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Aos meus pats,
por tudo que representam em minfia vida,

Infelizmente esse momenio ndo serd como sonhado,

Mas tenham certeza de que s6 aconteceu por ¢ para vocés.
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Resvmo

Neste frabalho, estudou-se a otimizagho da produclo de dcido bialurdnics (HA) por cultive
de Strepfocovcus zovepidemions e batelads, com base nas alteragBes metabolicas ao longo do
crltivo. As condicles ambientals estudadas foram a concentracio fnicfal de glicose, controle do
pH, fons mimerais e fonte do pitrogfmo orglnico. Nos caltivos em frascos, 3 concentracio inicial
de gheose ndo alterou nem o oreschmento celular nem a produciio de HAL Enfretanto, no cultivo
em biorreator sem o controle do pH, ambos foram fortemente dependentes da conceniraciio
inicial de glicose, com maior producio de HA (1,21 g 177 no cultive realizado em meio com 25
g [ glicose. Tal condigfio nutricional foi a Gnica gue apresentou maior conversio de glicose em
HA (Vyas) do que conversiio de glicose em massa celular { Vs O controle do pH ao longe do
cultivo com 25 g.l%f glicose resulton em maior produtividade de células (0,21 gL' b e de HA
(0,10 g L' 1Y, apesar dos menores rendimentos em relag@o 4 glicose. A combinacio desses
resultados relaciona o mator direcionamento da fonte de carbono para HA do que para ofladas a
wma resposia do microrganismo ao stress deide ccorrido no enltivo sem controle do pH. Uma
andlise da distribuicBo dog fluxos metabolicos nas condicdes ambientais estudadas demonstrou
gue as alteracSes na via de produglio de HA foram mais relacionadas 3 distriboicdo dos fluxos
para 0§ aglcarss preenrsores da sintese do polimero gue 4 disponibilidade de energia (ATTF) on

potencial redutor (NADH/NAD"Y das células. A total suplementacio do meio de cultura com ions

minerais (K7, Mg™, Na', Fe™™, Cd’
porém nido alterou a producio de HA de forma significativa. O estudo demonstron ainda que a
gualidade do polimero produzido pode ser modulads pela suplementagio do meie com fong
minerais. As propriedades reologicas do HA com baixo teor de proteina {044 wg™') ¢ massa
molar média de 4.0 x 10° Da demonstraram elevada densidade de emaranhamento das cadeias
devido & alte dependéneia do médulo elistico com a conceniracio ¢ desvios da viscosidade
complexa com relaghe & regra de Cox-Merz. O estudo de meios alternativos contendo derivados
agromdustriais demonstrou malores concentracles de HA em meios contendo extrato de levedura
como fonte de nitrogénio. Este conjunto de resuliados contribui para a otimizagdo da producio de

HA, assim como para wn melhor entendimento do metabolismo do Strepiococens zooepidemicus.

Potavres-chove: foide hialurdnico, fermentacio, Streptovocons rovepidemicus, metabdlitos, massa molar,
replogia.
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ABSTRACT

In this work, it was studied the optimization of HA production by batch cubture of
Streptococcus zovepidemicus, with focus on the metabolic changes along cultivation, The
environmental conditions studied were the mitial glucose concentration, pH control, mineral fons
and organic nitrogen sowrce. In flask cultivations, the mitial glucose concentration had no
influence on the amounts of either the biomass or the HA produced. However, in Bioreactor
cultivations, at nep-controlled pH, both were strongly dependent on the initial glucose
concentration. The highest HA concentration (1.21 gL was obtaimed from 23 gL glucose,
which was the only cultivation where the conversion of glucose to HA {Yyas) was higher than
the one of glucose to biomass {Yws). Not only did the pH control slong cultivation result in
higher cell productivity (0.21 gL 1), but also in the HA productivity (0.10 g L7 h™). However,
the HA and cell vields from glucose were lower, The combination of these resulis relatey the
higher direction of the carbon source 10 the HA synthesis at the expenses of the cell growth o a
microbial response to the acid stress observed m non-controlied pH. An analysis of the metabobe
flux distribution in the environmental conditions studied shows that the changes in the HA
production pathway werg more related o the distributions of fAuxes to the precursers of HA
synthesis than o the energy availability (ATP) or redox state (NADEH/NAD™) of the cells, The
total supplementation of the culbwe medinmm with fons was beneficial to the cell growth.
However, it did not have aoay influence on the HA production, Moreover, the results showed that
the HA quality mayv be modulated through the mineral jon supplementation. The rheological
properties of HA with low protein content (0,44 oo™y and average molecular weight of 4.0 19
Da showed the high entanglements density of the HA chaing due o the bigh storage modulus
concentration dependence as well gz fo the complex viscostty deviations with respect to e Cox-
Merz rule. Alternative moedia containing agricubiural resources derivates were studied. The higher
HA concentrations were produced m media whose Oorganic mrogen source waus veast extract,
This set of results contribuies not only to the optimization of the HA production, but also to a

better understanding of the Streptococcus zovepidemicus metabolism,

Kev-wordy: hyaluronic acid, formentation, Strepiococens zooepidamicus, vctabolites, molecular weight,

rheology.
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the growih of Streptococcus zooepidemicus. a - the reference valne of the average cell
growth (0.891 gL'y in the control medium supplemented with all of the evaluated ions
{C+ control)y. b - the reference value of the :i'verage cell growth (0.62 g. LY in the non-
supplemented eamwi meditm (- cantre}i} The letters above the bars mean the statistical
COMpParisnns pu’fom";ed ?3‘},’ me Turkey test at ﬁ% g}za;b&%:}ﬁﬁy {p < (.05). Bars with the

same letters are not sigzuﬁmmiv diﬁiwem
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Figure 4.4.2 - Effects of the mdividual {2} absence or {b} presence of the mineral 10ns on
the production of HA. a - the reference value of the HA production (1.03 gL'} in the
confrol medrum supplemented with all of the evaluated ions {C+ control). b - the reference

value of the HA production (1.03 gL} in the non-supplemented control medium

Turkey test at 5% probability (p < 0.05). Bars with the same letters are not significantly
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Figure 4.4.3 - Effects of the individual {a) absence or (b) presence of the mineral ions on
the global vield coefficient of HA from glucose. a - the reference value of the yield
(0.17 gg™y In the control medium supplemented with all of the evaluated ions
(C+ control). b - the reference yield value (0.16 2.g™") in the non-supplemented control
medium (O control). The letters above the bars mean the statistical comparisons
performed by the Turkey test at 5% probability (p < 0.05). Bars with the same letters are

not significantly different. ..o

Figure 4.4.4 — Effects of the individnal {a) absence or (b) presence of the mineral 1ons on
the molecular weight (MW) of HA. a - the reference value of the MW of HA
(2.0 » 107 Da) in the control medium supplemented with all of the evaluated ions
(C+ contrel). b - the reference value of the MW (3.3 % 107 Da) in the non-supplemented
control medium (C- control). The letters above the bars mean the statistical comparisons
performed by the Turkey test at 5% probability {p < 0.03). Bars with the same letters are

ROt SIgRICAntly GHTRIERT. ... e e

Figure 4.5.1 ~ The pH effects on {a} the protein content and (b, ¢} the color of the
oblamed precipitates from the Swreplococous zooepidemicus ATCC 39920 (s | b
cultivation 1n acidifying conditions precipitated at pH 4.96; {m= == , ¢} coltivation and
precipitatton at pil 7.0, The intensity measurements were obtained from a UV-VIS
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Figure 4.5.2 — The pH effects on the molecular weight distribution of HA produced from
the Streptococeus zooepidemicus ATCC 39920 (a) cultivation at acidifving conditions and

precipitated at pH 4.96; (b) cultivation and precipitation at pH 7.0
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Figure 4.5.3 ~ The influence of shear rate (v} on the specific viscosity (ng,} of microbial
HA at different concentrations in 0.15 mol. L NaCl solution at 25°C: {m) 50; (&) 64
(&) 74 (03 BO; (o) 90 {4 100 m.g‘mlj;. All concentrations are expressed as mgmb' .
Figure 4.5.4 — Specific viscosity {ne) dependence on the concentration for the microbial
Ha i 0.15 mol L NaCl solution 8t 25°Ch.e s

Figure 4.5.5 ~ Storage {(a) and loss {b) shear modub of microbial HA solutions in 0,15
mol. L7 Nall at 23°C as a function of angular frequency; (0) 10 (o) 30 (&) 44; (&) 54
(93 60; (m) 70; (#) 80, (&) 90: (%) 100 merml’. Al concentrations are expressed as
Figure 4.56 — Storage modulus {G) concentration dependence for microbial HA in
0.15 mol1." NaCt solution at 25°C, measured at frequency of 0.63 rads™ oo,
Figure 4.5.7 — Cox-Mesz plot of the microbial HA in 0.15 mol.L” NaC1 solution at 25°C,
with varipus concenfrations: (03 40; (o3 50, (@) o0 {4y 700 (o) 800 (o) 90
{5 100 mg,mi_,-"', All concentrations are expressed as mg.mlL™". Open symbol: v; Closed
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Figure 4.5.8 ~ Networks formed by microbial HA in 0.01 mobL! MgCl sohution

deposited on micar {a) ¢ (&) 001 wmemL’; () e (&) L0 mgmL”’ Height image
BOHITE % B0t vcsanieuen s eain oo nss st cose om0 o4 et 42542 ARt a e nma bbb a e e
Figure 4.5.9 — Clusters of microbial HA chains observed when 0,01 mg.miL”" HA solution

were deposited on mica, Height dmapge L5 pm > L3 B i
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APRESENTACAO

€} presente trabatho ot redigido na forma de capitulos, para uma melhor organizagio e

discussfo dos resultados obtidos. Assim, este exemplar € apresentado no seguinte formato:

e Introdugdio, apresentando a unportineia ¢ justificativa do trabatho
e Objetivo ¢ aspectos abordados;

»  Revisfo bibliogrifica, abordande os principats fundamentos considerados no

desenvolvimento do trabalho;

s Resuoltados e discussOes, spresentados na forms de artigos submetidos a penddicos
cientificos que se referem aos aspectos abordados no desenvolvimente do frabalho. Os materiais

¢ métodos empregados serfio desenitos em cada capltulo;
s Concluses gerais;
& Sugesthes para trabalhos futuros;

s Referéncias bibliograficas.
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LINTRODUGAO

{ dcido bialurGnico (HA) € um polissacarideo linear de alia massa molar constituido de
umidades dissacaridicas de acido D-glicurémice ¢ N-acetilglicosaming, unidos por ligacdes
ghcosidieas B~1-3 ¢ B-1-4. HA existe natoralmente como wm gel hidmtado enconinado em
tecidas h&zmams e de dﬁif‘i’iﬁ%b‘ Esse bzape%ﬁmuo mﬁumcw & comportamento celular o apresenta

sigrificantes izms,,m% eximmms reai{wm&& ﬁsmi%;cas & hiolégicas no corpo.

Solugbes aquosas de HA sdo descritas como polisletedlitos enovelados de estrutura
semi-rigida. A molécula ocupa um grande volume hidrodin@mico e, mesmo om baixas
concentracbes (1 mgL), as cadeins sho capazes de interagir formandn redes. Fssas
saracteristicas estruturais, gue sdo altamente dependentes de sua massa molar, resublam em seu
comportamento vzacmiasz;{:{) & uapac;&ade de rciem;m ijﬁ, grapdes volumes de dgus, sendo
determinante em suas ﬁ.ii?i;t?ﬁ‘b & &péxaag‘:&}&s A &usemzﬁ {ic efeitos toxigénicos de HA permile sua
ampla aplicagio Zﬂéih _3.5_.1&:;3?1’;&3 cosmctica, médica e farmacéntica, meluindo hidratantes para a
pele, preenchedores _ﬁécéais; ﬁ"éﬂamﬁm_m de asze@az#trite{ eirurgia oftalmolégica, cicatrizagho de
ferimentos e §.§.b¢mg_:%§;} contrelada de farmacos. Com a mcessante busca pela beleza ¢ o
envelhecimento da pz:%puiag:é’ia zﬁm_ndﬁaﬁ,_ § crescents a {iegﬁaan&a por esges produing com proposiios

COSMENCos ¢ terapéuticns,

O HA produzide comercialmente pode ser de origem animal, normalmente extraido de
criste de galo, ou produzido por fermentaglio de Streptococcus do grupe C de Lancefield, em
particidar ﬁ‘ﬁ*ﬁpf{?t:ﬁﬁé:aﬁ egui sub. egul ¢ Sf;--egﬁze:amarcz.z& eém sub, zooepidemicus. Os politheros
resultantes de ambas as fontes apresentam a mesma estrulura quimica daqueles encontrados em
humanos, pﬁdmdt} Giferniy apg:;ﬁs com relaclo a massa molar. Contudo, a produgio de HA por
PEOCEESOS i.“mmeﬁfﬁi‘éw)s e se tom*adé ums aEtematm cada vez mals atrativa ¢ configvel,
comstderando-se a atmi preocupagio © restrighes quanto ao uso de materieis de origem animal

para aplicactes homeédicas devido ao perigo de c@nzammaﬁ;m por agenies virais,

HA ¢ sintetizado como uma capsula extracelular por Strepiococcus, produzida como un
fator de viruléncia por esses microrgamsmos. As porgbes de fcide D-ghourdnico e N-
acerilglicosamina que constituem a moléenla de HA sfo dertvadas de glicose-6-fosfato e frutose-

6-fosfato, respectivamente, ¢ sfio pobmerizados pela enzima HA sintase. Por serem B




hemoliticos, Strepfococcus dos grupos A e C de Lancefield liberam estreptolisina no meio de
cultive e preparacBes de HA para aplicaghes médicas on cosméficas nfo podem estar
contaminado com essa proteina. Assim, microrganismos empregados na produciio industrial de
HA normalmente s3o mutantes ndo B-hemoliticos e que nfio sintetizam hialuromidase, enzima que

degrada a cadeia poliménica do HA.

A produgdo microblana de HA representa ainda uma oportunidade de otimizar o
rendimento ¢ qualidade do produto por meio de engenharia genética e controle das condigBes de
cultive, vists que a maioria dos produtos formados pelos microrgamsmos é resultado de sua
regposta a condicBes ambientais como mltrientes; vitaminag, ions, temperatura, pH e teor de
oxigémio dissolvido. Além disso, o HA de origem microbiana ¢ excretado no meio de cultivo,

possibilitando o controle das caracteristicas do polimero e do rendimento do produto.

Diesde a década de 80, estudos avahando o efeito de diferentes condigBes de cultive (pH,
teraperatura, aeragio e agitaglo} ¢ fontes nutricionais {glicose, maltose, sacarose) sobre a
produclic de HA foram descritos, Entretanto, para otimizacfo do processo, esses estudes
concentraram-se principalmente nas condicbes de crescimento ¢ pio no metabolismo celplar.
Estudos dos mecanismos de regulagfio para adaptacfio aos estimulos ambientams ainda sio
eseassos. Assim, o presente trabalho abrange o estudo da preduciio de HA por Streptococous
zooepidemicus, enfocando a otimizagdo de diferentes condigbes ambientais por meio de estudos

metabdlicos.

Os poucos estudos que descrevermn o efeito da concentragfio imicial de glicose na
producio de HA por processo fermentative foram desenvolvidos em cultives com controle do pH
do meio. Os estudos em gquestio ndo consideraram as alteragdes metabodlicas decorrentes das
perturbacbes ambientais, © gue dificnlta o entendimento do metabolismo, fisiclogia
mecanismos de regulagio da célula. Este trabalho estuden o efeito da concentragfio inimal de
glicose em cultivos realizados em frascos agitados ¢ em biorreator, sem o confrole do pll,

levando em consideragfio as alteraciies nos principais metabolitos celulares ao longo do cultive.

