b) acoplamento; (c)
desproporcionalizagdo; (d) hidrolise.

Fonte: FIEDLER, PAJATSCH; BOCK (1996).

16



Asp 229
]

Substrato
4 7 6 5 -4 3 2 1 4+ 42
i Clivagem da ligacao
Asp 229
- o B .o SO o o Intermediario
SARPARARARAN AR o Covalente (sitio -1)
\‘x____,f

i Ciclizagao

oy’ ASp 229
R

Ty

-

l Formagao da ligagdo

q/ Asp 225
e
5 5

Ciclodextrina

Figura 4: Reacdo de ciclizagdo da ciclodextrina glicosiltransferase

Fonte: UITDEHAAG et al. (2002).

17



18

1.3 Producéo de ciclodextrina glicosiltransferase

O substrato mais frequentemente utilizado para a producao da CGTase € o amido soluvel,
sendo também utilizadas outras fontes de amido como farelo de trigo e caldo de maceragao de
milho. O amido ¢ um polimero de alto peso molecular composto de moléculas de glicose
unidas através de ligagdes glicosidicas a-1,4 e a-1,6. E encontrado em sementes ou raizes na
forma de granulos consistindo de dois tipos de polimeros, a amilopectina e a amilose. A
amilopectina ¢ altamente ramificada em ligac¢des a-1,6, possuindo ligagdes a-1,4 com 15 a 45
residuos de glicose. A amilose ¢ linear consistindo de até 6000 residuos de glicose com
ligagdes glicosidicas a-1,4 (VAN DER MAAREL et al., 2002). Muitas plantas produzem
amido para que este possa ser armazenado como fonte de carbono e energia (VAN DER
VEEN et al., 2000a). Este amido pode ser encontrado, por exemplo, no arroz, milho, batata,
mandioca.

Enquanto os organismos fotossintéticos t€ém a capacidade de retirar energia da luz solar,
os demais precisam obter energia a partir de nutrientes presentes no ambiente (UITDEHAAG
et al., 2002). Segundo van der Maarel et al. (2002), para que o amido seja utilizado, tanto pelo
homem como por bactérias e fungos, ¢ necessario a presenga de enzimas que possuam a
habilidade de degradagdo e sintese. A maioria das enzimas que transformam o amido pertence
a familia das o-amilases: a CGTase ¢ uma delas e apresenta uma importancia particular.
Enzima extracelular, a CGTase ¢é secretada por alguma bactérias com a finalidade de
converter o amido em compostos que nao poderdo ser utilizados por microrganismos
competidores, as ciclodextrinas (UITDEHAAG et al., 2002). Sao produzidas por bactérias, na
sua maioria do género Bacillus mais usualmente em cultivo submerso de batelada
(TONKOVA, 1998). A otimizacdo de parametros de processos e diversificagdo nas formas de
cultivo e de substrato passiveis de utilizagdo sdao fatores que devem contribuir para a
diminuicdo dos custos de produgdo em processos biotecnologicos (GAWANDE et al., 1998).
No entanto, sdo poucos os trabalhos sobre a produ¢do de CGTase em batelada alimentada
(WEN et al., 1994; GAWANDE et al., 2003; PARK et al., 1997; ZAIN et al., 2007) e ainda
mais raras as pesquisas usando os cultivos semi-sélidos (CSS) (RAMAKRISHNA, et al.,
1994)

O CSS envolve a utilizagdo de substratos insoluveis na auséncia de agua livre, onde o

crescimento do microrganismo assemelha-se ao crescimento do mesmo, livre na natureza, em
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solidos umidos (PANDEY, 2003). Uma das caracteristicas interessantes no CSS ¢ a
simplicidade do meio de cultura, sendo normalmente utilizados residuos agroindustriais, onde
sd0 necessarios pequenos volumes de dgua para o crescimento do microrganismo e sintese dos
metabolitos de interesse (VINIEGRA-GONZALEZ et al,2003). Pesquisas dirigidas a
produg¢do de enzimas, utilizando residuos agroindustriais de baixo custo, visando a
substituicdo das fontes convencionais de C e N, sdo importantes para viabilizar
economicamente o uso das enzimas em escala comercial. Até o presente momento, foi
verificado que a bactéria Bacillus cereus NCIMB 13123 foi capaz de crescer e produzir
CGTase usando farelo de trigo como substrato em condi¢des de CSS em frascos Erlenmeyer
sem aeracao (RAMAKRISHNA et al., 1994).

Os meios de culturas tradicionais para sintese de CGTase sdo compostos de amido como
fonte de carbono, de nitrogénio e, muitas vezes, de vitaminas. O microrganismo Bacillus
cereus NCIMB 13123 ¢é capaz de sintetizar a CGTase a partir de outras fontes de carbono,
como glicose e xilose, sendo estes melhores indutores que o amido (JAMUNA et al., 1993).
J& as bactérias Klebsiella pneumoniae AS-22 (GAWANDE et al, 2003), B. firmus
(GAWANDE et al, 1999), B. macerans (DEPINTO e CAMPBELL, 1967), Klebsiella
oxytoca (FIEDLER et al., 1996), B. circulans NRRL B-380, B. sphaerieus NRRL B-183,
Anaerobranca gottschalkii (THIEMANN et al., 2004) sdao alguns exemplos de bactérias que
sintetizam CGTase na presenga de amido.

Existem ainda alguns estudos que relatam a produ¢do de CGTase através de imobilizagao
de células com alginato, encontrando-se somente linhagens de Bacillus cereus NCMI 13123
(JAMUNA et al, 1993), Bacillus circulans 21783 (SASWATHI et al., 1995), Bacillus
amyloliquefaciens (ABDEL-NABY; REYAD; ABDEL-FATTAH, 1999). Segundo
VASSILEVA et al. (2005), utilizando a imobilizacdo das células de Bacillus circulans 21783
em matriz de 4gar e membrana, a atividade e a produtividade enzimatica sdo aumentadas em

até 4,7 vezes e 2,9 vezes respectivamente.

1.4 Aplicacdo de planejamento experimental e metodologia de superficie de resposta

em biotecnologia

A utilizagdo de ferramentas de otimizagdo em bioprocessos tem aumentado com o

decorrer dos anos frente a necessidade de otimizar processos e produtos, minimizando tempo
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e custo bem como maximizando o rendimento, a produtividade e qualidade dos mesmos
(RODRIGUES; IEMMA, 2005).

A metodologia de superficie de resposta (RSM) ¢ uma técnica de otimiza¢do baseada em
planejamentos fatoriais que foi introduzida por Box na década de cinqiienta. Estas técnicas
permitem considerar diferentes varidveis e as interagdes entre elas, utilizando um menor
numero de experimentos com a possibilidade de detectar o erro experimental, podendo
otimizar mais de uma resposta ao mesmo tempo (NETO et al., 2001). Para tanto, deve-se:
identificar os parametros que serdo otimizados e as respostas que serao medidas; formular o
plano experimental; ajustar o modelo matematico e finalmente estabelecer uma solugdo 6tima
(MONTEIRO, 1984).