O controle do pH do meio € uma condiglo de cultive nmportante considerando-se ¢
metabohismo de bactérias ldticas, cujo culfivo gera um ambiente desfavordvel para seu
crescimento ¢ viabilidade. Entretanto, apesar dos numerosos beneficios do confrole do pH
descritos  para  bactérias  laticas, efeitos especificos na produgdc o massa molar e
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exopolissacaridens depende da estirpe empregada. Apesar dos diversos estudos empregando o
Streptococeus zooepidemicus ATCC 39920, microrganismo empregadso neste trabatho, estudos
especificos relacionando os efeltos do pH em sew cultive assim como as alteragdes metabdlicas
resultantes ainda ndo foram descritos. Hste trabatho avalion o efeito do controle do pH do meie

ao longo do culiive nas alteracles metabdlicas, produgdo ¢ massa molar de HA,

arnbientais estudadas, wima analise da distoboiglo dos Huxos metahdlicos foi desenvolvida. Bssa
importante Terramenta wiiliza téenicas de balango de massa e 4 hipdlese de estado estaciondrio
metabolico parn formulacio de restricBes lineares, que possibilitam s determinagio da
distribuigio dos fluxos metabdlicos dentro de uma rede estequioméirica definida. Poucos estudos
empregaram 583 andlise na produgfio de HA, os quais vestigaram condigdes putricionus come
fonte de carbone {comparacio do metabolisme de glicose ¢ maltose) ¢ condigbes de cultive como

o teor de oxigénio dissohvido.

(s meios de cultura descenitos para produgdo microbiana de HA normalmente sdo
complexos e apresentam ampla variagfo do nimero, tipe ¢ concentragio de fons minerais
ernpregados na suplementagio. Conbecendo-se a importinecia dos fons minerais como cofhtores
de diversas reacdes intracelulares, neste trabalbo 01 estudada a8 real necessidade da
suplementacdo comn lons minerais do meto complexe a base de extrato de levedura e ghoose no

crescimento, producio © massa molar média de HA,

As propriedades reologicas dos biopolimeros em geral, ¢ especialmente do HA, sdo de
fundamental inportdncia em suas aplicagbes o fungbes bioldgicas, Visto gue o comportamento
reolGgicn do polimero depende principslmente de sua concentragiio, distribuigho da massa molar,
forca idnica da solucBo, fomperatura ¢ presenga de contarminantes, o HA produzido neste
teabalho, com baixe or de proteing e alta massa molar for caractenizado em soluglio fisiolégica,

om regime permanenie de fuxo ¢ em regime oscilatone,

Constderando-se a busea atual por uma soctedade sustentdvel, estudou-s¢ a vtilizacis de
derivados agroindustriais como fontes alternativas de carbono e nitrogénio orginico. As fontes
foram selectonadas com base pos requerimentos nutricionais do microrgamismo g questio ¢
suas respectivas composiclies, mantendo-se a mesma razdo ghicosemitrogénio do meio complexo

a base de glicose ¢ extrato de levedura.




Os diferentes aspectos abordados no presente trabalho visam contribuir pars a
otimizacdo da producio de HA por processo fermentativo, bem como para um melhor

entemdimento do metabolismo e fisiclogia do microrganismo em questio.



2. OBJETIVO

Este trabalho tem como objetivo a otimizacio de condigBes nudricionais e de eultivo por
meio de estudos metabdhcos da produglio de dcido hialurbnico (HA) por Swreptococous

zovepidemicus, aldm da caracterizagdo do polimere produzido.
As efapas ¢ aspectos abordados em seu desenvolvimento foram:

1. AlteracBes metabdlicas decorrentes da concentracio micial de glicose no meio de
culiura para producdo de HAL

2. Efeitos do controle do pH do meio de coltura no metabolismo celular e massa molar
do HA produzido.

3. Andlise da distribuiclo dos fluxos metabdlicos nas diferentes condicBes ambientais
estodadas,

4. Intludneis da suplementacio com {ons minerais no crescimento celular, rendimento e
massa molar do HA produzido.

5. Determinacio das princmats propriedades reologicas do polimero produzido.

6. Avaliacio de derivados agroindustrinis como componentes do meio de cultura para

predugio microbiana de HA,




3. REVISAO BIBLIOGRAFICA

3.1. ACIDO HIALURONICO
3.5 BSTRUTURA _Qﬁim A

O 4eido higturdnice (HA) € win polissacarideo linear de alia massa molar constituido de
unidades dissacaridicas de dcide D-glicurdnico ¢ Neacetilglicosamina snidos por uma ligacio
phcosidica [-1-3. As onpidades dissacaridicas sfio linearmente polimerizadas por ligaghes

ghicoafdicas P-1-4 (Lapcik Ir, ef o, 1998), conforme demonstrado na Figara 3.1,

CHy
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Figura 3.1 — Estrutura do tetrassacarideo de uma cadela de scido hialurdnico. Modificado de
Gomez-Aleiandre ef of, 2000}

Devido & configuragio B dos agucarss, & estrutura do dissacarideo € energeticamente
estavel, visto gue o8 grupos droxil, a porgio carboxilada € o carbono anomérico do agloar
adiacente estfio em posiches equatorials cstericamente favoravels enguanto o8 atomos de

hidrogénio ocupam posigdes axiais menos favoraveis estericamente (Hascall ¢ Laarent, 1997},

{3 HA pertence a wn grupe de polissacarideos similares denominadoes “polissscaridecs
do tecido  conjuntive™, “mucopolissacarideos” ou  “glicosmmmoghicanos”. Dentre  ¢sses
polissacarideos estfo incluidos condrofiing sulfato, dermatana sulfato ¢ heparma (Lapoik Ir. e/
al., 1998 O HA ¢ estruturalmente o mais simples do grupo, sendo o Gnico 1o covalentemente
associado 2 wm ntcles protéico £ o tmico ndio sulfatado. O niimero de unidades dissacaridicas
repelitivas na molérula de dcido hialurdnico pode exceder 30,000,000, ou seia, 2 massa molar de

HA pode alcangar valores supenores a U x 10 Da (’K.{aga% et af., 2007},
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3,12, BREVE HISTORICO

Em 1934, Karl Mever ¢ John Pabmer descreveram um novo polissacarideo contendo
dcide Di-glicurBnico e N-acetilglicvosaming, isolado do humor vitreo de boi. O nome “dcido
hialurdnice” resultou da junclo entre o termo grego Alaldide, que significa vitreo, ¢ dcido urbnico
{Launrent, 2002}, Somente 20 anos depois, Meyer completou a deternunagfio da estrutura do HA
demonstrando  consistir de  dissacaridens repetidos umidos por bgagdes p-1-3 e pled
{Hardingham, 2004}

Ma década segumte, Meyer e outros colaboradores dedicaram-se a0 solamento de HA
de tecidos animais incluindo fluido sinovial, pele, corddo umbilical ¢ onsta de galo. As
preparacfes de HA exiraidas de tecidos sempre retinham alguma profeine, o que gerou

controversias debatidas nas déeadas de 60 & 70 sobre 2 ligacHio de HA a uma profeina.

As propriedades do HA e seu comportamento em solugfio, mesmo em bhaixas
concentragiies, diferem do comportaments newtoniano ou “ideal”, representando um desafio nas
decadas de 30 ¢ 60. Muitos trabalhos enfocaram medidas biofisicas de espalbamento de luz
{(“light scattering™), osmomelria, viscosidade e sedimentaco para modelos de comporiamento

{(Hardingharm, 2004),

& HA apresenta propriedades biofisicas complexas de uma estrotura  guimica
inerenternente simples. Diferentes hipdteses ¢ mecanismos $30 gerados na tentativa de entender
essn complexidade. Progressos em féenicas experimentats t&m elucidado muitas questdes

anteriormente diffceis e serem estudadas,
3.1.3. PROPRIEDADES 10 ACIDO HIALURONICO EM SOLUCAQ
3131 CONFORMACAOQ

Em sohgdes diluidas, sob condigbes fistoldgicas, HA agsume uma estrutura enovelada
randdmica semiflexivel, ocupando grande dominio hidrodindmico com uma baixa densidade de
segmentos de cadeta, conforme demonstrade na Figura 3.2a. Esse comportamento resulta da alia
massa molar da moléauda, da rigidez local decorrente do tamanho das unidades monoméncas
{andis de agucarss), do impedimento de rotac8o das ligacles glicosidicas ¢ das pontes de

hidrogénio dinamicamente formadas e quebradas entre os residuos {Day e Sheghan, 2001}



Os atomos de hidrogénio axiais (observados na Figura 3.1) formam uma face
relativamente hidrofobica apolar enquanto as cadeias laterais equatoriais formam uma face

hidrofilica de maior polaridade, criando uma estrutura de fita torcida (Hardingham, 2004).

(@)
Figura 3.2 — Modelo da fita de HA em um dominio tridimensional (a) e (b) corte transversal da
Figura 3a, ilustrando o tamanho médio de poro e exclusdo parcial de moléculas grandes (Hascall

e Laurent, 1997).

O cubo azul claro demonstrado na Figura 3.2a representa o dominio da molécula de HA
em solugdo. As cores azul e vermelha alternadas representam a estrutura da fita com faces
hidrofilicas (azuis) e hidrofobicas (vermelha). A estrutura do dominio de HA tem interessantes ¢
importantes consequéncias: moléculas menores como a agua, eletrolitos e nutrientes podem
difundir livremente através do solvente dentro do dominio. Entretanto, moléculas maiores como
proteinas podem ser parcialmente excluidas do dominio devido a seu tamanho hidrodindmico em
solugdo. No corte transversal apresentado na Figura 3.2b, observa-se porcdes da molécula de HA
(regides azuis e vermelhas) e as areas de diferentes tamanhos disponiveis para difusdo de
moléculas dentro do dominio, representadas pelos circulos amarelos tracejados. As cadeias de
HA estdo em constante movimento em solugdo gerando, portanto, continua alteragdo no tamanho
dos “poros” na rede (Hascall e Laurent, 1997).

Além das pontes de hidrogénio entre os aglicares adjacentes ¢ as interacdes eletrostaticas

entre os grupos carboxilicos, Scott er al. (1991) observaram regides hidrofobicas de

aproximadamente 8 grupos CH em lados alternados da hélice de HA. Simulag¢es computacionais



e cdleulos de energia confirmaram gue hélices de HA em solucho podem ser energeticamente €
estericamente capazes de formacio dupla entre duas cadeias de HA por meio de interagles entre
as regides hidrotdbicas da cadeia. As regides hidrofdbicas sfo responsdvels ndo somenie pela
estabilizaciio da formag@o dupla, mas também base da formagfio da rede e agregaciio lateral de

cadelas de HA (Lapaik Jr. ef o, 1998},
3.1.3.2, PROPRIEDADES DE POLIELETROLITO

) pK dos grupos carboxilicos presentes nos residuos de dcido D-gheurdnico varia enire
30 e 40 dependendo das condighes i0nicas. Portanto, a pH 7.0 osses grupos esifio

predominantemente ionizados sendo a moléeula de HA vm polidnion {Hascall e Laurent, 1997).

Balazs ¢ Laurent {1951} demonstraram urn padriio de viscosidade tipico de polieletréito
para-© HA, verificando wma distinicia aproximada de 1 nm entre as cargas ionizadas dos grupos
carboxilicos presentes nos residuos de acido D-glicurdnico. Essas cargas sfio influenciadas pela
forca ibnica e pH do ambiente, influenciando assim a forma das cadeas e sua interagho com as
moléculas vizinhas, Cleland {1968} demonstrou que cadeias de HA se contraem com o aumento
da forca ibnica e diminuicdo do pH, o que confirma seu comportamento de polietrolito. Laurent
{1957 comparou resultados de viscosidade e espalhamento de luz de hialuronato de stdio 2im
dgua ¢ hialuronato de cetilpiridina em metanol, encontrando wm raio de giro de 200 am para &
primeira solugfio e 120 nm para a segunda. Observou-se, portanto, que © raio de guro depende do
solvente empregado sendo a diminuiclo ohservada para o hialuronato de cetilpiridina relacionada

a um colapso da cadeia quando as cargas tornam-se neuiralizadas.

(O pK do polimero, obtido por extrapolaciio do grav de iomizaglio para zero, foi estimado

ser 2,9 (Reed e7 of., 1989),
3.1.3.3, PROPRIEDADES VISCOELASTICAS

Em solucdes semidiluidas ou concentradas, o5 dominios hidrodindmicos das cadeias de
HA se sobrepdem. Devido ac grande dominio das cadeias, essa sobreposiclio pode ocorrer a
baixas concentracdes. Segundo Fouissac ef of. (1993}, cadeias de HA com massa molar de 3 x
10° D, por exemplo, comegam a se sobrepor mesmo a bamxas concenfragdes de (L6 mg.ml™. As
cadeias se acomodam reduzindo o tamanho do dominio e o movimente dos segmentos

meleculares torna-se mais restritos, formando uma rede emaranhada de cadetas.

I



Consequentemente, esse sistema molecular compacto apresenta propriedades viscosas e
elasticas significantes, que dependem da estrutura primaria ¢ comprimento da cadeia molecular,
sua conformagdo e concentra¢do. Propriedades eldsticas sdo observadas quando o sistema pode
resistir a um fluxo de fluido rapido de curta duragdo, distribuindo cargas e forgas de cisalhamento
dentro da rede. Por outro lado, fluxos de fluido lento e de maior duragio podem separar
parcialmente e alinhar as moléculas, permitindo seu movimento e exibindo propriedades viscosas
(Hascall e Laurent, 1997). As propriedades viscosas e elasticas de solugdes de HA sdo

demonstradas na Figura 3.3.

Fluxo curto e
rapido

Rede elastica

Rede emaranhada e
interagoes reversiveis

Fluxo lento e
prolongado

Solugao viscosa

Figura 3.3 — Modelo demonstrativo das propriedades viscosas e eldsticas das solugdes de HA
(Hascall e Laurent, 1997).

Para o estudo das propriedades reologicas de HA, as condigdes normalmente
empregadas incluem o uso de forga idnica suficiente para mascarar as repulsdes eletrostaticas
(acima de 0,1 mol.L™"), utilizando NaCl como eletrdlito, a pH neutro e a temperatura de

aproximadamente 20-37°C.



YVISCOSIDADGE
A viscosidade ¢ a propriedade mais importante que afeta o comportamento de
escoamento de fluidos e relaciona-se com a resisténeia do fluido ao movimento, A Equacio 3.1
valida para fluidos wdeais designados como fluidos newtonianos, relaciona a tensdo (1) e taxa de

cisallamento {7} no caso de escoamentos simples.
T=1-Y (3.1

Para fluidos Newtonianos, a razfio de todos os pares de 1 e v ¢ uma constante (1),
denominads viscosidade de cisathamento ou, simplesmente, viscosidade. Os liguidos gue
possuem algum desvio dessas condigBes ditas “ideais” sfo classificados como Hauidos ndo-
newtonianos, podendo apresentar comportamento pseudoplastico, caracterizado pela diminuicio
da viscosidade com o aumento da taxa de cisathamento, ou comportamento dilatante, quando a
viscosidade aumenta com 0 aumento da taxa de cisalhamento. Alguns fhddos pseudoplasticos
apreseptam wma resistéoncia maior ao escoamento, com uma tensdo minima inicial designada
com tensio minima de escoamento {1y}, a partir da qual t8m o comportamento normal de um

fluido pseudoplastico {Schramm, 1994},

Em solugbes muito dilufdas, a viscosidade de biopolimeros é  essencizlmente
independente da taxa de cisathamento {comportamento Newtoniane). Entretanto, com ¢ aumento
da concentragio, 2 viscosidade comecga a apresentar consideravel dependéncia da faxa de
cisathamento. A concentragio critica (¢*) corresponde 4 concentragiio de polimero onde ocorre 2
mudanca da dependéncia da concentraciio e € associada ao infcio do comportamento de

emaranhamento das cadeias (Chronakis e Kasapis, 1995),

ELASTICIDADE

A elasticidade ¢ uma propriedade fmportante no estudo dos solides, Para séiidos ideats
{Hookeanos), a Equaclio 3.2 relaciona tensfio de cisathamento ¢ deformagiio para sélidos “ideais”.

T=0y (3.2)

A constante de proporcionalidade (G, tambdém chamada moédulo eldstico constitul wma

propriedade do material.
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YVISCOELASTICIDADE LINFAR

Sistemas poeliméricos apresentarn propriedades  intermedidviag, com  respostas 3
deformacio viscosas € elfsticas. Portanto, sfio considerados materiais viscoeldsticos (Chronalds e

Kazapis, 19935,

As respostas viscosas ¢ cldsticas sio avalindas por ensaios osgilatdrios dindmicos.
Cuando o sisterna estd sob condighes dindmicas, define-se dngulo de defasagem (8), como sendo
o fngulo entre as respostas obtidas da deformaciio e da fensiio. Para um s6Hdo ideal, o angulo de
defagagem ¢ zero enquanto para Hguidos Newtonianos, o dngule de defasagem é de 90°. No caso
dos sisternas viscoelasticos; os dngulos de defasagem estfio compreencidos entre os dois casos

anteriormente cifados; ou seia, entre a auséncia de defasagern ¢ a defasagem de 90°

A relaglio entre a amplitude méxima de tensdo e a amplitude maxima de deformacio
define 0 médule complexo |G|, que fornece informag@es sobre as propriedades viscoeldsticas
de qualquer substincia através <de suas duns componentes. A componente eldstica (37, chamada
médulo de rigidez, ¢ a medida da energia armazenada e devolvida pelo material. A componente
viscosa ((3"), chamada madulo de dissipagio, € a medida da energia dissipada pelo matenal,

normabmente na forms de calor,

A viscosidade complexa (¥), outra propriedade viscoeldstica, € definids como

W= GF

@ (3.3)
onde 3 ¢ & frequéneia de oscilagio.

A vé&meia&ﬁcidm&s tinear depende da estratura molecular da cadeis polimdrica ¢ suas
respectivas conformacBes. Diferentes fatores "p{)'dem mfluenciar as propriedades viscoeldsticas,
dentre eles o c{}m{;z;‘imeﬁmg o rhmero ¢ o volume ocupado pelas cadeias pofiméricas, as
inferagbes existenies entre as cadeias 4o mesmo biopolimern, oy entre outras cadelas poliméricas,

e finslmente, inferagfes das cadetas poliméricas com o solvente presente no sisiema,




3 L34 DISTRIBUICAQ DE MASSA MOLAR

HA ¢ polidisperso e, dependendo de sua fonte, apresenta massa molar variando de 107 a
10" Da. As propriedades fisico-quimicas e fisiologicas do HA sfio caracterizadas por sua massa
molar estando o desempenho do produte, em muitas de snas aplicagtes, diretamente relacionada
a esse parimetro de destacada importineia na producio do biopolimere (Armstrong e Johng,
1997, Consequentemente, a maassa molar do polimero deve ser um dos principals cnitérios na
determinacio de sua qualidade, sendo de extrema mmportincia o controle da massa molar média e

polidispersidade ao Jongo do processo.

(s mecanismos que controlam a massa melar do HA aida nio s8o bem definidos.
(Quando dentificados, manipuiacio das condigdes. de cultivo e modificacio da cepa podem ser
aplicadas mais raciomalmente para regular caracteristicas de tamanho de biopolimeros
gquimicamente nuportantes. Os fatores determinantes parecem ser divididos em duas categorias,
Primeiro, as células bacterianas podem proceder o alongamento da cadeia sem interrupgdo aié o
substrato ou fontes de energia se esgotarem. Segundo, o Mrmino pode ser sinalizado por
alteragdes transientes em certos metabolitos {Armstrong ¢ Johns, 1997). Mausolf (1988} sugere
gque uma alta concentragio de ATP e, ou, uma baixa concentragio de UDP-N-acetiighcosammna

conduzem a fosfortlaglo do receptor ¢ subsequente liberagfio de HA para o meio.

3.2. FUNCOES DO ACIDO HIALURONICO

HA ocorre primeiramente na matriz extracelular ¢ pericelular, embora receniemente

tenha sido mostrada sua presenca tatracelularmente (Evanco e Wight, 2001},

Mo corpo humano, as malores concentrages de HA sfio encontradas no fluido sinovial,
corddes umbilicals e no humor vitreo, Aproximadamente metade do HA presente no corpo
humano ocorre na pele, sendo grande parte localizada no espaco intracelular onde pode alcangar
concentracio de 2.5 g.L‘I, Além de servir como matriz e que as células estio embebidas, HA
exerce uma séne de outras fungdes na pele: imobilizacio de dgua nos tecidos, alterando o volume
dérmico e compressibilidade; influéneia na proliferaclio celular, diferenciaclo ¢ reparacio de
tecidos {Kogan er of., 2007). Alteracfes em HA observadas com o envelbecimento, cicatrizacio

de ferimentos e doengas degenerativas t8m enfatizado sua importdncia na pele (Juhln, 1997}
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Na pele, © maior érgie do corpo humano, gue constitut a principal barreira entre tecidos
subjacentes e a aclo hostil do ambiente, HA exerce uma funclio de escoamento dos radioais Tivees
gerados pelos raios ultravioleta da luz solar que causa stress oxidativo nas céinlas, podendo

danificar seu material gendiico causando degeneraglo e morte.

Fm cartilagens, apesar de sua baixa concentragho, HA funciona como importante
elemento estrutural da malriz, formendo um centro de agrega¢do para um proteoglicano
sondroitina sulfato que mantem sua estrutura macromolecular ne matnz devido a interagbes

espectficas HA-proteing {Prebim, 2000)

No fluido sinovial, altas concentragbes de HA de alta massa molar fornece lubrificacio
necessdria para 45 arficulagdes, ateando comeo amoriscedor de choques, reduzindo fiivgldo no
movimento dos ossos ¢ diminuindo o desgaste das articulagtes. Sob condictes mflamatdras de
doengas como osteoartrite ou artrite reumatdide, HA de alta massa molar € degradado por
espécies reativas de oxigénio, reduzindo sus viscosdade ¢ impedindo suas propriedades
tubrificantes ¢ absorvedoras de choques, conduzindo 20 mevimento defenorado das articulactes
¢ dor (Soltés ef al., 2006).

Embora inicialmente pensava-se que a mator funcio de HA era servir come um
preenchimento molecular inerte do fecide cm}jui}f}vzﬁ}, wdentificacio subsegliente e estudo de HA
ligado a proteinas e recepiores sspecificos revelaram gue HA exerce muitas outras atividades
funciongis (Tamemd ef af, 2002). Reconhece-se agora que HA exerce imporfanies fungdes na
embriogénese, trsadugﬁé de sinal e mobilidade cei‘aﬁaig pstando associado ainda zo cncer e

metistase {Kogan ef aéz‘i, 2007).
3.3, APLICACOES DO ACIDO HIALURGNICO

Az dreas basieas de aphieaco clinca de HA séo classificadas por Balazs (2004 como;

1) V.iszémizfm‘géz&: pAra ;‘sz*{}zega&" ecidos  deticados ¢ fornecer espago  durante
manipulaptes z:%m'rg%éas como em cirux’géﬁaﬁ i‘;ﬁ%ﬁ%ﬂ}ﬁi{')@ié&ﬁ;

2) Viscoaumerto: para pmancéﬁér € aumentiar e&spag:as em tenidos como a pele, m;ﬁsmie&

esfincter e tecidos vogais;




3) Viscosseparaglo: para separar superficies do tecido conjuntivo traumatizadas por
procedimentos cirlrgicos ou Injaria, no intuito de prevenir adesSes ¢ formaglo excessiva de

cieatrizes;

4} Viscossuplementagfo: para substituiv ou suplementar fluidos de tecidos, como

substituiclo do fluido sinovial em artrite aguda, e para aliviar dores,

5} Viscoproteciio: para proteger superficies sauddveis, feridas ou injuriadas de

desidratagiio ou agentes ambientals prejudicials, ¢ para promover a cura de fais superficies,

A elevada capacidade de retenciio de dgua ¢ o comportamento viscoeldstico de HA lhe
contere, portanto, um perfll peculiar tornando-o apropriado para diversas aplicagfes médicas ¢

farmacéuticas.
331 OFraLMOLOGIA

HA ¢ o mator componente do humor vitreo e ¢ uma macromolécula chave em
oftalmelogia. Devido a suas propriedades viscoeldsticas, HA ¢ empregado em diversas cirurgias
oftalmoldgicas. Preparagfes de HA protegem tecidos oculares delicados e fornecem espago
durante mampulagdes cirargicas. Entretanto, sua mator utilizacfo encontra-se na substituicio on
reposigio de fluidos vitreos perdidos durante procedimentos como cirurgia de catarata ou

mmplante de comeas (Kogan ef of. 2007).

Pevido a suas propriedades viscosas, HA tem sido meluide também na composicio de
colirtos, aumentande seu tempo de residéneia no local e, consequentemente, methorando a
dispombilidade do farmace em questlo. Guey e of. {19873 concluiram que solugdes de HaA

apresentam uma capacidade tnica de prolongar o tempo de residéncia na cdrnea de pilocarpina,

O primeiro produto a base de HA no mercado foi Healon®, derivado de crista de galo
fabricado em 1979 pela Biotrics, Inc. {Arlington, MA) e posteniormente pela Pharmacia, Sudeia,
agora Plizer {Nova Torque, EUA). Atualmente, diversas preparaces de variadas massas molares
s#o disponivels, mmchumdo uma combinacio de HA e condroiting sulfato. Mais recentemente,
baseado em estudo de propriedades reoldgicas de materiais puros e suas misturas, Maltese e7 of,
{2006} concluiram gue uma mistura bindria de hialuronato de s8dio ¢ hidroxipropilmen] celulose

atige com mais sucessoe os requenmentos pars utilizaciio em cirurgias oftalmoldgicas.
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33.2. CIRURGIA ORTOPFEDICA E BEUMATOLOGIA

A segunda mator aplicagio de HA occorre na viscossuplementaciio em grticulactes
afetadas por artrite, Uma articulagio sandavel permite movimento com menos fricgio ¢ livre de
dores. Contudo, quando danificada ou afetada por artrite, as articulacBes tomam-se enrtjecidas ¢
doloridas. Derdre ‘as centenas de doengas de aririte, osteoartrite ¢ artrite reumaidide sfio as
condigles crinicas maws comuns que aletam a populagio sdosa. Enquanto a osteoartrite € uma
doenga degenerativa da carfilagem © osso que resulta e dores e enviiecimento da articolagio
afetada, artrite reumatdide ¢ classificada como wma deenps inflanmidria sistémica, em que as
dores nas articulagfies sfo frequentemente acompanhadas por alteracles degenerativas e Orglos
adicionais como o pulmio, coracfio ¢ vases sanguineos. Embora a etiologia ¢ patogénese da
artrite  reumafoide sejam  ainds  desconbhecidas, progressive  degradaciio de  carboidratos
voliméricos, principalmente HA, no finide sinovial ¢ observada duranie o desenvolvimento da

doenga (Kogan er af, 2007}

Desde o final da década de 80, aplicagfics intra-articulares de HA (viscossuplementagio)
tém obtido sucesse no fratamento. de pacienies com osteoartrite. A massa melar do HA no fludo
sinovial de um adulte saudavel encontra-se nn Faixa entre 2 ¢ 6 % 10° Da, Assim, tratamentos com
preparactes de maior massa molar normabmente requerermn 3 injepdes durante 3 semanas,
enquanto medicamenios de menor massa molar devem ser ag:}‘%scada Lo printne 5 vezes ao longo
de & semanas {si ong ef of, 2005} Administraclo de preparaches de HA 1ém methorado os
SHOmAs éimmmdo a utifizagio de medicamentos anti-inflamatérios em pacientes  com
osteoartrite, Greenberg of al. (2006) sugerer que a lerapia empregando HA tenha efsito

bioldgico na -prf.ags*eﬁgée da'aswaaftritf& ¢ g}mpfﬁem 4 mecanismos para o efeito terapbutico:

1} Restanracio {%f: propr mdzdm eldsticas ¢ viscosas do fuido sinovial;

2} Efeito estirulatdrio biossintético de HA exdgene nas oflulas: HA injetado pode
induzir a sintese enddgena de HA pelas célulss sinoviais, estimulande a proliferaglo de

condrocitos e inibindo a degradacio de cartilagens;

3y AcBo anti-inflamatdria de HA, visto gue a terapis estd assecada com dimnuiciio da
contagem de células inflamatérins ne fhuido sipovial, modulagio da expressio de oitocing ¢

rechiclio da concentraciio de espécies reativas de oxigénio;

43 Efeito analgésico observado da adminisiracdio de HA,




3.3.3, OTOLARINGOLOGIA

Erabora HA esteja presente em gquase todo o corpo, encontra-se mais concentrado em
tecidos em desenvolvimento e especializados como cordas vocais, Huido sinovaal, cordiio
wmbilical e cartilagem. Nesses tecidos influenciam diferentes fingBes incluindo viscosidade,
fluxo ¢ osmose do tecide, sbsorcio de impacios, cicatrizaclo de ferimentos e preenchimenic de
espacos. Essas fungdes sfio especialmente mmportantes nas cordas vocais devido ao constante
trauma causado pelas agfes vibratdrias da fonaclo {(Kogan er of, 2007). As propriedades
asmdticas, viscoeldsticas ¢ de preenchimente de HA sSo mportantes para a voz, uma vez qgue
afctamn diretamente a espessura e viscosidade das cordas vocals (Chan ef of,, 20015
Viscoaumento da corda vooal, repare de cordas vocais injuriadas ou cieatrizadas ¢ tratamento de
insuficiéneia da glote sfo utilizagdes adicionais de derivados de HA. A maior desvanfagem do
emprego de HA como implante para tratamento de doengas das cordas vocais € seu curto tempo

de residéneia dentro das cordas voeals,

Em terapia de doengas auditivas, filmes de ésteres de HA sfio utihizados em cirurgias nos
ouvidos ¢ cavidades. Essas preparacBes promovem a cicatrizaglo de membranas do timpano,
facilita a reepitelizaclio ¢ também previne a adesfio entre camadas dos tecrdos {(Rogan ef o/,
2007,

334, BERMATOLOGEA £ CIRURGIA PLASTIECA

PreparagBes de HA com ligacles cruzadas s3c comumente empregades para
preenchimento de rugas faciais ¢ diminuigio de cicatrizes. Tais géis slo mais efetivos na
manutenciio de correcdes cosméticas que produtos a base de colageno (Narins ef af,, 2003). Ao
conirdrio de preparagGes baseadas em coligeno, HA ¢ extremamente ecldstico, fornecendo a
elasticidade requerida pelos espacos em que ¢ injetade como rugas Faciais e cicatrizes profundas.