Entre as estratégias utilizadas para aumentar a producdo enzimatica pelos microrganismos,
a otimizacdo das condi¢des de cultivo destaca-se, sendo muitas vezes realizada pelo método
tradicional de fixar diversas variaveis enquanto estuda-se outra (OH et al., 1995). Este método
além de demandar um excessivo nimero de experimentos ndo verifica se existem interacdes
entre as variaveis estudadas. Por isso, o planejamento experimental traz melhoria na qualidade
da informagdo obtida através dos resultados uma vez que leva em consideracdo as varidveis
estudadas individualmente bem como suas intera¢des, diminuindo o nimero de experimentos,

tempo e custo final do processo (RODRIGUES; IEMMA, 2005).
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2 RESULTADOS

Os resultados deste trabalho estdo apresentados na forma de artigos a serem submetidos
para publicacdo nas revistas Bioprocess and Biosystems engineering ¢ Food Technology and
Biotechnology. Cada subtitulo deste capitulo corresponde a um destes artigos, ja formatados

de acordo com as normas das respectivas revistas.
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2.1  Production of cyclodextrin glycosyltransferase by alkaliphilic Bacillus circulans
on submerged and solid-state cultivation
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Abstract

Cyclodextrin glycosyltransferase [E.C. 2.4.1.19; CGTase] is an industrially important
enzyme, which is used to produce cyclodextrins. In this research, we report the use of
experimental factorial design to find the best conditions of pH and temperature for CGTase
production by Bacillus circulans var. alkalophilus. The optimized calculated values for the
tested variables were, respectively, pH 9.7 and temperature 36 °C, with a CGTase activity of
615 U.mL’'. The CGTase production was further studied with the optimized process
parameters on submerged cultivations (SC) and solid-state cultivations (SSC) using soybean
industrial fibrous residue (SIFR). The maximum CGTase activity obtained on SC was 1,155
U.mL™" under aerobic conditions. Cell growth and CGTase synthesis in SSC using soybean
industrial fibrous residue as substrate was excellent, with CGTase activity of 32,776 U.grr)
'. These results strongly support the use of SIFR for CGTase production since it is a non-
expensive residue.

Keywords: Bacillus circulans; submerged cultivation; solid-state cultivation; cyclodextrin

glycosyltransferase
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1. Introduction

Cyclodextrin glycosyltransferase (CGTase; EC 2.4.1.19) is a bacterial enzyme of the a-
amylase family (family 13) of glycosyl hydrolases that produces cyclodextrins from starch or
starch-related substrates [1, 2]. Cyclodextrins (CDs) are cyclic a,1-4 linked oligosaccharides
mainly consisting of 6, 7 or 8 glucose residues (a-, B- or y-cyclodextrin, respectively). They
can easily form soluble inclusion complexes with a variety of hydrophobic organic substances
being widely applied, particularly in pharmaceutical and food industries [3, 4].

Cyclodextrins are formed by CGTase through an intramolecular reaction of transglycosylation
(cyclization), in which the enzyme cleaves the o,1-4 glycosidic bond, while linking the
reducing and non-reducing ends [5]. However, other two transglycosylation reactions and a
weak hydrolyzing activity are also catalyzed [1, 2, 3, 6]. These reactions can be accomplished
over a wide range of pH and temperatures, hence the growing industrial applications of
CTGase [7, 8, 9].

CGTases are mainly produced by bacteria of the genus Bacillus, especially aerobic
alkalophilic strains, being the temperature and the pH the most influential physical parameters
for its production [8]. However, there are few studies regarding the effect of pH and
temperature on the production of CGTases by B. circulans. Most of reports concerning the
effect of these factors used conventional methods based on the “change-one-factor-at-a-time”
in which one independent variable is studied while fixing all others at a specific level [10].
Factorial design makes possible the study of many factors simultaneously, while quantifying
the effect of each of them and their possible interactions [11]. This technique is being applied
in fermentation processes development in order to improve product yields, reduced process

variability, time and overall costs [12, 13, 14].
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CGTases are generally reported to be produced in aerobic batch submerged cultivations. In
this systems, chemical composition of the culture medium is nearly homogeneous, thus it is
important to consider the catabolite repression (CR) phenomenon [15]. It is known that the
synthesis of CGTase can be repressed using mono- and disaccharides as carbon sources [2, 7,
16]. One way to avoid this problem is the use of fed-batch cultivations, where substrate can be
fed in lower concentrations than those triggering CR. Wang et al. [16] reported that the
application of exponential feeding mode in fed-batch can effectively reduce CR of y-CGTase
by Bacillus macorous. Another alternative for enzyme production is the use of solid-state
cultivations (SSC), which seems to induce no catabolite repression, mainly because substrate
availability to cells is controlled by the possible existence of microscopic gradients within the
mass of cell aggregates, or the changes in cell permeability to sugars [15]. SSC usually
requires low capital investments and allows the use of cheap agro-industrial by-products, such
as soybean industrial fibrous residues (SIFR) derived from the process of isolated protein
production [17].

In this research we investigated the production of CGTase by B. circulans in both submerged
and solid-state cultivations. Primarily, we optimized the combined effects of temperature and
pH on the enzyme production through experimental factorial design and the response surface
methodology in order to develop a mathematical correlation model for these variables, which
may be tested in both types of cultivations. Finally, we also evaluated the possibility of using
soybean industrial fibrous residue (SIFR) for CGTase production. This is the first report on

SIFR use for CGTase production.
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2. Material and methods

2.1. Microorganism

B. circulans ATCC 21783, a B-CGTase producer strain, was used in this study [18, 19]. Stock
cultures were maintained in suspension frozen in 25 % glycerol.

2.2 Media and inoculum

2.2.1 Submerged cultivations

The medium used throughout this work (standard medium) comprised, in g.L, the following
components: soluble starch or glucose, 2; peptone, 5; yeast extract, 5; MgSOs, 0.2; KoHPO,,
1. Sterile sodium carbonate was used to adjust the medium pH after autoclaving. Cultures
were grown in 500 mL Erlenmeyer flasks filled with 100 mL of standard medium (initial pH
9.8 - 10.0) at 37 °C in a rotatory shaker, 150 rpm, for 18 h. A volume corresponding to 5 %
(v/v); ODgoonm, 1.0, was used as inoculum for submerged cultivation.

2.2.1 Solid-state cultivations

SSC inoculum medium consisted of 30 g.L”' of SIFR, which composition is described
elsewhere [17]. Sterile sodium carbonate was used to adjust the medium pH after autoclaving.
Cultures were grown in 1 L Erlenmeyer flasks filled with 240 mL of medium (initial pH 9.8 -
10.0) at 37 °C in a rotatory shaker, 150 rpm, for 24 h.

2.3 Cultivation Procedures

2.3.1 Factorial design and statistical analysis

The effects of media pH and temperature of cultivation, which varied according to the
experimental design, were studied in 250 mL Erlenmeyer flasks containing 50 mL of standard
medium. Cultivations were carried out on a rotatory shaker at 150 rpm, for 12 h. All
experiments were carried out in duplicates. A 2* full factorial central composite design was
used to show the statistical significance of pH and temperature on production of CGTase. A

total of 11 sets of experiments were employed in this study to determine the significance
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factors affecting the CGTase activity (Table 1). In the statistical model, Y is the measured

response and denotes units of CGTase activity. The coded settings were defined as follows

(equation (1)):
X, -X,
5= (D

where x; is the coded value of the independent variable, X, is the real value of the
independent variable, X, is the real value of the independent variable in the central point, and
AX, is the step change value. The range and the level of the variables investigated in this

study were given in table 2. The quadratic model for predicting the optimal point was

expressed according to equation (2):

2 2
Y=+ Bix,+ Boxy + Bux;” + Bpxy + Burxx, +& (2)

where, Y represents the response variable, f, is the interception coefficient, B, and £, are

the linear terms, f,,and f,, are the quadratic terms, and x, and x,represent the studied

variables. The statistical significance of the second-order model was evaluated by the F-test
analysis of variance (ANOVA). Statistica for Windows 5.0 was used for regression and
graphical analysis.

2.3.2 Submerged cultivation on bioreactors

Submerged batch cultures were performed in a lab scale 2 L stirred tank (Biostat B model, B.
Braun Biotech International, Germany), filled with 1.5 L of sterile standard medium at 400
rpm, 1.0 vvm or 600 rpm, 2.0 vvm, for 12 h. Temperature and initial pH of bioreactors were

set up accordingly with the optimized process parameters obtained in previous ex periments.
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The antifoam 204 (organic non-silicone Emulsiort, Sigma) was used for foaming control. All
experiments were carried out in duplicate.

2.3.2 Solid-state bioreactors

SSC were carried out using a 500 mL packed-bed bioreactor, composed of a column with the
solid substrate retained on a perforated base (60 mm diameter, 170 mm height), designed and
built in our laboratory [17]. Bioreactors were loaded with 19.4 g of SIFR soaked in 120 mL of
distillated water. After sterilization, SSC medium was mixed with 20 mL inoculum and put
into the bioreactor. During cultivation, humidified sterile air was supplied at a constant flow
of 500 mL.min"'. Temperature and initial pH of bioreactors were set up accordingly with the
optimized process parameters, for 96 h. All experiments were carried out in duplicates.

2.4. Analytical methods

Samples of submerged cultivations (10 mL) were centrifuged at 3,500 g for 15 min at 4 °C.
The cell-free supernatant was used for the estimation of enzyme activity, total protein and for
pH determinations.

2.4.1 CGTase activity assay

CGTase cyclization activity was determined using the phenolphthalein method assay [20]
with modifications as follows. Reaction mixture, containing 26 mg of soluble starch in 0.65
mL of 0.1 M sodium phosphate buffer (pH 6.0), and 0.35 mL of crude enzyme was incubated
at 60 °C for 15 min. The reaction was stopped by addition of 4 mL of 0.04 mM
phenolphthalein dissolved in 125 mM Na,COj solution. The absorbance was then measured at
550 nm. A standard curve was prepared with B-CD. One unit of CGTase activity (U) was
defined as the amount of enzyme that formed 1 pug of f-CD min™ under standard conditions.
Enzyme was expressed as volumetric activity (U.mL™) in the culture medium and extract
from SSC. Enzyme production by SSC was also expressed as units by weight of SIFR used in

SSC medium [U.g(S]FR)_l].
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2.4.2 Biomass

Biomass was quantified gravimetrically as dry weight of cells. Samples were centrifuged,
washed twice with cold distilled water, and dried in pre-weighted plastic tubes at 80 °C to a
constant weight in vacuum-ovens.

2.4.3 Enzyme extraction from SSC

Enzyme extraction from SSC was carried out by the addition of 140 mL of distilled water
with agitation at 250 rpm for 40 min. The enzyme extract was then centrifuged at 15,000 g for
15 min. The supernatant was used as the source of enzymes.

2.4.4 Protein determination

Soluble protein concentration was determined according to the Lowry assay [21] against a

standard curve of bovine serum albumin, fraction V (Sigma, USA).

3. Results and discussion

3.1 CGTase assay and Preliminary growth tests

CGTase activity by B. circulans ATCC 21783 was studied employing the method based on
complexation of phenolphthalein. The phenolphthalein assay for determination of B-CD was
successfully described in previous studies [20]. The formation of the inclusion complex
causes a decrease in absorbance of the phenolphthalein solution in UV-visible region that is
linearly correlated with the B-CD production. A variety of methods that use this principle has
been published, however it is often difficult to assess the best conditions to assure linearity
and reproducibility. With the modifications in the method for the enzymatic activity described
in item 2.4, we were able to increase the concentration of B-CD maintaining the linearity of

plot. Whereas other authors observed linearity up to 68 ug.mL™ [22] or up to 200 pg.mL™"
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[23], in the present study we found a linear absorbance of phenolphthalein in proportion to 3-
CD concentration up to 400 pg.mL™" (R*=0.995).

Previously to start the optimization experiments we tested whether glucose or starch would fit
best as substrate for CGTase production. B. circulans was able to grow in both glucose and
starch, but the CGTase activity could only be detected when starch was used. Gawande et al.
[24] tested different sources of carbon for growing B. firmus and also observed that this strain
grew well on almost all carbon sources but CGTase activity was expressed only when starch
was in the medium.

3.1.1 Optimization of temperature and initial pH

Central composite design (CCD) and response surface methodology (RSM) were used to
optimize the conditions of temperature and initial pH for CGTase production. The range and
levels of experimental variables investigated in this study are given in table 1. In treatments 3,
4 and 11, where pH was set at 11.4 or higher, the microorganism did not grow. Central points
(treatments 5, 6 and 7) showed the highest levels of CGTase activity (612, 637 and 623 U mL~
! respectively) in 12 h of cultivation (table 1). These results suggest that B. circulans ATCC
21783 has a higher CGTase production at a moderate temperature (37 °C) and a strong basic
pH (10.0). The highest CGTase activity, 637 U.mL™" (treatment 5), was 21-fold higher than
previously reported [22], using the same strain under same culture conditions, excepted by the
starch concentration that was 5-fold higher than that used in this study. These results suggest
that the low starch concentration used in the culture medium enables a reduction of the
catabolic repression in B. circulans. Gawande and Patkar [25] explained that high
concentrations of starch led to an accumulation of glucose and maltose in the culture medium
that exert a repressive effect on CGTase synthesis [7]. This frequently occurs with the

synthesis of extracellular bacterial enzymes [8]. Also, high concentrations of starch results in
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strong medium acidification, which decreases cell growth rate and, consequently, the enzyme
production [26].

RSM was employed for the determination of significant variables and to estimate the CGTase
activity as a function of temperature and pH (to take into account the possible effects of
medium acidification on cell growth and enzyme production) (table 2). The computed F-value
for CGTase (15.49) was 3-fold higher than the F-value in statistic tables [13], indicating that
the model was significant at high confidence level (95 %). The coefficient of determination R
of the model was calculated to be 0.9393 indicating that the model is able to explain a 93.93
% of the variability in the response. The significance of each coefficient was determined by
Student’s #-test and p-values. At 95 % probability level, the linear and quadratic coefficients
of x; (temperature), x, (pH) and the interaction x;.x, were found to be significant. Temperature
and pH are more significant at the second order, indicating that even small variations in their
values will alter CGTase production to a considerable extent. The second order polynomial
model representing the CGTase activity production (Y) in the experimental region studied can

be expressed by equation (3):

Y = 624.27 - 69.89x, —115.87x, —118.41x,” —292.68x,” +52.76x,x, (3)

Figure 1 shows contour plot for the independent variables (x; and x;). Contour plot indicates
that temperatures over 38.5 °C and pH below 9.0 cause reduction in CGTase activity. The
optimum enzyme activity was obtained with temperatures between 33 and 38.5 °C and pH
around 10.

The optimized values of selected variables were obtained by solving the regression equation
3. The optimized values of the test variables in coded units are as follows: x; = -0.35, x; = -

0.23. The real values obtained by substituting the respective optimized values in equation 1
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are: pH 9.7 and temperature 36 °C. The model predicts that the maximum CGTase production
that can be obtained using the above values of variables is 649 U.mL™". The maximum
enzyme activity obtained experimentally was 615 U.mL"", which is in close agreement with
the model prediction.