PreparacBes de HA também sfo ativas por tempos mais prolongados,

Shi ef of (2004) desenvolveram hidrogéis baseados em HA gque nflo pecessitam
implantagiio, mas foram injetados e melhoraram a citocompatibilidade com  fibroblastos,

demonstrando o potencial uso desses hidrogéis na regeneracfo de tecidos.
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345, CIRURGIA B CICATRIZACAD PE FERIMENTOS

Preparaciies de HA de alta massa molar aplicadas topicamente promovem vicatrizagio
de fermmentos recentes na pele, reduzinde adesSes de fecidos apds cirurgias abdominaiz e
ortopédicas. Além disso, promovem a cleatrizanio de forimentos venosos nas pemas ¢ sio ttels

na administracio de ferimentos crdnicos (Bdmonds e Foster, 2006).

U nove produto, vma combinagdo de HA com dexpantenol vem sendo utilizado como
hidratante ¢ preparacio WOpice protetora ¢ regeneradora da pele. Devido a suas propriedades
aptioxidantes, HA atua como um componente anti-inflamatorio em materials para recobrimento

de terimentos {(Muoseley, 2003},
33,6, FARMACOLOGIA £ LIBERACAC DE FARMACOS

Os grupos carboxilados de HA tém sido utilizados para criar ligagdes cruzadas na
preparagdo de hidrogel para aprisiopamento de DNA e também para biberaglio de farmacos. HA
pode ser conjugado diretamente com o fmmace ou utihizado na preparagiio de microcapsulas pars
liberacdio controlada do firmaco (Bsposite ef of, 2005 HA também € empregado para melhorsr
biocompatibilidade de microesferas de guitosana empregadas como cépsulas para Ei-"i}ﬁ;‘aig:z‘ig de
farmacos. Mictoesferas de HA sio também aié.é’é:«:a{ias para hberagfo de plasmideos e anticorpos

monoclonais na fransferéncia de genes (Yun of o, 2004).

Na liberagfo de peptideos, sabg-se gue a administracio oral € frequentemente hmitada
pela  mstabilidade ¢ bailxa absorcio de peptideos no  tato  gastrofntestinal. Pesguisas
hiofarmacButicas estio sendo conduzidas para hiberaglo de peptideos no sistema crrculatdnio via
nasal. Morimoto e of. (1993 demosnstravam que HA de alte massa molar methorou
moderadamente a abéﬂrg:z‘ié; nasal de vasopressing em ratos, pordm 0 mecanisino da methoria
sinda ndo for esclarecido. O interesse indusinial pela unlizacio de HA por vis nasal € aparente,
visto o grande nimerc de patentes em formulagBes nasais baseadss em HA para Hberaglo de

vacinas, inibidores de alergias e peptideos (Lapeik Jr. e af., 1998).

3.4, FONTES DE ACIRO HIALURONICO

HA ¢ wm componente funcional essencial em quase todos os tecidos de organismos
vertebrados, Assim, diversos tecidos animals sfo utilizados como fonte pera lsolamento ¢
producio de HA de alie massa molar (Tabela 313
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Tabela 3.1 - Ceorréncia de HA em diferentes tecidos animais ¢ suia concentraco.

) . Councentracio .
Tecido ou Fluido 3 Observagiies
(pg.mi, )
Crista de galo 7504 Tecido animal com maior concentracBo de HA

Cordde nminlical

4104
humang

Apresenta HA com alia massa molar

Fluido sinovial humano 1460-3600

& volume de fluido sinovial aumenta sob condigdes
inflamatdrias, conduzinde a uma diminuigio da
concentragio de HA

Frequentemente empregada como modelo de carhilagem

Cartilagem nasal bovina 1200 _ )
em estudos expermmentsis
. , _ Concentracio de HA aumenta proximo 4 muturaclo deste
Humor vitreo hurnano 144-340 .
tecido
Sugeride como agente rejuvensscedor em dermatologia
Dierme humana 200-500 L.
cosmetica
. Concentragio de HA & muito maior em volta das oélulas
Epiderme humana 100 o .
gue sintetizam HA
. Supde-se que HA atue na reducio da probabulidade de
Cérebro de coclho B3 g . 4 .
ovorréncia de humores cerchrais
. o _ . HA ¢ o maior constiluinte na matriz patoldgica gue obsty
Coraciio de coclho 27 L .
artenas coronaras
A baixa massa molar desse HA ¢ explicada pela captagiio
Linta tordcica humana {,2-30 preferencial de molécnlas malores pelas células endoteliais
" do figado
Urina humana 4,1-6.3 A urina é tambént uma importante fonte de hialuronidase
Concentracdes de HA aumentam no sore de pesseas idosas
Soro humanao $,01-0.1 assim como em pacientes com artrite reumaténds e curose

no figado

Fonte: Kogan o7 ol 2007,
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O HA disponivel comercialmente € supride prioritariamente pela extracio a partir de
crista de galo e do cordio umbilical. Viste que em materiais bioldgicos HA normalmente
encontrs-se &:i)'i.“ﬁpi{ex:éid{)-c{)m autros biopolimeros, diferentes procedimentos de separacio bm
sido aphcados no intuito de obier um composto puro, dentie eles digestdo com proteases,
precipitacio de BA com solventes orgliicos comeo elanol, clorefdmieo ou cloreto de cetilpiridina,
altrafiliragio por mf:mi:smna;s e, ou, hofilizacio (Adam e Ghosh, 2001). Mo entanto, 2 obengio do
HA puro 2 partir dessas fontes apresents duas grandes desvaniagens: necessidade de purificagio
taboriosa, ums vez que esse produte encontra-se usualmente mishmado com  outros
mucopolissacarideos ¢ protefnas; reducio de sua massa molar, devido 4 degradaciic das cadeias

nos procedmmentos complexos regueridos para a purificagio.

Além de estar presente zm tecidos animais, HA também ¢ encontrado em procariotos,
princpalmente em Streprococons dos grupos A e U de Lasesheld, que sintetizam essg composto
pateralmente como parte dé sua capsula externa {Armstrong ¢ Johns, 1997}, Emborg iniciabmente
tecidos srimais foram empregados para producio de matenimis utilizados clinicamente sob
aprovagio do Food dnd Drug Administration (FDA), ultimamente HA do alta massa molar

secretado por microrganismos vem sendo oferecido por diversas mddstrias,

Chong ¢ Blank (1998) citam que o processo de extragio do HA de tecidos animais
apresenta algumas ﬁcsé’arﬁzzﬁ.gens com relaglio 4 obtengiio por via microbiana: | J reducho da massa
molar apos pmmsse}é de extracio e punificacio do :HA.; 2y dificoldades de isolamento de
moléculas de alts massa molar devido & complexagio com protecglicanos; 3} dificeldade no
controle da massa medar do biopolimiero quando este ¢ sintetizado nos tecidos anpmais; 4)
resisténeia 2 utilizacid de mmaterias de ongem amimal em produtos blomédicos devido ao risco de
infecobes virals.,

A Tabela 3.2 apresents a variaglio da reassa molar de HA de acordo com a fonte de sua

extracho,
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Tabela 3.2 - Comparagio entre massas molares de HA extraido de diversas fontes.

Fonte Massa Molar (Da)
Fiuide sinovial 1,0~ 8.0% 107
Cordio umbilical 3,6-4,5x 10°
Crista de galo 12 - 14 % 10°
Humor vitreo bovino 0,38-2,08 = 10°
Fermentaclio microbiana 2.4-3.4 = 10°

Fante: Ogrodowsks, 2006; Adam ¢ Ghosh, 20015 Igbal er ol , 1997,

3.5, MERCADO DE ACIDOG BIALURONICO

Comge demonstrade no item 3.3, devido a sua variedade de fungdes, HA fom sido
empregado em diversas aplicacies na medicina ¢ cosmética, Comercializado como Hyalgan pela
Fidia {Padua, Halia), HA ¢ utilizado topicamente desde a déeada de 60 para tratamento de
gueimaduoras e fertmentos. Para aplicacfes médicas, o primeiro prodiuto comercializado fo
Healon da Pharmacic, agora Pfizer {(Nova lorgue, EUA), um auxiliar cirirgico utilizado na
extra¢io de catarata, transplante de cdrnea e cirurgla de adesfio de reting. Em base de custos
hospitalares, no ano de 2005, esse mercado competitive for estimado em US 5140 milhdes em
todo o wmundo e estd crescendo lentamente com o aumente da  populagBe  idosa

{hitp://fwww Itfecore.com).

A prixima grande aplicacBo de HA ol a viscossuplementacio em articulagdes com
aririte, primetramente comercializada pelas Seikagaku (Téquin, Japio) em 1987, Nos Estados
Unidos, a primeira aprovaciio de HA para viscossuplementacio foi em 1997 mas, desde entdo, o
mercado tem crescido cerca de 15% ao ano (Chong ef of, 20033, Em contraste, ainda nio foi
estabelecido um forte mercado de HA na Buropa, apesar do mercado ter se iniciado antes que nos
Estados Unidos. © valor atual de mercado nmundial € estimado em cerca de US 3300 milhdies no
Yapio, aproximadamente o mesmo valor nos Estados Unidos ¢ inferior a US 3100 milbdes na
Euwropa (hiip//www.g-medcom). O campo da viscossuplementaglo ilustra a crescenis

mnportfncia da engenharia de materiais no desenvolvimento de aplicagOes de HA.
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Em 1996, a Genzyme Jancou uma barreira 2 adesfo de earboximetileeiulose coberta com
HA que, desde entdo, foi empregada em 800000 casos: Produtos baseados em HA destinados 4
administragfo para adeso tém stdo desenvolvidos ¢, nos Estados Unidos, seu mercado potencial

corresponde a US $300 mulhoes por ano (htp//wew. genzymebio-surgery.com),

0 mercado mundial para HA de grau médico comesponde a aproximadamente }
wnelada por ane, sendo comercializado a US $40,000-60,000/kg. O volume do mercado de HA
empregado na drea cosmética & cerca de 10 a 20 vezes superior, enquanto o Prego se encontra na

faixa de US 81 ﬁéiﬁﬁ—E;ﬁ@é‘ﬁk.& dependende da qualidade do produto (Chong ef o/, 2005).

3.6, PRODUCAO MICROBIANA DE ACIDO HIALURONICO

HA produzido por extraciio de tecidos anunais ou por fermentaciio microbiana apresenta
a mesma estrubira guimica do polimero encontrado nos humanes, podendo difertr apenas com
relagio @ massa molar {(Cooney ef of, 1999 Porém, devide as dificuldades e elevado custo
envolvido no processo de extra{;% ¢ isolamento de HA de alta massa molar e alfo grau de pureza
a partir de tecidos animais, o processo fermentative tem se tomado wma alternativa cada ver mais
atrativa ¢ confidvel para produclo de HA em grande escala, considérando-se 2 crescente
resisténeia 2 utilizacho de mareriats de origem animal em aplicagtes biomédieas devido ao perigo
de contaminagiio por agentes virais {Chong ¢f of., 2005). Além disso, o HA de origem microbiana
¢ exerstado no meio de cultivo, possibilitando o controle das caracteristicas do polimero e do

renchmento do produte (Chong ¢ Blank, 1998).

HA € sintetizado como uma cdpsula extracehidar por Streptococcus dos grupos A e Cde
Lanceficld, em particular Strepiococous equi subespécre egui € Streplococous egui subespéoie
zooepidemicus. Para stimplicagio, na literatura cientifica esses mierorgamsmos sho citados comeo
Sweprococcus egui ¢ Strepococcus zooepidemicus, respectivamente. Andlises microscpicas
dessas bactérias demonstram células esféricas ou ovéides tpcamente arranjadas em pares ou

cadeias rodeadas por wrna cdpsula colular conforme apresentado na Figura 3.4,




Figura 3.4 — Micrografia eletrénica de células de Srepiococous equi subespécie zooepidemivies
cbtidas no final da fase exponencial de crescimento de vma cultura em biorreator aerado, Ag
segdes foram coradas com uraml acetato e citrato de chumbo ¢ examinadas em microsedpio
eletrdnico de transmisso (Chong ef of, 2005).

A cépsula de HA ¢ produzida como um fator de virnléncia por esses microrganismos
que sfio bactérias Gram-posifivas, catalase negativa, anaerdbias facultativas com algumas estirpes
agrotolerantes, que nfo esporulam ¢ preduz dcide latico como subprodute do catabolismo de
glicose {Chong er al., 2005). Segundo Schmidt er o, (1996} ¢ Wessels er ¢/ {1991}, a capsula
protege a bactéria do sistema imune de orgapismos superlores que ndo a reconhecem Como um

corpo estranho.

As porgles de acido D-glicurGnico e N-acetilghcosamina que constituem a molécula de
HA séo derivadas de glicose-6-fosfato e frutose-6-fosfato, respectivamente, ¢ sfio polimerizados

pela enzima HA sintase. A via biossmitética para produc@o de HA ¢ apresentada na Figura 3.5

A primeira reagdio na via a parttr de ghicose-6-fosfato € wm passo comum na producio de
nolissacarideos de estocagem em muttos organismos. A enzima o-fosfoglicomutase (EC 54.2.2)
copverte  glicose-6-fosfato  a  gheose-1-fosfato em wmwa reagfio reversivel. UDP-glicose
pirofosforilase (EC 2.7.7.9) catalisa a reaclio de UTP e glicose-1-fosfato para produzir o agiear
nucleotides UDP-glicose. Acido UDP-glicurbnico ¢ obtide por oxidagdo especifica do grupo

alcool primério de UDP-glicose pela acfio de UDP-glicose desidrogenase (EC 1.1.1.22}.
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Figura 3.5 — Via biossintética para produgio de dcido hiahurtnico por Srreprococous. Adaptado
de Chong et of, (20053,

A via originada da frutose-6- fosfato ostd envolvida ng produciio de amincaglicares, A
wansferéncia do grupo amino da glutamina pars a frotose-6-Tosfato por wnse aminotransferase
(BC 2061163 produz glicosanuna-t-fosfato, A transforéocia do grupo acetd por uma
acetiltransferase (EC 2.3.1.4) forma Neacetil ghicosamma-6-fosfato. Essa ¢ uma elapa que
CONSHINEG SNEergia, uma vez que a hidrolise da ligagio tioéster na molécula de acetil-coA libera
eNETEIa es:_;u-ivaé.engé a hidréhise de ATP. .Reaﬁaﬁfa do grupo fosfato por uma mutase (EC 54.2.3)
gera Neacetil g’iiwsgmimw i-fosfato a ._parsgér de N-acetil g’iicﬁsamém_f)afﬁszi’_’aszztx Por fim, a
pirofostorilase (EC _’2.?."_}“23} _adic.wnﬁ UDP para abieﬁgﬁi@ de UDP-N-acetilglicosaming, A
pariicipacdo de UTY nessas reages gem &ﬁﬁdi)i‘ﬁ't’s glicosth ativados que podem ser polimerizados

em HA por HA sintase (Chong ef of., 2003},
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A biossintese do polimero € dispendiosa para o microrganisme com relaglo ac consumo
de energia ¢ de carbonn (Chong e Nielsen, 2003}, Um total de 4 moles de ATP ¢ consumido para
produzir 1 mol da unidade dissacaridica de HA, sendo 2 moles consumidos nas duas reages
mediadas pela glicoquinase para fornecer as hexoses precursoras fosforiladas pars cada
ramificaciio da via bilossintética e 0s outros 2 moles de ATP utilizados para regenerar os doadores
UTP. A reagdo de oxidacio catalisada pela UDP-glicose desidrogenase gera 2 moles de NADH

para cada 1 mol de HA sintetizado.