3.1.2 Effects of aeration in submerged cultivations

The CGTase production in submerged batch cultivations was investigated using the process
parameters optimized with factorial design of experiments. The results of these batches are
shown in figure 2. In the submerged cultivation at 600 rpm and 2 vvm of air flow rate (figure
2b), the exponential growth lasted for 6 h and biomass grew faster than under the less aerated
condition (400 rpm and 1 vvm, figure 2a) due to the rapid utilization of starch. Although
biomass was 12 % higher, there was a reduction in CGTase synthesis (512 U.mL™)
suggesting the occurrence of a catabolite repression due to sudden increase of malto-
oligosaccharides in medium. Maximal enzyme production of 1,155 U.mL" occurred with 400
rpm and 1 vvm of air flow rate and was 2.3 times higher than for the most aerated system.
CGTase production seems to be partially growth-associated, where maximal enzyme
concentration was observed during the stationary phase. A similar pattern has been observed
in the production of CGTase by Bacillus sp. TS1-1 [27].

These results showed a direct application of optimized parameters in CGTase production on
submerged bioreactors. The results concerning different speed agitation and air flow rate
showed that aeration efficiency into the medium constitutes a decisive factor in growth and
enzyme production, playing an important role in scale-up of bioprocess.

3.2 Solid-state cultivations

Although SSC systems appear as a promising technology for enzyme production, the
production of CGTase has generally been carried out using submerged cultivations [16, 24]

with only one report on CGTase production in SSC, with B. cereus growing in wheat bran
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carried out in static shake flasks [28]. In the present study, it has been used SIFR to
investigated the growth of B. circulans and CGTase production. The bioreactors that we used
were aerated (see item 2.3.2) and the optimized process values of 36° C and pH 9.70 were
used. The time course of SSC is shown in Figure 3. The pH of the medium decreased to 5.2 in
24 h remaining in range of 5.50-5.58 over the cultivation. The enzyme activity peaked at 48 h
of cultivation, reaching a staggering amount of 32,776 U. g(SIFR)'l. These results suggest a very

high production of CGTase by B. circulans in SSC using SIFR as substrate.

4. Conclusions

In this work, it was possible to determine the best pH and temperature for the CGTase
production by B. circulans ATCC 21783 using experimental factorial design and response
surface methodology for media with low concentrations of starch. The optimized process
parameters were employed in submerged and solid-state bioreactors. In submerged batch
cultures, the CGTase production was strongly affected by air flow rate and agitation speed,
showing high enzyme activities under moderate conditions of aeration. Concerning SSC, our
results showed the good potential for producing CGTase with SIFR, which is an abundant and
cheap agro-industrial by-product, as the sole substrate. The very high enzyme production
along with the fact that elution can be accomplished with water in small volumes, makes this
system very promising, granting further studies on process scale-up. The different approaches
used in this study may also find applications for the production of other starch-converting

enzymes and also for other CGTase-producing substrates.
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Table 1: Experimental design and results according to the 27 full factorial central composite

design
Coded setting levels Actual levels
(x;=T; x,=pH) (X;=T: Xo,=pH)  CGTase activity (U.mL™")
Treatment X X2 X X Observed Predicted
1 -1 -1 34 8.6 449 452
2 1 -1 40 8.6 238 206
3 -1 1 34 11.4 0 114
4 1 1 40 11.4 0 80
5 0 0 37 10 612 624
6 0 0 37 10 637 624
7 0 0 37 10 623 624
8 -1.41 0 32 10 553 487
9 0 -1.41 37 8 168 206
10 1.41 0 42 10 308 290

11 0 1.41 37 12 0 0
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Table 2: Analysis of variance (ANOVA) for the model regression for CGTase

Source Sum of Squares d.f. Mean Square F-value F-value in statistic table
Model 64378433 5 128756.87 15.49 5.05
Residual 41569.75 5 8313.95

Lack of fit 41249.27 3 13749.76

Pure error 32048 2 160.24

Total 685354.08 10

R*= 0.9393; Standard error of estimate = 0.005, d.f., degrees of freedom; Significance

level =95 %
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Figure 1: Contour plot for the effects of temperature and pH on CGTase activity of B.

circulans ATCC 21783.

Figure 2: Production of CGTase on SC under optimized conditions: (a) 600 rpm and air flow
rate 2 vvm; (b) 400 rpm and air flow rate 1 vvm: (7)) pH; (®) % pO,; (+) CGTase activity;

(A) biomass. Results are the mean of two experiments.

Figure 3: Production of CGTase on SSC under optimized conditions: (+) CGTase activity.

Results are the mean of two experiments.
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2.2 Batch and fed-batch production of cyclodextrin glycosyltransferase by
alkaliphilic Bacillus circulans
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Batch and fed-batch production of cyclodextrin glycosyltransferase by alkaliphilic

Bacillus circulans
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Summary

Experimental design and response surface methodology were applied to optimize production
of Cyclodextrin glycosyltransferase by alkalophilic Bacillus circulans ATCC 21783. In batch
cugtivations, the effects of speed agitation (200 — 600 rpm) and air flow rate (0 — 2 vvm) were
evaluated to identify the significant effects and its interactions in the CGTase synthesis at 36°
C and initial pH of 9.7. The best values for maximal productivity of CGTase were 400 rpm
for speed agitation and 1.7 vvm for air flow rate with a CGTase productivity of 155 U.mL™'h
!, CGTase synthesis was also studied on fed-batch cultures with the optimized process
parameters. The maximum CGTase productivity obtained on fed-batch cultivations was 137
U.mL'h™" with feeding rate at 0.17 g.L'h™".

Key words: Bacillus circulans; batch and fed-batch cultivation; cyclodextrin

glycosyltransferase
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Introduction

Cyclomaltooligosaccharides (cyclodextrins, CDs) are cyclic oligosaccharides comprised of a.-
1, 4-linked glucose monomers consisting of mainly six, seven or eight glucose residues,
which are commonly referred to as o-CD, B-CD, and y-CD, respectively [/, 4]. The
applicability of CDs arises from their cyclic molecular structure, with a hydrolitic external
coating and a hydrophobic internal cavity. Due to these unique structure, the CD can form
inclusion complexes with organic compounds improving their physical and chemical
properties such as solubility in water, stability against oxidation, discoloration and
vaporization [/]. CDs have been used in food mainly as carriers for molecular encapsulation
of flavors, and other sensitive ingredients like unsaturated fatty acids and colorants [2]. These
encapsulated compounds have also been also widely applied for complexation of many of
relevant pharmaceutical molecules increasing drug bioavailability, solubilization of the
pharmaceutically active compound and absorption of the pharmacologically active substance
[3].

CDs are obtained from the enzymatic conversion of starch or correlated substrates by
cyclodextrin glycosyltransferase (CGTase; EC 2.4.1.19), an enzyme of the a-amylase family
produced by bacteria, especially of the genus Bacillus [4]. CGTase mainly catalyses
transglycosylation reactions, in which a linear oligosaccharide chain is cleaved and the new
reducing end sugar is transferred to the non-reducing end sugar of the same chain
(cyclization). CGTase also catalyzes other reactions like coupling and disproportionation. The
enzyme has a weak hydrolytic activity [4].

The optimization of process parameters like agitation and aeration are important in order to
supply oxygen for the microorganism growth and enzyme production during cultivation
process [5]. A few numbers of studies state the importance of agitation and aeration on
CGTase production [5, /2]. Optimization of process parameters to reach high CGTase levels
and productivity can be used to reduce the cost of enzyme production.

Statistical approaches offer ideal ways for process optimization studies in biotechnology. The
most commonly used method for optimization in bioprocess is the classical approach, which
involves studying one variable at a time, while keeping others constant [6]. Factorial design
makes possible the study of many factors simultaneously, while quantifying the effect of each
of them and their possible interactions [7]. This technique is being applied in fermentation

processes development in order to improve product yields, reduced process variability, time
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and overall costs [8, 9, 10]. Response surface methodology (RSM) is now being routinely
used for optimization studies in several biotechnological and industrial processes [6].
Bacterial CGTases are conventionally produced on submerged batch cultivations. In these
conditions, CGTase production can be reduced by Carbon Catabolite Repression (CCR). It is
know that glucose, maltose, maltotriose, and maltotetraose accumulated during cultivation
produce repressive effects on the B-CGTase production by Bacillus circulans ATCC 21783
[5]. One way to avoid this undesirable effect is the use of fed-batch cultivation in wich
substrate feeding can successfully reduce CCR in the production of y-CGTase, wich has been
described in a few works [11, 12, 18].

This work aimed developing a mathematical correlation model, using the experimental
factorial design and the response surface methodology, in order to verify the combined effects
of agitation and aeration on CGTase production in bioreactors. The optimized process
parameters were applied to verify the effects of fed-batch cultivation on CGTase production

by B. circulans.

Material and methods

Microorganism

Bacillus circulans ATCC 21783 was obtained from ATCC collection. Stock cultures of B.
circulans ATCC 21783 were kept frozen at -20° C in 25 % glycerol.

Medium and inoculum

The medium composition used throughout this work (standard medium) was comprised of, in
g.L'I: soluble starch (Synth, Brazil), 2; peptone (Oxoid, England), 5; yeast extract (Oxoid,
England), 5; MgSQOs, (Nuclear, Brazil) 0.2; K,HPO, (Nuclear, Brazil), 1. Sterile sodium
carbonate (Synth, Brazil) was used to adjust the medium pH after autoclaving. Cultures were
grown in 500 mL Erlenmeyer flasks filled with 100 mL of standard medium (initial pH 9.7) at
36 °C in a rotatory shaker, 150 rpm, for 18 h. A volume corresponding to 5 %, (v/v), ODsoonms
1.0, was used as inoculum for submerged cultivation.

Experimental Design

The effects of speed agitation and air flow rate of cultivation, which varied according to the
experimental design were studied in a 2 L lab scale stirred tank (Biostat B, B. Braun Biotech
International, Germany), filled with 1.5 L of sterile standard medium, for 24 h. Experimental
designs analysis were carried out using Statistic 5.0 software (Statsoft, USA). A 2* full
factorial central composite design was used to show the statistical significance of speed

agitation and air flow rate on the production of CGTase. A total of 11 sets of experiments
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including three central points were employed to determine the significance factors affecting
the CGTase production. The minimum and maximum ranges of variables investigated and the
full experimental plan with respect to their actual and coded forms are listed in Table 1. In the
statistical model, Y is the measured response and denotes units of CGTase productivity in
U.(mLh)". The range and the level of the variables investigated in this study were given in
Table 1. The quadratic model for predicting the optimal points was expressed according to

equation (1):

2 2
Y=+ Bix,+ Byx, + Bux,” + Byx,” + fuxx, +& (1)

where Y represents the response variable, £, is the interception coefficient, B, and S, are the

linear terms, p,,and p,, are the quadratic terms, and x, and x,represent the studied

variables. The statistical analysis of the model was performed in the form of analysis of
variance (ANOVA). The significance of the regression coefficients and the associated
probabilities, p (t), were determined by Student’s 7-test; the second order model equation was
determined by Fischer’s test. The variance explained by the model is given by the multiple
coefficient of determination, R

Cultures were incubated at 36° C and initial pH at 9.7. The O, concentration was controlled
using a polarographic electrode (Ingold, Germany). The Antifoam 204 (organic non-silicone
Emulsiort, Sigma, USA) was used for foaming control.

CGTase production in Fed-batch cultivations

Fed-batch experiments were performed in a 2 L stirred tank (Biostat B, B. Braun Biotech
International, Germany), filled with 1.5 L of sterile standard medium. The cells were initially
grown in batch mode, and feeding was initiated when starch was depleted. The feeding
solution comprised of, in g.L'I: soluble starch, 18.5; peptone, 5; yeast extract, 5; MgSQOs, 0.2;
K,>HPO,, 1. This medium was fed at constant rates of either 0.5 h™ and 0.17 h™' using a pre-
calibrated peristaltic pump.

Analytical methods

Samples of submerged cultivations (10 mL) were centrifuged at 3,500 g for 15 min at 4 °C.
The cell-free supernatant was used for the estimation of enzyme activity, total sugar and for
pH determinations. Samples were collected at every two hours.

CGTase activity assay
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CGTase cyclization activity was determined using the phenolphthalein method assay [/4]
with modifications as follows. Reaction mixture, containing 26 mg of soluble starch in 0.65
mL of 0.1 M sodium phosphate buffer (pH 6.0), and 0.35 mL of crude enzyme were incubated
at 60°C for 15 min. The reaction was stopped by addition of 4 mL of 0.04 mM
phenolphthalein dissolved in 125 mM Na,COj; solution. The absorbance was then measured at
550 nm. A standard curve was prepared with B-CD. One unit of CGTase activity (U) was
defined as the amount of enzyme that formed 1 pg of p-CD min™' under standard conditions.
Enzyme was expressed as volumetric activity (U.mL™ medium).

Biomass

Biomass was quantified gravimetrically as dry weight of cells. Samples were centrifuged,
washed twice with cold distilled water, and dried in pre-weighted plastic tubes at 80°C to a
constant weight in vacuum-ovens.

Determination of total sugar

Total sugars were measured by a phenol sulphuric acid method [/5].

Determination of the oxygen volumetric mass transfer rate

The oxygen volumetric mass transfer rate (kja, [h']) of cultures was measured using the

dynamic method described in Doran [/9].

Results and Discussion

Experimental Design

Based on preliminary studies in our laboratory, speed agitation and air flow rate were
identified as important factors affecting CGTase production by B. circulans. In the present
work, these variables were statistically optimized with RSM. The experimental designs and
the results are shown in table 1. In order to allow for comparisons with other bioreactor
systems, kja of each experiment was also measured and the values are shown in table 1. The
ANOVA showed an R-squared of 0.65, which is suitable for describing the tendency and the
influence over the CGTase production, and a good F-test. The computed F-value for CGTase
productivity (4.31) was 1.4-fold higher than the F-value in statistic tables [9], indicating that
the model was significant at high confidence level (90 %). The significance of each
coefficient was determined by Student’s #-test and p-values. At 5 % probability level, speed
agitation is significant only at second-order model (Pgiqe < 0.009) and air flow rate is
significant at primary and second-order model (P, < 0.004 and P 4er < 0.023), which
indicates that they can act as limiting factors and even small variations in their values will

alter CGTase productivity to a considerable extent. However, the interaction between
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variables and the linear response for agitation had a non significant effect on CGTase
productivity. The model can now be simplified by the elimination of statistically non

significant terms. The quadratic model was reduced to:

Y =1154.76 + 287.27x, —143.57x,> =232.09x,>  (2)

The response surface described by the model equation to estimate CGTase productivity over
independent variables (x; and x;) is shown in Figure 1. Contour plot indicates that aeration
below 1 vvm and speed agitation over 450 rpm and below 350 rpm cause reduction in
CGTase productivity.