Além de fornecer os precursores para a sinfese de HA, essas duas vias fornecem tamwbeém
constituintes estruturais da parede celular bacteriana como peptideoglicano ¢ dcidos teedicos.
Assim, para produciio de grandes quantidades de HA pelas células, € necessanio que esses
metabdhitos sefam mantidos em nivels adequados para sustentar o crescimento celular (Widner e
al., 2005). Armstrong {(1997) observou pma relagio negativa entre a velocidade especifica de
crescimento e a produtividade especifica de HA e sua massa molar. Porém, essa relacio negativa
ocerre samente quande a inibigdo do crescimento nio estd associada com assimilagio reduzida de
ghicose. Quando as condicles tomam-se severas suficientes para inibir o consumo de ghicose,
primeiro @ produtividade ¢, em seguida, a massa molar diminuem. Esse comportamento indica
gue a producio de HA compete por fontes limitadas com a sintese de massa celular. CGuando for
possivel reduzir a demanda de massa celular sem reduzir o fomecimento de substralo, maior

concentracio de HA e de maior massa molar serd produzida.

Algumas estratégias podem ser empregadas com ¢ ininito de aumentar a massa molar do
HA obtide, dentre clas aumento do temipo de vida da sintase, diminuicio da faxa de sintese de
biomassa para reduzir a competiclio pelas fontes e aumento do fluxo. Esta discusslio conduz a um
fevantamento de varias estratégias para anmentar a competiclo pelas fontes, aumento do fluxe de

fontes para sintese de HA e aumento da energia eficiente da célula (Chong e Blank, 1998).

HA vem sendo produzide comercialmente desde a década de 80, Devido & sua alta
viscostdade, observam-se restricdes praticas quanto 4 fermentagdo de HA acima de 3-10 g.L‘l,
concentragdes aleancadag por estirpes selvagens em modo batelada (Chong er o, 20035}, Apesar
dos custos de producio associados a fermentacfies curtas e a necessidade de remogio de proteinas

contaminantes liberadas no inicio da fase estaciondria, HA normalmente € produzido em



batelada, uma vez que sua sintese apresenta-se instavel em cultura continua, exoeto a axas de

diluiglo muite baixas (Blank ef ol , 2005,

Preparaches de A obtidas por processo fermentative apresentam alta massa molar.
Contado, o nisco de mutaglo das cepas bacterianas ¢ possivel co-producio de toxinas,
pirogénicos ¢ imunogénicos impedem a ampla aphicacio de HA de origem microblang em
praticas clinicas, Essa é a razio pela qual amostras de HA extraidas de crista de galo ainda sio
preferidas em casos de tratamento humano, quando HA ¢ destinado para injecBes nos olhos ¢
articulacBes, por exﬁmpi& Os produtos de HA extraidos de orista de galo geram preccupactes
com relagfio a pacientes alérgicos a produtos derivados de aves. Assim, fontes alternativas para

producio de HA estiio sendo estadadas (Kogan ef of, 2007),
3.6.1 BACTERIAS DO CENERO STREPTOCOCCUS

Nos dltimos 15 anos ccorreram mudangas na faxonomia o nomenclatura do género
Streptococcns. Essas mudangas resultam da aplicacdo de téenicas moleculares gue ajudam a
delinear diferengas em géneros ¢ espéeies bacterianas (Facklam, 2002). O mannal de
bacteriologia sisternatica de Bergey (Schletfer, 1986} listou somente 7 génetos de cocos Gram-
postiives  anacrobios  faculianivos:  Aderococous, Lﬁgéc(mms‘mg Micrococous,  Pediocooons,
Staphviovoccus, Sm;gémgfz;#{%gfg;g ¢ Stomatococous. Amai_zﬁezmﬂ existern 17 géneros diferentes de
COCOS QIAam-positivos, sendo diseutido a}qué. somente o géners Streptococcus. Us ensaios mais
antigos para diferemciar Streptococcus provavelmente foram realizados em 1903 por Shottmller,
que utilizou dgar sangue _g}éi'ré diterenciar cepas que foram P-hemoliticas daguelas que nlic foram.
Antes de 1933, soménfe testes de fermentacfio ¢ tolerincia foram realizados para diferenciar
muitos dos streptococct. Em 1833, Lancefield descreven a téonica de demonstrar “grupos” de
antigenos associade com as cepas f-hemoliticas. B 1937, Sherman propds wm esquema para
dividir  Swreptococeus em 4 categorias, Essas categorias foram organizadas pela reacdo
homolitica, grupo de antigenos ¢ testes fenofipicos {principalmente testes de fermentagio e
tolerinoia), As quatro divisBes de Sherman foram: divisio pogenica, divisiio vindans, divisio
latica © enterococos. A divisio progénica inclmiv as cepas B-hemoliticas com grupo de antigenos
definidos (A, B, C, B, F ¢ Q). Essa divisio ndo & consideravelmente diferente dos sistemas de
wlentificacio atvais baseddos no sorogrupo. A divisio viridans de Sherman inclui cspéoies

Streptococcus Que oo sfio B-hemoeliticas, nfo toleram condices de crescimento a pH elevado,




nfic sdo halotolerantes & nidc crescem a 10°C. Esse grupo ainda hoje é conhecido como
Streptococcus viridans. A divisBo 1dtica de Sherman inclul cepas gue foram primemamente
assoeiadas com a fabricacio de produtos lacteos e nio foram associadas com infecedes humanas.
Esse grupo difere do piogénico por nfio ser B-hemolitice, apresentando capacidade de crescer a
10°C mas nlio a 45°C, e por parar de crescer em caldo contendo 6,5% NaCl. A divisfo Tatca de
Sherman foi reclassificada como género Laciococcus na metade dos anos 80, A quarta divisio de
Sherman for denominada enterococos e incluem 4 espéeies conhecidas até aguels data (Facklam,
2002). Embora alguns dos enterococos foram (-hemolificos, oufras caracteristicas come
capacidade de crescer em caldos a pH elevado, alta concentracio de sais e ampla faixa de

temperatura, 0§ diterenciaram das oufras 3 divisdes.

A produgfio de HA por Sereptococens ¢ conhecida por mais de 50 anos, e a maioria dos
sisternas divulgados na literatura referem-se 2o uso de Strepfococcus dos grupos A ¢ O de
Lancefield, onde o grupo A ¢ considerads patdgene humano (Kendall er of, 1937} £ o grupo €
patégeno de animais. Tals microrganismos so f-hemoliticos por exibirem B-hemolise pela
estreptolisina quando cultivados em placas de 4gar sangue. Embora a comrelagie entre a
capacidade de produgfio da estreptolisina ¢ a patogenicidade do microrganismo nfio seja
claramente entendida, HA para aplicaces médicas ou cosméticas nde pode estar contaminado
com essa proteina. Dificiimente consegue-se produzir HA efetivamente nfio contaminado com

estreptolising (Thenard ef of., 1963, Holmstron e Ricici, 1967; Woolcock, 1974).

A seleciio de cepas microbianas para produgfc de HA normalmente € um processo
randdmico. HxipressBo de hinluromdase, enzima que despolimeriza HA, ¢ outras proteinas
extracelulares ¢ vma desvantagem da unhizaclo de cepas sefvagens de Streplococcus. A
utilizagfic de mutagénese quimica seguida por um esgueroa de selecfio tem sido realizada com
sucesso para obtenclio de mutantes ndo-hemoliticos e higluronidase negativoe (Kim ef af., 1996}
Mutagénese randbmica também vem sendo empregada para desenvolver cepas produtoras de HA

de alta massas molar (Stangohl, 2000; Stangohl, 2003).

Assim, foram selecionados mufantes de S, zocepidemicus, HA-116, ATCC 39920 de
patogenicidade desprezivel (minimo de hemolising) (Nimrod ef ¢/, 1988}, NH-131, também nio
hemolitico, depositado no Fermentation Research Institute como FERM P-7580 ¢ FERM BP-784
{Akasaka ef af.,, 1989}, 8 eguwi NCIMB 40327 (Ellwood, et al., 1985), 8 zocepidemicus NCTC



023 (Swarm ef of, 1990 8 egud KFCC 10830, mutante derivado do S0 equd ATCU 6580 {Kim
et al., 1996}, o qual teve caracteristicas nfio hemoliticas ¢ foi haaluromidase negativa, ou seig, ndo
produter de hialuronidase, Outra Linhagem mutante de S0 egui, ATUC 39506, também foi
hialuronidase negativa (Brown ef ¢l 1988). Cepas de Streprococens supercapsuladas obtidas por

mutagénese de 8 egud foram utilizadas por Stangohl (2000
3.6.2. METABOLISMO DE STREPTOCOCCUS

Streptococerts sBo bactérias laticas nutricionalmente fastidiosas que requerem mele de
cultive rico para c;eééiméﬁto .(&rmsm}ng et al., 1997} Sob condicBes anaerdbias, o prmcipal
produlo fermentativo &erivaéa do ca‘t‘zﬁ;e%ism{z de glicose € o acido latico, com baxes nivers de
formato, acetato ¢ etanol. A Figura 3.6 apresenia as vias melabdhicas centrais envolvidas na

conversio de glicose a HA e outres metabdlitos por Strepfococcus zovepidemicys.

Tane

)‘j«;“‘w Acido Hialurdnicn
HAS .

W
e
s

BOP.Acido glicurdndos  UDP N Acetil Glicosamina
2 NATH, PP, j E Gltamas, CoASH, PP
Z HALDY, UTP -~ ] Ghtarsing, Acstib Lol P
Glicose et (Hc058 5P #ompe Frostose 5P
k» 2 NADS, 3 A0
””*“ 7 HADH, JATP

ATE ARp ENAD FRAUH
2 Lactaty Www 2 me&m
fosse

_ e T
0, - \g\%
o 7 ENACH pri 2 HADH
&W . : k
4 MAD 2 Formaty &,ﬁf 260,

Hf"ﬁ £ ﬁsmﬁ m;&

M S
2 Efaned ‘@—7"\ \F-v*% # Acetate

4 ALY AHALM 2 ADF ZATP

Figura 3.6 — Vias metabdlicas centrais em Streptococeus zooepidemicus envolvidas na conversio
de glicose a HA ¢ pufros metabélitos. HAS: hialuronato sintase; NOX, NADH oxidase; LDH,
tactate desidrogenase; PFL, piruvato formato lase; PDH, piruvato desidrogenase; ADH, alcool
desidrogenase; AK, aceiato quinase. Adaptado de Chong ef of. {2003},




Tipico para bactérias  ldticas, cujas necessidades biossmtCticas  sBo  supndas
principabmente pela fonte de nitrogénio orginico, mator parte do carbono é recuperado nos

produtos de fermentagfio com baixos niveis recuperados em biomassa (Figura 3.7),
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Figara 3.7 - Fluxo de carbono baseade em 100 C-mol de glicose consumido. Fluxos foram
estunados a partir das alteragdes nas concentragles de metabdlifos durante a fage exponencial de
creseimento, utilizando modelo de fluxo metabdlico. O balango de carbone foi préximoe de 98,5%
¢ contribuicles do metabolismo de amimedcides foram desconsideradas. GOP: glicose-6-fosfato,
FoP: frutose-G-fosfato, TP: tiose fosfatos, PYR: piruvato, UDPG: UDP-acido glicurénice,
UDPNAG: UDP-N-acetil ghicosamina, AcCoA: acetil-CoA. Adaptado de Chong ¢ Nielsen,
{2003},

3.6.3. MEIO DE CULTURA
3.6.3.3. MEIOS COMUMENTE EMPREGADOS

Streplococcus 0 bactérias laticas nutricionalmente fastidiosas que requerem meic de
cuifive rico para crescimento. (Geralmente esses microrganismos sBo cultivados em mekos
complexos contendo extrato de levedura ou extrato animal, peptona e soro. Para estude do
metabolismo da bacténia, recomenda-se nm meio guimicamente definido (MQID). Vanagtes do
MQD sdo desentas na hiterafura sustentando caracteristicas de crescimento similares a meios
complexos (Rijn e Kessler, 1980). As formulacBes geralments incluem glicose (10-60 gL,

aminocacidos, nuclectideos, sais ¢ vitaminas.



Kim e ol (1996) cultivaram a cepa de Sorepfococcws egui ATCC 6580 em meio
quinmicaments defimdo, descrito por Stoolpiller e Dorfinan (1969) para estudar nuiantes
negativos am hialuronidase. As vérias condicBes de cultura foram otimizadas em fermentador de

5 liros para producio de dcido hislurdnico de alts massa molar,
3.6.3.2. FONTE DE CARBORNO

A fonte de carbono mais comum nos diversos trabalhos envelvendo producio de HA por
fermentacio ¢ a g%‘icaﬁe {Chong ¢ Nielsen, 2003; Cooney ¢ of, 1999 Armstrong e gl 1997,
Armstrong e Johns, 1997, Kim ef of, 1996, Johns er of., 1994, Akasaka ot of ., 1989; Holmsirom e
Ricica, 1967 Thonard ef of., 19641

Armstrong e Yohns (1997} avaliaram o efetto de diferentes condicBes de cultive na
massa molar de HA produzido por Strepfococens zooepidemicis e a concentragiio imicial de
ghicose 10 & gue apresenton efeito mais pronunciado. Os autores sugeriram duas explicaglies para
este efeito. Primeiro, quando os mondmeros UDP-G e UDP-NAG estio presentes em altas
concenirapdes, o a%o‘zig'améﬁm da cadein persiste. A concentragio externa de glicose pode estar
Higada & concentraciio interna desses mﬁfﬁémmﬁsﬂ uma vez que esses sdo derivados da glicose ¢
sug sintese requer consideravel consumo de energia. Begundo, crescimento diduxico ol
observade em altas concentragdes de glicose. Embora a massa molar foi maior em concentracBes
de glicose mas clevadas, o rendimento em HA foi inferior provavelmente devido as hmitagBes
de transferénoia de massa decorrente do apmento da viscosdade do mero de fermentaclio, que
impede 2 manutengfo de boas condigBes de mustura no reator mesme 2 velooidade de agitaglio de

1000 rpin.

Mais recentomente, Chen ef of. (2000) investigaram o eferto da razdo carbonomnitrogénio
(C/N} pa producio mucrobiana de HA e, para meximizar a capacidade de sintese de HA,
encontraram um meio- balansceado com razdo dtima de 2:1 quando o culbivo de Sfrepfococcus

zowepidemivus ATCC 39920 € realizado com controle do pH.
3.6.2.3, FONTE DE NITROGENIO

Streptococeus dos grupos A e (O de Lancefield sBo mutricionalmente fastidiosos,
principalmente com relacfo ao nitrogénio orgnico. De modo geral, os meios incloem extraio de
levedura, peptonas ou hidrolisado de caseing como fonte de mitregénio ¢ fatores de crescimento

assim coMe magnesio e sais fosiato (Ammstrong ef o, 1997},
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As fontes de nitrogénic orgdnico s8o consideradas essenciais para um bom crescimento
dag células, visto que existem evidéneias gue esses componentes fornecem grande parte do

carbono para biossintese celular (O Regan ef ol 1994).

Armstrong e al. {1997) avahiaram os requerimentos nuiricionals para crescimenic ¢
sintese de HA por Streplococcus zeoepidemicns, definindo 11 amincdeidos essenciats {além da
glutamina):  arginina, lisina, cisteing, isoleucina, tirosina, metioning, histiding, valina,
fenilalaning, leucina ¢ triptofano. Os antores observaram mencr velocidade de crescimento em
mieis guinicarnente definido contendo os 11 aminodcidos essencials que ern meio complexo com
extrato de levedurs como fonte de nitrogénio. Segundo os autores, certos aminodcidos competem
pelo mesmo sistama de transporte e a presenga de peptideos no extrato de levedura permite rotas
alternativas para assinulagio de amincdeidos. Além disso, o transporte de peptideos pode ser

mais eficiente que o transporte de aminodcidos individuais,

Estudos envolvendo a produgio de dcido hiahwénico por Streprococcus zovepidemicus
geralmente utilizam extrato de levedura como fonte de nitrogénio orgdnico (Blank ar of 2003;
Ogrodowski er of, 2005; Cooney ef al., 1999; Johns ef al, 1994). Segundo Ogrodowski e of.
{2004}, para produgio de dcido hialurbnico o efeito da fonte de nitrogénio (extrato de levedura) é

muto mats significative que o da glicose no meio.