In most of cultivations, it was observed that intensive enzyme production began from 8 h of
cultivation, at the end of exponential phase. Vassileva et al. [5], working with different
conditions of temperature, found similar kinetics of growth for this bacterium. The highest
CGTase productivity (155 U.(mLh)") was observed at run number 10, where the process
parameters speed agitation and air flow rate were used at their intermediary (400 rpm) and
higher (2 vvm) levels, respectively (kia = 48 h™") (Figure 2). This productivity was 31-fold
higher than observed at run number 8 (anaerobic condition), where the related factors were
used at the same speed agitation and lowest air flow rate. Moreover, in the central points it
was also observed high productivities (112, 113 and 122 U.(mLh)" differently of that
occurred in run number 11, where CGTase productivity was 70 U.(mLh)"' with speed
agitation at 600 rpm and air flow rate at 1 vvm (kja = 51 h™). These results suggest that B.
circulans has a higher CGTase productivity with 48 h™ of kja, which, in our system, was
achieved with speed agitation (400 rpm) and air flow rate over 1 vvm, being oxygen transfer
an important factor for CGTase synthesis.

The change of pH values of the medium during growth decreased reaching about 8.4 at 8 h of
run, due to the assimilation of starch by microorganisms, increasing afterwards reaching 9.5,
strongly suggesting re-equilibration of the redox state [/6] (Figure 2). Paavilainen et al [/6]
reported that a drop of pH probably occurs due to the reduction potential generated from a
singular oxidation mechanism where the sugars are not metabolized through tricarboxylic acid
cycle. The exception has occurred in run number 8, where the aeration was zero (Figure 3). In
this experiment, the cellular growth was very slow reaching 0.7 g.L"' in 10 hours and pH

decreased until 7.35 in the end of cultivation. This fact could be explained by the ability of the
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strain to grow also under anaerobic conditions [/3], but little synthesis of CGTase was
observed under these conditions.

The optimized values of selected variables were obtained by solving the regression equation
3. The optimized values of the test variables in coded units are: x; = 1, x» = 0. The real values
obtained by substituting the respective optimized values in equation 1 are: air flow rate of 1.7
vvm and speed agitation of 400 rpm. The model predicts that the maximum CGTase
productivity that can be obtained using the above values of variables would be 130 U.(mLh)™".
The maximum enzyme activity obtained experimentally was 127 U.(mLh)", which is in close
agreement with the model prediction.

These parameters of aeration and speed agitation can be attributed to the fact that dissolved
oxygen concentration play an important role in the process of CGTase synthesis as it is shown
by the response surface plot (Figure 1).

CGTase production in Fed-Batch cultivation

Fed-batch cultivations were carried out in order to study the optimization of speed agitation
and air flow rate on CGTase productivity by B. circulans. The best values of speed agitation
and air flow rate that were used in fed-batch cultivations were 400 rpm and 1.7 vvm,
respectively. It was observed that at 0.5 h™' of feed rate the CGTase productivity decreased
immediately after beginning the starch feeding (data not shown). It was also observed that the
biomass has grown a little and the total sugars were accumulated in medium not being
immediately consumed. This may be explained by the fact that high concentrations of starch
led to an accumulation of simple sugars and consequently causes a repressive effect on
CGTase synthesis [/7]. When feed rate was lower, 0.17 h™, the biomass has grown up to 1.8
gL' (Figure 4) being 1.2-fold higher than it was observed in run number 10 of batch
cultivation. According to Wang et al. [/8] fed-batch can effectively reduce CR and boost the
production and productivity of y-CGTase by B. macorous WSH02-06. Therefore, it was
expected an increase of CGTase synthesis during fed-batch cultivations, fact that did not
occur. The CGTase productivity in fed-batch cultures reached 137 U.(mLh)" being 0.88-fold
lower than run number 10 in batch cultivations. Perhaps one possibility for these low CGTase
activity and cell growth resides in the fact that we used a linear feeding regime that did not
match a controlled growth rate for this microorganism. This may led to accumulation of
starch, which, in turn, led to an accumulation of simple sugars with the same consequences as

described previously [/7].
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Conclusions

The rates of oxygen transfer play an important role in overall microbial metabolism. It was
observed that in the experiment with high air flow rate a higher enzyme productivity could be
observed (155 U.(mLh)", differently that in other experiment without air when the enzyme
productivity was the lowest (5 U.(mLh)". This fact showed that both speed agitation and air
flow rate affected the oxygen availability for cellular growth and CGTase synthesis by B.
circulans. The optimized process values that increase CGTase productivity are 400 rpm for
speed agitation and 1.7 vvm for air flow rate.

Compared with batch cultures, fed-batch cultures produced enhanced cell growth and
diminished CGTase productivity. More work is needed to test different feeding rates

conditions on CGTase synthesis to become feasible as an industrial process.

Acknowledgments

The authors wish to thank CAPES for their financial support.

5. References

1. A. Biwer, G. Antranikian, E. Heinzle, Enzymatic production of cyclodextrins, Appl
Microbiol Biotechnol. 59 (2002) 609-617.

2. L. Szente, J. Szejtli, Cyclodextrins as food ingredients, Trends Food Sci. Technol. 15
(2004) 137-142.

3. C.M. Buchanan, S.R. Alderson, C.D. Cleven, D.W. Dixon, R. Ivanyi, J.L. Lambert, D.W.
Lowman, R.J. Offerman, J. Szejtli, L. Szente, Synthesis and characterization of water-soluble
hydroxybutenyl cyclomaltooligosaccharides (cyclodextrins), Carbohydr. Res. 337 (2002)
493-507.

4. B.A. van der Veen, J.C.M. Uitdehaag, D. Penninga, G-J.W.M. Alebeek, L.M. Smith, B.W.
Dijkstra, L. Dijkhuizen, Rational design of cyclodextrin glycosyltransferase from Bacillus
circulans strain 251 to increase a-cyclodextrin production. J. Mol. Biol. 296 (2000) 1027-
1038.

5. A. Vassileva, V. Beschkov, V. Ivanova, A. Tonkova, Continuous Cyclodextrin
Glucanotransferase Production by Free and Immobilized Cells of B. circulans ATCC 21783
in Bioreactors, Process Biochem. 40 (2005) 3290-3295.

6. S. Oh, S. Rheem, J. Sim, S. Kim, Y. Baek, Optimizing conditions for the growth of
Lactobacillus casei YIT 9018 in tryptone-yeast extract-glucose medium by using response

surface methodology, Appl. Environ. Microbiol. 61(1995) 3809-3814.



53

7. G.E.P. Box, W.G. Hunter, S.J. Hunter: Statistics for Experimenters, John Wiley & Sons,
New York, USA (1978) 672pp.

8. W. Chen, C. Liu, Production of P-fructofuranosidase by Aspergillus japonicus, Enzyme
Microb. Technol. 18 (1996) 153-160.

9. K. Shiraia, I. Guerreroa, S. Huertaa, G. Saucedoa, A. Castillob, R.O. Gonzalezb, G.M.
Hallc, Effect of initial glucose concentration and inoculation level of lactic acid bacteria in
shrimp waste ensilation, Enzyme Microb. Technol. 28 (2001) 446-52.