Para definiglio das fontes de nitrogénio orglnico a serem avabiadas neste estudo,
uttlizou-se como pardmetro os requerintentos nutricionais descritos por Armstrong ef ol {19971
A Tabela 3.3 apresenta o perfil dos aminodcidos classificados como essenciais em diferentes

fontes de ntfregénio orginico provenientes de subprodutos agroindustriais.

Apesar de ser considerads uma boa fonte de nitrogénio orginico devido & sua clevads
concentracln de proteing, o extrato de levedura apresenta um elevado teor de acidos nucléicos,
particularmente RNA, o que pode oferecer certas restrigdes & sua utilizacdo como suplemento do
meioe de cultura, considerando-se a exigépeia de maior nltmero de etapas no processo de
recuperacio ¢ purtficaciio do bioproduto. Caballero-Cordoba e Sgarbiert (2000) apresentam wm
procedimento para obtengdo de um autohisado de levedura contendo baixo teor de RNA, que
resulta em wma atrativa fonte de nitrogénio organico devido 2 concentragfio das proteinas

presentes na suspensio de células e 4 reducfio do teor de acidos nucléicos,
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Tabelz 3.3 - Perfil dos aminodcidos essenciais pars o crescumento de Streplococous

zooepidenicus erudiferentes fontes complexas de nitrogénio orginico.

o SRS . © {oneenfrade  Hidralisade de dgua
Amdnodeidos Estrate de  Aufelisado de Concenirado

{z/104g protetna) Jevedura levedura  protéico {EL soja protéico e soro  de macerigho de
: : de lelte (BO%) millo
Arginina 1,01 2,40 7,90 3,18 8,23
Lising 858 854 7,540 9,83 3.97
{isteing 1540 _ £1,90 1,40 228 1,22
soleucing 5,49 4,87 8,28 6,43 3,40
Tirosina 2,17 3,57 4,00 126 74
Metionina 126 121 150 235 1,07
Histidina 3,01 3,15 2,80 2,41 6,78
Valina 6,76 5,87 5,40 6,09 3,88
Fenilalanina 4,74 4,96 5,40 3,56 2,05
Leucing BA7 7,80 8,50 11,68 386
Triptofano 1,31 1,55 0,12 1,80

Total 43,50 45 82 49,17 3277 37,20

Fonte: Sgarbient of of,, 1999, Kieider, 2604, C’-w:‘d;mi ¢ Hedrick, 1848

O concentrade protéico de s0ro mcéizm-se entre as fonfes majs complexas de
nitrogénin orginico normalmente ezzlprega&aﬁ; para o creseimento de bactérias laticas (Shuler &
Kargt, 2002, Bury @ ol (1998) unlizaram concentrado protéico de soro como suplemento ©
observaram wm aumento significative no creéscimento de bactérias laticas & no tamanho da
capsula -pm{iﬂzét{a por Streptococcus thermophilus. Segundo Zisu e Shah (2003), aue também
observaram  awmento na produciio de  exopolissacaridec produzido por Strepfococcus
thermophilus quando o meio o1 suplementado com concentrado protéicn de soro, esse
compottamento estd relscionado ndo s6 a fonte de nirogénio como também a capacidade
tamponante da proteina ¢ de Tosfatos presentes noe concentrado protéico de soro, A capacidade
tamponante do meio toma-se wm fator extremamente wnporiante pard O crescimento celular,

conswderando-se a natureza bomofermentativa dos streptococet { Terzhagl e Sandie, 1975},




A agua de maceragdo de milho apresenta-se como uma solugfio rica em amincdeidos e
polipeptideos gue sio excelentes fontes de nitrogénio para a maioria dos microrganismos (Liggett
e Koffler, 1948). As proteinas, peptideos e aminodcidos presentes podem ainda fortalecer a
capacidade tamponante do meio, conforme demonstrado por Nore ef ol (2004} A dgua de
maceracio de milho apresenta ainda em sua composicio guantidades considerdveis de vitaminas
do complexo B e nutrientes minerais, especialmente calcio, magnésio, fosforo, potassio e ferro.
Normalmente, pode ser empregada como suplemento ou como principal fonte de nitrogénio ¢

carbono para diferentes fipos de microrganismos (Liggett & Koftler, 1948}

Com base nos aminodcidos classificados como essencials para o crgscunento de
Streptococcus zopepidemicus, o concentrado protéico de soja apresenta-se como potencial fonte
de nitrogénio para o meio de cultive. Gongalves ¢f af. (2002} emnpregaram hidrolisado enzimdtico
de soja como fonte de nitrogénio para produgio de polissacarideo capsular por Sireplococcus
prewmoniae sorotipo 23F obtendo bons resultados, principalimente com relaglo a0 crescimento

pelular,
3.6.3.4. 1oNS MINERAIS

s minerais fornecem elementos necessdrios ao cultive da céflula, sendo alguns como
magnésio (Mg ) ¢ potassio {(K) considerados macronutrientes, ou seja, necessdrios em
concentracdes acima de 107 M, ¢ outros necessdrios em menor quantidade denominados

e

elementos traco como ferro (Fe'" e Fe' }, ZICO (Zn“é'”'"}ﬁ manganés {Mnﬁ:}, molibdénio (Mo™™),

cobalto (Co'7), cobre {Cu ) e calein (Ca'™).
Esses elementos apresentam varfadas fungées bioldgicas (Tabela 3.4) atuando comio
cofatores enzimiticos de wrdmeras reagdes, sintese de vitamina ¢ transporte através da parede ¢

membrana celular {Vogel ¢ Todare, 19971
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Tabela 3.4 - Fungbes fisioldgicas dos principais elementos requeridos pela célula,

Elements, Simbelo Fancio fislologica
Sodio Na Principal cition extracelular, cofator enzimitico,
Pothssio K Principal cation intracehular, cofator de enzimas,
requeritdo no metabolismo de carboidratos.
L - Importante  cation  divalente  celular, cofator
Magnésio Mg T . L
inorginico de miuias reaches enzimaticas,
. Importante cation celular, cofator de enzimas
Caleio Ca

como proteases € amilases.

Cofator de enzimas como prolgases, alug na
Mangands Mg regulaciio do metabolismo secundénio ¢ excreciio
de metabdlitos prinurios.

Constitwinte do citocromos € outras proteinas

Ferro e : . . CL .
heme ou nfo heme, cofator de vanas enzimas.
. . Congtituinte da vitaming By 2 suns coenzhnas
Cobalee Co .
derivadas.
{ohre Cu
Zineo 7n Constituinies inorgdnices de enzimas sspeciais.
Molibdéme Mo

Fonte: Vogel ¢ Tedaro (1997} E%hqiﬁg ¢ Karg (2002},

Dentre os fons relacionados 4 sintese de HA destacam-se o magngsio ¢ manganés, gue
atuam como cofatores de _gEimséEimnéﬁ;mses responsavers pela sintese da cadela repetida de
dissacarideos {(Deangelis, 2002} A atividade da maioria das ghicosilransierases depende de um
cition divalente qui’::, segundo Petrova of gl (2001), contribul para ligagho dos aglicares-
sucleotideos devido & estabilizagio da é{;ﬁfﬂ;tiﬂ&gé‘i{; da fragfo prrofostato, além de avxilar na
estabitizacio do produto final por meio da neutralizacio de cargas desenvolvidas no UDP pelos
mecanismos catabiticos. (ition monovalentes como s&din ¢ potassio inibiram a atividade da

hishironate sintase, conforme observado por Tlapak-Sunmons e of. (2004). Chitions divalentes,

coma © cileio, sio ditos também tmportantes na conformaciio helicoidal da molécula de HA que,

H
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por sua vez, & determinante em sua fungio bioldgica (Winter e Arpott, 1977} Stem (2003} inclui
a concentracio de calcio também como fator determinante nos niveis de HA sintetizados por
cubtura de células humanas. Ainda em células humanas, a disponibilidade de zinco e magnésio ¢

considerada fator de impacto nos nivels de HA (Thompson ef af., 1975},

Estudos avaliando o envolvimento direto do fon sodio na sintese de HA ainda sfio
escassos. Porém, o efeito deste ion pode afetar indiretamente a producio do polimero visto que,
para algumas bactérias pertencentes ao génere Strepfococens, 0 $6dio estd diretamente envolvido
na excregdo de lactato por meto do simporte de fons 36dio e do produto final da fermentac@o

{White, 2000},

Além de sass, a adigdo de tampdes ao meip de cultivo pode influenciar o crescimento e
formacdo de produto. A suplementacdo do meio guimicamente definido empregado por
Armastrong ¢ ¢l {1997} com citrato de sodio e hicarbonato de sadio fol bendfico para o
crescimento celular. A funcfio do citrato ainda £ incerta, embora foi relacionada com quelagio de
fons. U efeite do bicarbonato de sédio provavelmente estd relacionado 4 manutenclo das
conecentragdes adequadas de diowido de carbono (C0Os) no meio de cultivo, Embora COs ndo seia
produzido por Streptococcus zooepidemicns durante fermentagio homoldtica, esse composto
pode exercer importante funglo em reagdes anaplerdticas que envolvem o consumo de U0
Como Strepfococcus ndo realizam o ciclo do dcido citrico, as reacdes anaplerdticas podem ser
mmportantes para sintese de oxaloacetato, importante precursor de pirimidinas ¢ familia aspartato

de aminoacidos, a partiv de fosfoenolpiruvate (Kandler, 1983}
3.6.4. CONBICOES DE OPERACAD DO PROCESSO FERMERTATIVO

A producie microbiana de HA apresenta uma oportunidade de otimizar o rendimento ¢
gquahidade do produto por meio de engenharia genética e controle das condicles de cultive, visto
gue a mawna dos produtos formados pelos microrgamismos ¢ resultado de sua resposta a
condigdes ambientais como nutrientes, vitaninas, ions, temperatura, pll ¢ feor de oxigénio

dessolvido (Shuler e Kargs, 2002).
3541 TEMPERATURA
A temperatura € um bmportante fator que influencia tanto o crescimente celular como a

formacio do produto fermentativo. Contudo, 2 temperatura Otima para crescimento e formagio de

produto podem ser diferentes {Shuler e Kargi, 2002).
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Kam et af. (1996) encontraram temperatura Otimna de 37°C para crescimento & producio
de HA por um mutante de Streptococcus egu. Uma reducdo na massa molar do HA produzido fd

observada & temperaturas inferiores a 3’?“{:‘:.

Armstrong edohns (1997) observaram um atumento no rendimento ¢ massa molar de HA
em menores temperaturas (32 a 35°0), enquanio & velocidade especifica de crescimento fol mator
a 40°C. Os autores sugerem gque este efetto estd relacionado & reducdo da velocidade especifica de
crascimento com a dimnmuiglio da femperatura ¢ 3 competipiio por fontes de subsirato ¢ enerpia
entre as vias catabdlicas, anabdlicas e de sintese de HA que existe durante a fage exponencial de
crescimento, O memﬁééim UDP-NAG, por exernplo, € um precursor comurm A sintese de parede
celular ¢ p@ii;ﬁ.@-}f‘imaﬁféa de HA. Quando a velocidade de crescimento microbiane & baixa,
moléonlas de precursores principalmente ghicose ¢ glutaming ¢ energia podem estar disponivels
para a sintese'de HAL

Chong ¢ Blank (1998) analisaram o efeito de vé;ﬁeé parimetros da fenmentagfio na masss
molar de HA _pméa;f:éfé{} Dot Sf'z*e;;rf;}f;rmfﬁré;_~ zmeg:%ideemﬁéi;s e deferminaram os fajores gue tiveram
maior efeito significative na producio de HA de alta massa mokar, dewire eles mienor temperatura de

progessa (28°C),
3.6.4.2. POTENCIAL HIDROGEMIONICO {PH)

Sabe-se da mmportneia do pH do melo de cudtive, visio sua influéncia na atividade de

enzimnas ¢, consequentemente, na velocidade de crescimento microbiana (Shuler ¢ Kargi, 2002)

A enzima que catalisa a polimerizagiio de HA, hisluronato sintase, apresenta atividade
maxima 2 pH 7.1 em exiratos Hyres de cdlulas obtidos de streptococes do grupo A de Lancefield
{Stoolmller e Dorfaan. 1969}, Tlapak-Simmons ef of. (20047 determunaram wma ampla faixa de

atividade (6,3-11,5) para hialuronato sintase extraida de células de Streptococcus equisiniiis,

Quanto ao 5?{3?&{} do pH no cultivo de si:{égzt.{}cs;}ci:ig Akasaka ef of {1988) demonstraran
que pH 7.4 resulta eme HA de maior viscosidade c:mnpaaradé a pht 6,0 ¢ 7.9, O efettos do pH,
agitaglo ¢ aeragho sobre a produgio de HA por Sﬁ';-‘epz_‘r}(;*af}grzgs zooepidemicns foram estudados
por Johns #f ol {___.2:_%?94}; Essag variavels tﬁ%m;:a grande inﬁgéma{ia na produglo de HA om cultive
e batelada, sendo gue o pil 5tiaxa.0 foi 6,7 £ 0,2, Adicionalmente, Liu ef ol {2008) investigaram

wma estratégia de cultive de Strepfococcus zocepidemicus sob stress alcaline intermitente (8,5},

£
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que sumentou a produglio de HA por meio do redirecionamento do fluxo de carbonoe de massa

celular para o HA.

A mfludneia do pH do melo nas propriedades de massa molar de HA produzido por
Streptococcus zooepidentious foi avaliada por Armstrong ¢ Johns (1997} Embora o pH exerga
uma influéncia considerdvel na taxa de produclv e rendimento do biopolimere, foi observada

pouca influéneia na massa molar do HA produzido.
3.6.4.3. AGITACAD

Agitaciio e acragfo slo fatores importantes em processos aerobios ¢ €m efeito

significante no rendimento da maioria dos biopolimeros (Richard e Marganits, 2003},

HA pode ser produzido sob condigdes anaerdbias ou acrdbias, sendo a dltima condicio
mais favoravel para obtenglio de HA de maior massa molar. O efeito da agitagio ainda nio tm
completamente esclarecido, sendo descrita s necessidade de agitagfio vigorosa para methorar a
transferéneis de massa, ainda que a cadeia polimérica possa ser suscetivel 4 tenslo mecdnica.

{Armstrong ¢ Johns, 19973,

Segundo Armstrong e Johns (1997), a massa molar de HA produzido por Streproceccus
zogepidenicus nio foi afetada pelos diferentes niveis de agitacBo (360 a 1000 rpm) no
fermentador, o que sugere que as moléculas de HA sfio relativamente resistentes a forgas
cisalhantes do agitador. Consequentemente, altas taxas de agitagiio, gue methoram o rendimento ¢

taxa de producio de HA, podem ser empregadas sem danificar as moléculas do biopolimere.
3.0.4.4. AERACAD

Com relaclio ao HA, aeragfio pode melhorar de forma considerdvel sew rendimento
comparadoe com o rendimento correspondente & cultura om anacrobiose. Strepfococous sBo
microrganismos anaerobios facultativos incapazes de utilizar a fosfordagie oxidativa. Entretante,
o oxighnio poede ser utilizado para oxidar o NADH por meio de varias NADH oxidases. Como
resultado, a produgiio de etanol niio serd requerida com esse propdsite ¢ a bacténia pode produzir
exclusivammente acetato, que conduz a um rendimento tedrico de 4 ATP por mol de glicose
(Chong er al., 2005). A enzima piruvato formato Hase € sensivel a oxigénio ndo contribuindo,
portanto, para elevar os niveis de acetato na presenca de oxigénio {Abbe ef al. 1982). Em scu

tugar, a mator produgfo de acetato € atribuida 4 inducfo da enzima piruvate oxidase, capaz de

38



converter plrovato a acetib-fosfato na presenga de oxigbnio. Acetil-fosfato € entlio convertido a
acetato com concomitante producfo de ATP. Alternativamente, descarboxilacio redutiva de
pirnvate pelo complexo piravaio desidrogenase produz acetil-UoA ¢ Oy Acetib-UoA pode ser
usada para producio de acetato com geragdio de energia associada. A atividade NADH oxidase
(NOX) pode impedir a mibigle da piruvaie desidrogenase per altas razfes MADF/NADT
conbecidas ocorrer em muitas bactérias Urame-positivas. A desvantagem da aeraglio ¢ a geragio
de perdsido pela piruvato oxidase e outras epzimas que podem inibir o creschmente do

Streprococcss que € catalase negativa o conduzir a despolimerizacio de HA {Chong er ol 2005).

Sob condiches anacrdbias, o rendimento de HA vara na faixa de 03 a 1,0 gt
{Thonard ef of, 1964, Holmstrom ¢ Ricica, 1967) O '_E'EA. obtide nessas condigles geralmente
possui massa molar média 7 % 10° Da ou mepor, Sob condigdes aerdbias, um produte com maior
massa molar (cerca de 2 > 10° Da ou mais) pode ser ebtido com rendimento equivalente

{Akasaka of of., 1988},

3 papel do oxigénio na produciio de HA ¢ controverse, o sugere-se que HA funcione
como wm escudo meotegendo o Streprococeus dos efeitos toxicos do oxigéaio. Entlo, condighes
aerGbias estumulariam a produgio de HA por uin mecanismo protetor das células. Essa teoria for
emi parte suportada no trabalho de Swann ef ol (1990) que, por meio de virios exemplos,
determinaram que rendimentos mais elevados de HA sfio obtidos com o crescimento controlado
dos micrerganismes. Reduzindo s disponibibdade de omigénio em uma etapa oritica da fase
exponencial de crescimentn dag células, o microrgamsmo responde com maiores taxas de
produgho de HA. A escassez de oxigéme promove a produglio de acido latice e HA, enguanio
matores niveis de oxigénio estimulam a produciio de blomassa ¢ de acido acético, em defrimento

do HA.

Armstrong ¢ Johns (1997) demonstraram que 3 aevagao de culturas de Strepiococous
zooepidentivus conduziu @ wn maior rendimento de HA e de maror massa molar. sob condigfies
aerObias, avetato for produzido a partir de puruvate, o que conduz a uma regeneraciio de | mol de
ATP por mol de glicose consumido, comparado com a produgio. de lactato. Visto que a
biogshntese de HA € um processo dispendioso de energia, o maior rendimento e ATP sob
condigdes aerdbias pode explicar o melthor rendimento ¢ grau de polimerizagiio de HA. Alguns

trabalhos sugerem que condigles anacrdbias podem awmnentar a degradagfo de HA por radicas
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livres derivados do oxigénio, o que conduziria a nma reducfio da massa molar ¢ alargamento da
distribuicfo da massa molar, Esse comportamento nfo for observado por Armstrong e Johns

{1997}

Huang ef ol (20063 avaliaram a fungfio do oxigénie dissolvide e da agitacio ns
praducio de HA por Streprococcus zopepidemicus ATCC 39920 e sugerem gque a funglo do
oxiglnio npa sintese de HA nfio ¢ de substrato, mas sim como estimulante. Aldm disso,
determinaram o nivel critico de oxigénio dissolvido para a producio de HA em 5% de saturagio

dooar

Draan ef of (2009) mvestigaram o gfeito do oxigénio dissolvido no resdimento © massa
molar de HA ¢ observaram que a expressio do gene has assim come a atividade da hialuronate
sintase sdo reprimidas sob condicdes anaerdbias. Além disso, a massa molar de HA demonstron

dependéncia do efeito concomitante da geracio de ATP ¢ espéeies reativas de oxigénio.

3.7, ANALISE DE FLUXOS METABOLICOS
371 PRINCIPAIS VUNDAMENTOS TEGRICOS

As respostas bioguimicas is diferentes condigdes outricionais ¢ de cultivo desorifas nos
itens 3.6.3 € 3.6.4 podem fornecer um methor entendimento da fsiologia ¢ metabolismo celular,
Esse melhor entendimento pode ser obtido por meio da analise de fluxos metabdlicos (MEA},
importante ferramenta de andlise do metabolismo celular que quantifica os fluxos o
metabolismo de um determinade orgamismo, sob condigSes definidas (Stephanopoulos er @l
1998).

Considerando-se a importineia das vias ¢ fhixos metabdlicos para a MFA, € importante
elaborar bem suas definicBes. Uma via metabdlica é definida como gualguer sequéneia de
reagbes bioguimicas vidvels ¢ observdyveis, enquanto o fluxe metabdlico representa a taxa na qual
a substipcia € processada atraves desta via. A ymportdncia da visbilidade e observabilidade das
reactes deve ser ressaltada. Sequéncia de reagdes compreendendo enzimas que nlo estio
presentes om uma célula, assim como enumeracio de reagdes vidvels entre substratds e produtos
gue nio podem ser observadas experimentalmente, sio de pouco valor. Os fluxes metabdhoeons sée

determinantes fundamentats da fisiologia celular ¢, juntamente com a concentracho intraceiular
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de metabolitos, definem a imformacio minima necessana para descrever o metabolisme e

fisiologia cehular sob wma série de condigfes ambientais (Stephanopoulos, 1999).

Em termos matemanicos, o problems resume-se a encontrar a solucfio para um sistema

linear de equagles algébricas, as quals representam a esiequiometng das reacdes metabdlicas
consideradas. Por esta razio, algons autores preferem utilizar o termo Balango de Fluxos

Metabélicos ou ainda Andlise de Fluxos Metabdlicos (Varma ¢ Palsson, 19943

Os primeiros trabathos que fizeram nso de um modelo estequiométrico para 2
interpretagio de dados experimenfais datam de décadss passadas (Aiba e Matsuoka, 1979
Papoutsakis e Meyer, '15385}‘ No entanto, somente com o trabalho de Holms (1986}, a MFA foi
ntroduzida como wma téonica de anilise do metabolismo ¢ mais tarde, com o trabalhe de Valling
e Stephancpoulos (1990), esta tdenica fol sistematizada por meio do uso de Algebra loear ¢

caloulo matricial,

O modelo estequiométrico baseia-se na aplicagfio de balangos de massa aos metabdlitos
considerados, sendo gue para os metabdlitos intracelunlares assume-se a hipdtese de pseudo estado
estacionirio, o gue significa que as reagbes de formaglo balanceiam as reagSes de consumo de

cada metabolito {ou gque nfo b actmulo de metabolites internos) (Gombert, 2001),

O ponto de partida de nma MFA é a estequicmetria das reacBes da rede metabolica,
descrevendo como suhs&miﬁs sio convertidos em produtos e constituintes celulares. A Fignra 3.8
mosiea wma repregeﬂ{agﬁ@ geral das r@ggﬁes envolvidas em wna rede com F fluxes vy, ., v 2
serem caloulados. Os caloulos baseiam-se na medida de taxas especificas de consumo de
substrato (V substratos) e secrecfio de produto (M produtos). A conversiio dos V subsiratos em M

produtos ocorrem via K metabslitos intracelilares {Mielsen e af, 2003).




, Biomassa

M substratos

K intermediarios
3 fluxos

M produtos

Figura 3.8 — Representagfo geral de reagfes consideradas em wma rede metabdlica. N substraios
entram na céhula e sdo convertidos a A produtos metabdhicos via um total de X metabdlitos, As
conversdes ocorremn via J reacdes intracelulares pelas quais as taxas sBo dadas por vy, .., Vi
Taxas de consumo de-substrato (-7 1, ..., -y} € formagio de produtos (ry g, ..., e} também sio
mostradas (Modificado de Nielsen er o, 2003).

€ halanco de massa aplicade aos K metabolitos intracelulares ¢ dade pela equagio 3.4

{Stephanopoulos ef of., 1998):

dﬂmct,k = Fmerk = Hxo” Cmeck (3»4)
dt

onde e i € 3 concenitagiio de cada um dos K metabdhitos intracelulares considerados; P € 2
velocidade de formagdo do metabalito, que representa a soma de todas as reagdes nas quais ele €
formado e consumido; e fhy © Ok € O termo gue representa a diluicfio do metabdlito devide ao
crescimento celular. Em funcfo do estado estaciondrio metabdlico, o termo da derivada no
balango de massa € igual a zero, ou seja, nfo existe acimulo de metabolitos intracelulares. O
estado estaciondrio metabdlico é observado durante a fase exponencial de um cultivo em batelada
ou durante o estado estaciondrio de um cultive continuo. Por outro lado, o termo referenie A
diluigio do metabolito pode ser considerado desprezivel em relaglo 80 IMO Cing i VIS0 que 08
metabdlitos intracelulares t€m wma concentracdo muito pequena em relagfio aos fluxos de ama
formacio e consumo {fuwrnover multo rapido). Assim, o balango de massa em torno de um

metabdalito miracehsdar se resume a:

Fretk ™ 0 (35§
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Considerando-se toda wma rede metabdlica, as reagles que levam & formaglic oy ao

consumo de metabdlitos intracelulares podem ser escriias como.

]
Tet)e = Z ik Y {3.6%
o

omde o indice k identifica o metabdlito mtracehalar ¢ o indiee § a reagfio do metabolismo. A
frapsformagdo da equaclio 3.6 em uma equacdo matnical permitie regnir a informacio sobre as
velocidades de forrag@o e consumo de todos os metabdlitos imtracelulares de nma rede

metabilics, obtendo:
- {‘wT ) 3.7
Trprk = W " ¥ {3.71

pnde G € a chamads matniz estequuomélrica dos metabdlitos miracelulares, que contém colunas
com infoemaces sobre as rescbes de que wm deterruinado metabélite partisipn e em linhas
informagdes sobre quais metabdlitos participam de uma deferminada veaglio; v € o vetor de fuxos
metabolicos, sendo alguns medidos € outros a serem caleulados. Combimando-se as equaghes 3.5

g 3.7, obtéro-se:
Gv=0 (3.8)

A equaglio 3.8 pode ser considerada 2 equagfo fundamental da MFA e representa K
balangos algdbricos Hineares para K metabdlitos com J fluxos desconhecidos, Visto que o némere
de reagles () € sempre maior que o ntmere de metabélitos (K), existe um grau de liberdade (F}
na série de equagtes alpébricas dado por F=J - K.

-

Quando exatamente F taxas sfo medidas, o sistema fora-se determinado e a soluglo €
(mica e obtida por wversiio simples da matriz, Quando mais que F taxas sio medidas, o sistema €
sobredeterminado, podendo-se em sua resoluglio aplicar a matriz pseudo-mversa ou ufilizar a
redundéneta para verificar a consisténeia dos balangos. globas, precisfio dos fluxos medidos e
validade da hipdtese do estado estaciondno metabdlico: No caso de sistemas indeteronados, pg
seja, com menos gue F taxas medidas, algoritmo de ottmizagio hincar € empregado para caloular

uma funglio distvibuiclio que satisfaga vma dada funclo objetive (Stephanopoulos er 4/, 1998},

Visto que as solucdes das equagbes matriciais sio geralmente deduzidas ermpregando-se

téonicas numeéricas, ¢ nmportante avaliar a sensibilidade da soluglo com relaglo a8 pequenas
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pertirbacfes nas taxas extracelulares medidas, A sensibilidade do sistema & propagaciio de erros
pode ser checada pelo cdlonlo do ndmero de condicionamento da mairiz (Equaciio 3.9), que
depende unicamente da estequiomeiria das reagdes da rede metabdlica. Se o nlmero de
condicionamento € alto {acima de 100), a matriz ¢ mal condicionada ¢ peguenos erros nas taxas

medidags podem se propagar como grandes erros nos fluxoes estimados (Bonarius e al,, 1997},

(3.9)

ntmere de condicionamento = G' || | (G"Y

Ma equaclo 3.9, l] H mdica a norma da matriz estequiométrica G ¢ (G} ¢ a pseudo

mversa da matriz estequiométrica dada pela equaciio 3.10,
G =iyt et (3,103

Uma informagio mais precisa da sensibilidade dos caleulos com relag8o as variagOes
nos fluxos medidos € fornecida pela matriz sensibilidade que € dada pela inversa de G {equacio
311

v =(Gh! (3.11)
Or
A, derivada parcial especifica a senstbifidade de todos os clementos no vetor fluxe 3s
taxas individuais medidas, ou seja, o elemento na j-€ésima hinha o ~ésima coluna especifica a

sensibilidade do j-ésimo fluxo com relaclo a variagbes na medida da i-ésima taxa.

(O conceito de balango de metabolitos € uma ferramenta poderosa e atrativa,
principalmente devido 4 sua sirpplicidade. Entretanto, apresenta como principal desvantagem seu
Hmitado poder preditive uma vez gue nformagdes regulatérias nfo s8o consideradas na

formudacio do modelo {Gombert and Nielsen, 2000).

O balango de metabdhitos fornece uma “fotografia™ da distribuiclio dos fluxes
metabolicos em um  instante particular, sob diferentes condicfes ambientars (Vallmo e
Stephanopoulos, 1994). Para exiraglo de maiores informacdes da rede metabdlica, ¢ necessaria a
combinacio de balango de metabdlitos com experimentos wtilizando substratos marcados, que
permitern balancos de massa aplicados a dtomos de carbono mdividuais, Hssas restrigfes
adicionais permitem uma estimaco mais confidvel dos fluxos, além de uma andlise das
estruturas dus vias e possivels reversibilidades (Gombert ¢ Nielsen, 2000},
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3.7.2. ANALISE BE FLUXOS METABOLICOS NA PRODUCAQ DE ACIDO HIALURONICO

Al ¢ presente momento poucos trabalhos descrevem & utilizacio da MFA aplhicada 4
producio de HA por processo fermentative. Chong ¢ Niglsen {(2003) desenvolversin v modelo
de fluxo metabdlico para comparar 08 _éneta’i}a)i%.s.iﬁ.ﬁs de gheose ¢ maltose durante o cultive
acrobio de Streplococens zooepidemivny ATCC 33248, Apesar das grandes diferenvas no
metzbolisme energdiice, o rendumento ¢ massa molsr de HA foram pouco mfluenciados pelo

aguear erpregado comeo substrato.

Gao ef of, (20006} desenvolveram uma analise de fluxos metabdlicos pars producio de
HA por Streptococcus zosepidemicus H23 em diferentes estigios do cultive ¢ sob diferentes
tensles de oniglnio dissolvido. Os resultados mostraram que os fuxos para producio de células e
HA alteraram significafivamente para adaptar 25 condiges ambientais, enguanio o fhixo parg

lactato for praticamente estavel.

Entretanto, Duan ef ol (2009 compararam a distpbuiclo dos fhxos metabolicos no
cultive aerdbio de Streplococous zovepidemicus G em vinos niveis de oxigémio dissolvido ¢
demopnstraram gue a via para sintese de HA fot pouco afetada pelo nivel de oxigfumio dissolvide.

Em contraste, os fluxoes para lactato e acetato foram fortemente influenciados.