10. K.J. Rao, C. Kim, S. Rhee, Statistical optimization of medium for the production of
recombinant hirudin from Saccharomyces cerevisiae using response surface methodology,
Process Biochem. 35 (2000) 639-647.

11. S-G. Kim, D-H. Kweon, D-H. Lee, Y-C. Park, J-H. Seo, Coexpresssion of folding
accessory proteins for production of active cyclodextrin glycosyltransferase of Bacillus
macerans in recombinant Escherichia coli, Protein expression and purification, 41 (2005)
426-432.

12. B.N. Gawande, A.M. Sonawane, V.V. Jogdand, A.Y. Patkar, Optimization of cyclodextrin
glycosyltransferase production from Klebsiella pneumoniae AS-22 in batch, fed-batch, and
continuous cultures, Biotechnol Prog. 19 (2003) 1697-1702.

13. K. Horikoshi, F. Ikeda, Y. Ikeda, Y. Tanaka, Novel amylase and process for preparing the
same. US Patent 3826715 (1974).

14. T. Kaneko, T. Kato, N. Nakamura, K. Horikoshi, Spectrophotometric determination of
cyclization activity of B-cyclodextrin-forming cyclodextrin glucanotransferase, J Jpn Soc
Starch Sci. 34 (1987) 45-48.

15. M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Rebers, F. Smith, Colorimetric method for
determination of sugars and related substances, Anal. Chem. 28 (1956) 350-356.

16. S. Paavilainen, M. Mikeld, T. Korpela, Proton and carbon inventory during growth of an
alkaliphilic Bacillus indicates that protons are independent from acid aniona, J. Ferment.
Bioeng. 80 (1995) 429-433.

17. B.N. Gawande; A.Y. Patkar, Purification and properties of a novel raw starch degrading-
cyclodextrin glycosyltransferase from Klebsiella pneumoniae AS-22, Enzyme Microb.
Technol. 28 (2001) 735-743.

18. F. Wang, G. Du, Y. Li, J. Chen, Regulation of CCR in the y-CGTase from B. macorous by
the specific cell growth rate control, Enzyme Microb. Technol. 39 (2006) 1279-1285.

19. PM. Doran, Bioprocess Engineering Principles, Academic Press, San Diego (1995)
pp-190-217.



54

600

500
g
E
Q 1 (mLh)!
5 400} 00 U.(mLh) :
s >120 U.(mLh)
=
(5]
(]
(o0
wn

300

200 : : :

0 0.7 1 1.7 2

Air flow (vvim)

Figure 1: Contour plot for the effects speed agitation and air flow rate on CGTase productivity

of B. circulans ATCC 21783.
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Table 1: Real values and coded levels, results for CGTase activity and kja

Coded setting
Treatment levels Actual levels CGTase activity ka
(x;=af; x,=sr) (X;=af; X>=sr) U.(mLh)"!
X X2 Xi X
1 -1 -1 0.7 300 78 25
2 1 -1 1.7 300 82 27
3 -1 1 0.7 500 83 32
4 1 1 1.7 500 97 32
5 0 0 1 400 112 35
6 0 0 1 400 113 34
7 0 0 1 400 122 33
8 -1.41 0 0 400 5 0
9 0 -1.41 1 200 55 13
10 1.41 0 2 400 155 48
11 0 1.41 1 600 70 51
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3 DISCUSSAO GERAL

O método utilizado neste trabalho para a quantificagdo de CGTase (KANEKO et al.,
1987) foi modificado, conforme descrito no artigo Production of cyclodextrin
glycosyltransferase by alkaliphilic bacillus circulans on submerged and solid-state cultivation
(artigo 1). As modificacdes foram realizadas para minimizar os efeitos de instabilidade da
fenolftaleina na presenca de oxigénio, conduzindo a uma maior precisdo na deteccdo de [3-
CD. Mikela et al. (1990) e Goel e Nené (1995) ja haviam realizado modificagdes no método e
obtiveram curvas com linearidade de B-CD até 68 ug/mL e 200 pg/mL, respectivamente.
Com as modificagdes propostas no presente trabalho observou-se um aumento da linearidade
na curva padrio com concentracdes de até 400 pg/mL (R*=0,995). Estes resultados foram
validados em Cromatografia Liquida de Alto Desempenho (dados nao mostrados)
confirmando a confiabilidade do método e possibilitando melhoria nas andlises.

O crescimento da bactéria Bacillus circulans ATCC 21783, foi testado primeiramente
com duas fontes de carbono, amido e glicose, na concentragdo de 2 g.L'l em incubadora
agitadora orbital de acordo com o planejamento experimental fatorial descrito no artigo 1.
Nos cultivos em presenca de glicose ou amido, onde o pH foi igual ou superior a 11,4, ndo
houve crescimento do microrganismo. No entanto, nos demais pHs analisados, foi possivel
verificar que houve crescimento do microrganismo em ambas as fontes de carbono testadas,
porém, quando na presenca de glicose, a producdo enzimatica atingiu um maximo de 11
U.mL”! (APENDICE A), na condi¢do de 37° C e pH 10,0 em 12 horas de cultivo, enquanto
que nas mesmas condi¢cdes em presenca de amido a produgdo enzimdtica foi 33,5 vezes
maior. Se por um lado, ¢ bem conhecido que microrganismos produtores de a-amilase tém
sua produgdo enzimatica induzida na presenca de amido (NISHIDA et al., 1997), fato também
relatado por Gawande et al. (2003), para a producdo de CGTase, em uma linhagem de
Klebsiella pneumoniae AS-22, por outro lado a possibilidade de repressdo catabdlica
(VASSILEVA et al., 2003) em presenca de glicose ndo deve ser desconsiderada, como sera
discutido a seguir.

A méxima producdo de CGTase obtida em incubadora agitadora orbital, conforme

mostrado no artigo 1, foi de 637 U.mL'l, utilizando 36° C e pH 9,7. Este valor foi 21 vezes
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maior que o valor obtido por Mikela et al. (1990), ap6s 80 horas de cultivo, utilizando o
mesmo microrganismo nas mesmas condi¢des de cultivo, porém com quantidade inicial de
amido de 20 g.L". Estes resultados mostraram que uma menor concentragdo de substrato no
meio de cultura pode estar relacionada a uma possivel diminui¢do da repressdo catabdlica.
Observagdes semelhantes foram feitas por Vassileva et al. (2003), que relatam que altas
concentragoes de amido conduzem ao acumulo de mono e dissacarideos no meio de cultura,
principalmente glicose e maltose causando como conseqiiéncia a repressdo da sintese
enzimdtica. Além disso, altas concentracdes de amido aumentam a viscosidade do meio,
necessitando desta forma maior demanda de energia. Também, segundo Gawande et al
(2003), altas concentracdes de amido resultam em alta taxa de crescimento celular,
acidificando muito o meio de cultura, provocando a queda de sintese enzimatica.

Com os parametros pH e temperatura otimizados, realizou-se, em uma segunda etapa,
testes em biorreatores de bancada de 2 L, buscando verificar o comportamento do
microrganismo frente ao aumento de escala. Observou-se que a transferéncia de oxigénio
afeta a produgdo de CGTase e o crescimento celular, conforme demonstrado no artigo 1. No
experimento onde a agitacdo foi de 600 rpm e a aeracdo de 2 vvm, a biomassa atingiu 1,49
gL' em 12 horas de cultivo com méaxima produgdo de CGTase 512 U.mL™"' em 10 horas. Este
valor foi 1,24 vezes menor que o obtido nos experimentos em incubadora agitadora orbital. J&
no experimento com 400 rpm de agitacdo e 1 vvm de aeracdo, observou-se um aumento de
1,79 vezes na atividade enzimética (1155 U.mL"') quando também comparada aos
experimentos em incubadora agitadora orbital. Uma vez que a agitacdo e aeragdo mostraram-
se fatores decisivos na sintese enzimadtica, realizou-se um planejamento experimental
utilizando estes dois parametros como variaveis, conforme pode ser observado no artigo
Batch and fed-batch production of cyclodextrin glycosyltransferase by alkaliphilic Bacillus
circulans (artigo 2).

No planejamento experimental em biorreator, onde a agitagdao variou de 200 a 600 rpm e
aeracdo de 0 a 2 vvm, observou-se que a maxima produtividade enzimatica ocorreu em 10
horas de cultivo, 155 U.mL'h', nas condi¢des de 400 rpm e 2 vvm. Neste experimento, a
atividade enzimatica foi de 1546 U.mL", sendo 1,35 vezes maior que o valor obtido nos
experimentos com 400 rpm e 1 vvm.

No experimento numero 8§, 400 rpm e sem aeracdo, observou-se que O microrganismo
cresceu muito lentamente devido a escassez de oxigénio, prejudicando a sintese enzimatica
que atingiu seu valor maximo em 22 horas de cultivo, 167 U.mL"". J4 no experimento niimero

9, 200 rpm e 1 vvm, onde a transferéncia de oxigénio foi pequena, a producdo de CGTase
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maxima ocorreu em 12 h de cultivo, 615 U.mL'l, diferentemente do ocorrido quando a
agitacdo foi méaxima, 600 rpm, e aeracdo intermediaria, I vvm em que a atividade maxima foi
atingida em 22 horas de cultivo, 1241 U.mL". Comparando estes experimentos com o de 400
rpm de agitacdo e 1 ou 2 vvm de aeragdo, onde a producao de CGTase foi significativamente
maior podemos concluir que a escassez ou o excesso de oxigénio sdo prejudiciais para a
sintese enzimatica, sendo portanto essencial sua otimizagdo para um posterior processo de
escalonamento industrial.

Os valores otimizados em biorreator foram aeragdo de 1,7 vvm e agitagao de 400 rpm.

Com o intuito de verificar a produgdo de CGTase pelo B. circulans utilizando processo de

batelada alimentada, foram testadas duas condigdes de alimentacdo. Na primeira condi¢ao
testada, O,SgZ—"’;ld”, o amido foi acumulado no meio de cultura imediatamente a sua adi¢ao,

indicando que essa concentracdo de aclcar era superior a demanda necessaria para o

microrganismo multiplicar-se e sintetizar a enzima. Utilizando a equagao 1,
)
Vs

onde V' € o volume de cultura inicial, F* ¢ a vazdo de alimentagdo, §, ¢ a concentracdo de

(1)

substrato para a alimentacdo x ¢ a velocidade de crescimento da bactéria, X ¢ a biomassa e

Y ¥ ¢ a taxa de conversao de substrato em biomassa ¢ considerando o termo d% ,
S
aproximadamente zero, calculou-se a taxa de alimentagdo para o segundo experimento que foi
& ami - . . .
de 0,17 ZLZ" . Nesta condig@o, o microrganismo cresceu 1,24 vezes mais que o observado no

experimento de numero 10 do cultivo de batelada, sendo a produtividade 0,88 vezes menor.
Portanto, estudos posteriores com diferentes condi¢des de alimentagdo sdo fundamentais para
a obten¢ao de melhores resultados em batelada alimentada.

Por fim, realizaram-se experimentos preliminares utilizando 30 g.L™' de residuo
industrial de fibra de soja (RIFS) como fonte de carbono, proteinas e sais minerais para
verificar a possibilidade de crescimento da bactéria alcalofila B. circulans e produgdo de
CGTase. O cultivo foi realizado a 37 °C e pH 9,7 em incubadora agitadora orbital, em frascos
de Erlenmeyer de 250 mL com 50 mL de meio de cultura e indculo de 5%y durante 48
horas (APENDICE B).

Ap6s a verificagdo da viabilidade da utilizagdo de RIFS como fonte de carbono e de

energia para o crescimento e produgdo de CGTase, realizaram-se experimentos, com este
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mesmo substrato, em biorreatores cilindricos verticais estaticos de fluxo ascendente com
capacidade de 500 mL em estado semi-so6lido, conforme descrito no artigo 1.

Nos experimentos em cultivo semi-solido (CSS) foi constatado que a bactéria cresceu
e sintetizou a enzima de interesse atingindo a maxima atividade enzimatica de 32.776
U.grirs)', sendo que a maxima atividade no cultivo submerso com RIFS foi de apenas 1.267
U.g(RIFs)'l, aproximadamente 26 vezes menor, ambas em 48 horas de cultivo. Estes resultados
observados paralelamente aos resultados obtidos em cultivo submerso em presenca de glicose,
onde a produgdo de atividade CGTase, ainda que existente, foi muito baixa, corroboram a
hipotese de repressdo catabdlica nos cultivos submersos. Por outro lado, isso ndo foi
observado no CSS onde a sintese enzimatica foi maior. Uma possivel explicagcdo para isso €
dada por Viniegra-Gonzalez e Favela-Torres (2006) que sugerem a existéncia de gradientes
microscopicos dentro dos agregados celulares, bem como a redug¢do da permeabilidade da
membrana celular a glicose tendo como conseqiiéncia a ndo existéncia de repressao catabdlica
no CSS.

Por fim, este trabalho otimizou a producdo de CGTase pela bactéria alcalofila B. circulans
ATCC 21783, através de ferramentas estatisticas e de planejamento experimental, pela
bactéria alcalofila B. circulans ATCC 21783 resultando na obtengdo de um rendimento
superior aos encontrados na literatura, até o presente momento, para este microrganismo.

O sistema de cultivo em batelada alimentada necessita de mais estudos, principalmente de
ajustes nas taxas de alimentacdo, para verificar se € possivel aumentar a produg¢do de CGTase
em cultivos submersos. Os resultados obtidos nas condi¢des utilizadas nao foram vantajosos
quando comparados ao sistema de batelada tradicional.

J& os experimentos com RIFS demonstraram a possibilidade de utilizagdo de residuos da
agroindustria na producdo de CGTase. Além disso, os resultados apresentados reforcam a
necessidade de mais estudos sobre a producdo desta enzima em CSS, com o aproveitamento

de substratos de menor custo que os atualmente utilizados.
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APENDICE A - Planejamento Experimental e resultados de producdo de CGTase do B.

circulans em glicose em incubadora agitadora orbital

Ensaios Valores Codificados Valores reais CGTase (U.mL™)
(X;=T; X;=pH) (X;=T; X;=pH)
X X5 X %
1 -1 -1 34 8,6 0
2 1 -1 40 8,6 7
3 -1 1 34 11,4 0
4 1 1 40 11,4 0
5 0 0 37 10 5
6 0 0 37 10 7,5
7 0 0 37 10 11
8 -1,41 0 32 10 0
9 0 -1,41 37 8 7,5
10 1,41 0 42 10 0
11 0 1,41 37 12 0
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APENDICE B
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Produgdo de CGTase por Bacillus circulans em cultivo submerso com 30 gL' de

RIFS. Média de dois experimentos.