Chong ¢ MNiglsen (2003} ¢ Duan 2f o/ 2009 otlzaram ¢ mesmo  modelo
esteguiométrico Figura 3.9a, cnja estrutura se baseia na via Embden-Meverhot-Parnas (vi-us); via
das pentoses {uy; e vl reages responsivers pela fonmagdo dos produtos de fermentacio
(lactato, acetato, formate e etanoly ((we-vio): dados estimados da composicio para Streplococcys
zooepidemicus, inchiinds 1 sintese de componentes da parede celular, lipideos de membranas e
grupamentos aghicar de nucleotideos (Vravge, toe-tnal; via de produgio de HA (v v, v €

balango de cofatores como ATP, NADH and NADPH.

A rede metabolica construida por Gao ef af. (2006) se basela 1o modelo desenvolvido
por Chong e Nielsen {2003} desconsuderando, entretanto, a via das penioses, a sintese dos
grapamentos aghcar de macleotideos na composicio celular e o cofator NADPH, que fornece o
poder redutor pars 2 blosintese celular, Além disso, o modelo de Gao «f of. (2000) ndo nclut a
competiciio entre a sintese de HA ¢ o crescimento celolar por fonte de carbono © energia visto
gue, no modelo em questo, os precursores para a sintese de HA nfio sBo também considerados

precursores para a biosintese da parede celular. O modelo de Gao er of. (2006) ¢ apresentado na
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Figura 3.9b. Os metabodlitos envolvidos em ambos os modelos sdo apresentados no Apéndice B

do item 4.3 da seclo de Resuliados e Discussio,
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Figura 3.9 — Redes metabdlicas para produgio de HA por Sirepiococcus zocepidemicus definidas
por {2} Chong e Nielsen (2003) e (b) Gao & of. (2006). As abreviaghes dos metabdiitos sdo
apresentadas no Apéndice B do item 4.3 da seciio de Resultados e Discussfio.

46



4. RESULTADOS E DISCUSSAD

Esta seclo serd apresentads na forma de capitulos, contendo os artigos submetidos a
periddicos cientificos seleciopados de acorde com a afnudade do periédico com o aspecto

abordado.
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4.1, ALTERACOES METARBOLICAS DECORRENTES DA CONCENTRACAQ INICIAL DE

GLICOSE NO METO BE CULTURA PARA PRODUCAG DE ACIDO HIALURONICO

ARTICO SUBMETIDD AQ PERIODICO

“APPLIED BIOUHEMISTRY AND BIOTECHNOGLOGY™
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METABOLIC EFFECTS FROM THE INITIAL GLUCOSE CONCENTRATION ON THE

MICROBIAL PRODUCTION OF HYALURONIC ACID
Abine M. B, Pires and Maria HL AL Santana

Laboratory of {Jevelopment of Biotechnological Processes
School of Chernical Engineering, P.O. Box 6066
University of Campinas-UNICAMP
13083-970, Campinas-SP, Brazil

glucose concentration (IGC) on the

i

ABSTRACT — The metabolic effects mduced by the miial
cultivation of Streptococeus zeoepidemicus for the production of hyaluronic acid (HA) were
studied 1 this work, These effects were momtorad along non-controlled pH cultivations, camied
out in 125 mL Erdenmever flasks (natural seration) and in 3 3 L boreactor (forced acration) as
well, The IGC effects were focused on three aspects; the main metabolites, the cell growth and
HA production and the HA average molocular W(’;’é ght. Addressing the first aspect, the absence of
glucose promoted a mixed acid metabolism independent from the oxygen supply, while for IGCs
ranging from 5 to 90 gL the homolactic metabolism was prevalent. Approaching the second
effect, the 1GC had 1o influence on the amounts of either the biomass or the HA produced n
flasks cultivations. However, n the biorcactor cultivations, they were strongly dependent on the
IGC. The highest HA concentration (1.21 g L7 was obtained from 235 g L7 IGC, which was the
only cultivanion where the conversion of glucose to HA was higher than the one of glucose o
Biomass, .Regardi;;g the average meiewigr weight, it increased with the 1GC, independently from

sration. However, %'?;. decreased along cultivation under forced aeration, due w the shear imparted
by stirning.

Kev-worddy: valuronic soid; infual glucose concentration, metabolites, Streproecocous sovepidemions,
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B INTRODUCTION

The hyaluronic acid {HA) i3 an unbranched polysaccharide with high molecular weight,
composed of D-glucuronic acid and N-acetylgiucosamine disaccharides units, Hnked altemnately
by B-1-3 and B-1-4 glycoside bonds {1). Having unique hydrodynamic properties, the HA has
been widely apphied in the cosmetic and medical fields {2). The final products containing HA
present high aggregated value ranging from US 5 2,000 to 60,000kg-1 regarding the above
mentioned applications.

HA 18 widespread i nature, having been iwdentified in vertebrate soft tissues, culiured
cukaryotic cell lines and certain prokaryotes as pathogenic groups A and T streptococei which
svnthesize HA as an extracellolar capsule {3).

Streptococei  are  Grame-positive  bacteria whose mam  feomentation  product  from
varbohydrates i3 lactate (lactic acid bacteria - LAB). The homolactic metabolism leads fo more
than 90% conversion of sugars into lactate. Conirary to that, under certain conditions, it 15 lost
and high amounts of formate {n an anaerobic environment), acetate and ethanol are produced in
what is called mixed acid metabolism {(4). Both metabolisms are depicted in Figure 4.1. 1.

Common to all oligosaccharides and polysaccharides microbial gynthesis, the HA
production 18 a carbon-intensive and energy-intensive process (5). Precursors for the HA
synthesis (UDP- glucuronic acid and UDP- N-acetylghucosanune) are also precursors for the cell
wall blosynthesis, spectiically peptidoglycan, teichoic acids and antigenic wall polysacchanides.
Therefore, the HA synthesis competes with the cell growth for carbon source and energy {8, 7).

Bacteria may alter cell metabolism and hence the carbon flux divection in response o
environmental fluctuations, Thence, the analysis of the metabolic chaoges has been a valuable

tool In the understanding of how to manipulate the culture conditions of an organism, 1 order to
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mmprove the production of interestimg substances (&), Smce the 907s, a myvriad of metabolic
studies have focused on the effects of the nutnition and culture conditions upon the HA
nroduction by Strepfococcous rooepidemicys, such as the carbon source, carbon-io-nitrogen ratio,
initial glucose concentration (160, pH, agitation, seration and femperature (7, 9, 70, 11, 12, 13,

14, 15, 16, 17, 18, 19).
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Figure 4.1.1 ~ Central metabolic pathways In Strepiococous sosepidemicus involved in the conversion of
gluense to hyvaiuronic acid and fermentation products through the (8} homolactic and (b} muxed acid
metabolisms. HAS, hyaluronase synthase; 'N{}Xf NAI oxidase: LDH, lactate debydrogenase; PFL,
pyravate formate lvase; PO, pyruvate debydrogenase; ADH, aleohol dehydrogenase; AK, acetate kinase

{Adapied from Chong and. Miclsen, 20038

The only studies which focused upon the 1GC effect on the HA production, were performed
under conirolled pH cultivations. Armstrong and Johns (74} mvestigated such effect on the HA
molecular weight produced by Strepiococcus zooepidemicus ATCC 35246, Chen ef al. (15) the
Ha speeific productivity by Streprococcus zooepidemicus ATCC 39920, However, beyond the
searcity of studies on thas fopie, none of them examined the 1GC effects either on the metabolite

guantification or metabolism shifting.




Concerning the metabolic studies role on the improvement of the HA production, this work
extended the previous findings by systematically studying the effects of 1GC on the
Strepiococeus zooepidemicus ATCC 39920 cultivation under forced or natural aeration, at non-
controlled pH. The metabolic effects were connected to the main metabolites involved in cell

growth, HA production and average molecular weight.
2. MATERIALS AND METHODS

2.1, Microorganism. Strepfococcus egui subsp. zooepidemicus ATCC 39920 was obtaned from
the American Type Culture Collection {ATCC, Manassas, VA, USA} as a lyophihized culture
kept in ampoules.

2.2. Culture Medivm. The synthetic medium contained 60 gL veast extract and salts according
to the composition reported by Swann er ol (I6). The pH was adjusted to 7.5 prior to
sterifization. A 20 % {w/v) glucose solution was autoclaved separately and added to obtain IGTs
in the range of 0 and 90 g L7,

2.3, Cultare Maintenance and Inoculum Preparation. The stock culture was kept frozen in
Bram Heart Infuston {BHI) broth containing 10% glyeerol and glass beads at -20°C, The pre-
inocilum ways prepared by streaking the plass beads onto BHI agar plates supplemented with 5%
sheep blood {Biotério Boa Vista, 530 Panlo, Brazl) and incubating at 37°C during 24 hours,
Colonies were then transferred into the colture medium. For the cultivation in shake flasks 5 mL
of moculum was prepared at 37°C during 12 hours. For the bioreactor the inooulum was prepared
with a series of transfers into the volomes of 25 and 250 mL of the same culture medium, both

incubated at 37°C in a reciprocal shaker under 150 rpm during 12 and 6 hours, respectively,



2.4, Cultivations

2.4.1. Cultivation under natural aeration. All batch culwures were performed in 125 ml
Erlenmeyer flasks with s working volume of 50 mi. The media were inoculated with 10% vy,
The flasks were incubated at 37°C, under 156 rpm for 24 howrs. The evaluated 1GCs were 0, 5.
10, 15, 20, 25, 30, 35, 40, 45 g7, The cell mass, HA, glucose, lactate, acetate, formate and
ethanol concentrations were deterpuned for each flask at the initial and final times. The HA
average molecular werght produced at the end of the cultivation was also determined.

2.4.2. Culttvation under forced aeration. All batch culiures were performed wsing a 3 L
BioFlo I formentation system (New Brangwick Scientific Ceo, Inc., Edison, NI, USA}Y with an
operating volume of 2.5 L, duning 24 hours. The media were inoculated with 10% v/v, The
agitation rate-and temperature adopted were 250 rpm and 37°C, respectively. The bioreactor was
sparged with a continuous air supply (2 vy} and the culture pH was no! controlled during

cultivation. The evaluated IGCs were 0, 5, 25, 45, 90 gL, Samples were withdrawn at intervals
aot fonger than 2 hours and their cell mass, HA, glucose, lactate, acetate, formate and ethanol
concentrations were determined. The kinetic of HA average molecular weight was also
determined.

L5, Analvtical Methods

2.5.1. Cell growth. Cell growth was deternuned by the cell dry weight according. to the
gravimetric method,

2.52. Concentrations of glucose, lactate, acetate, formate and ethanel. Culiure samples
were filtered through membranes with @ pore size of 0.2 pm (Sartorius, Goettingen, Gérmany)
and 20 uL of filtered sample were injected into an ion exchange HPLC (Shimadey Corporation,

Kyoto, Japan} equipped with a 7.8 mam » 300 mm HPX-B7H fast acid column Amanex {Bio-Rad,




Hereules, CA., USAY. The mobile phase was composed of 0.004 mol L' Ho80, pumped at 2 flow
rate of 0.6 mLmin” as described by Chong and Nielsen (/3). The column was maintained at
657, The peak elution profile was monttored with a Shimadzu RID-0A refractive index detector
(shimadzu Corporation, Kyeto, lapan).

2.5.3. HA concentration. Initially the culture broth was centrifuged at 3200 rpm during 20
munutes. The cell-free broth was treated with ethanol In a proportion L3511 viv ethanol:
supernatant. The solution was cooled down, remaining at 4°C during 1 hour for the precipitation
of HA. The precipitated HA was redissolved in 2 0.15 mol.L” NaCl solution, Three precipitation
and redissolution steps were performed to increase the yield of HA precipitated. Its concentration
was measured by the carbazole method (20},

2.5.4. HA molecular weight. The HA average molecular weight was determined by size
exclusion chromatography, using a Shimadzu chromatography system (Shimadzu Corporation,
Kyoto, Japan), contamning & 7.8 mm x 335 mm Polysep-GFC-P column guard (Phenomenex,
Torrance, CA,, USA) mounted in series with a 7.8 mm > 300 mm Polysep-GFC-PHOD0 column
of the gel filtration (Phenomenex, Torrance, CA., USA) and a refraction index detector, The
analysis conditions were: injected sample of 20 uk, 0.1 mol.L” sodium nitrate as the mobile
phase, 1.0 mL.min" flow rate and 25°C temperature, as suggested by the column manufacturer,
Dextran {American Polymer Btandards, Mentor, Ohio, USA) with molecular weight ranging from

107 to 10° Da was used as a standard for the calibration curve as described by Balke et o 21).
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3, BESULTS ARD DISCUSSION

3.1, The initial glucese concentration (JGO) effects on the cultivation under natural aevation

The IGC effecis on the metabolism of Streplfococcus zooepidemivus cultured undey natural
aeration in shake flasks are presented in the Figore 4.1.2. It can be observed that the cell growth
was independent of the IGC, even m the absence of glucose (0 go.%.;‘} glucosed. These resulis are in
accordance with the typical behavior for LAB whose biosynthesis needs are provided by the
somplex nitrogen source (4, 17 Furthermore, the vast i.‘a:%&ljf)i‘iﬁfy of the glicose 15 recoverad m the
fermentation products, according for the Jow concentration of the lactate (0.25 ¢ L7} cbtained in
the cultivation in the absence of glucose (Figure 4,1.2a). As a conseguence of that, a higher
production of the acetate (1.08 gL'y and ethanol (0.20 gL'y was observed in the absence of
glucose as tustrated in the Figure 4.1.2b.

Under glucose limitations, the resulis indicated the redirection of the carbon flux. LAB shuft
from a homolactic 1o a mixed a@;rée:f metabolism in order © make up for the dechine of the gell
energy (ATF) production {4). Conseguence upon that, ;}m additional mole of ATP 15 generated
per mole of glucose, when the pyruvate is converted into acetate instead of lactate as shown m
the Figuwre 4.1.1

When the IGU é:mz’éasas. i the medivm, there s a substantial increment of the lactale
paraiie! to a reduction of the acetate and ethanol concentrations. This behavior demonstrates the
change o the homofermentative metaﬁéﬁgm, which Es the most ordinary route for the glugose
catabolism m non-limiting conditions (7%

It was not observed any formate production in the range of glucose concentration used
the cultivations si;‘zce the pyravate formate lyase, involved in the production of the formate, s

inactivated whenever the exposure of the cells to air oocours (23).
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The low HA production (0.24 gL'y in the absence of glucose is due w the activated
monomers wmsufficient concentration for the hyaluronate synthase (73). Those monomers are
produced from the intermediates glucose-6-F ¢ fructose~-5-P (Figure 4.1.1). The HA concentration
inereased four tmes compared to the HA concentration 1n the absence of glucese, when the IGC
reached 5 g?iif}a However, under the shake flasks limiting aeration, the HA concentration
remained constant 1o others studied 1GCs (Figure 4.1 .2a3,

The 1GC also atfected the HA average molecular weight as presented m the Figure 4.1 Z¢.
The highest average molecular weight (2,11 x } 0" Da) was obtained in the absence of glucose,
nevertheless the lowest concentration of HA (0.28 gL', The presence of glucose caused an
increase in the HA average molecular weight when the 1GC ranged from 5 to 45 g L7
3.2, The initial glucose concentration (M) effects on the cultivation under forced aeration

Table 4.1.1 shows the [GC effects on the cells (Yya) and HA (Yy.s) vield cosfficients, both
refated 1o glucose, ag well as the specifie growth rate {(px) and volumetnic productivity of HA.
The py was somehow constant (0.28 (o 0.34 'Ef;"'}'_}, except for the 5g,'§;"§ GO (0,41 WY This is
consequent of the faster exponential phase, 4 hours, compared to the other IGUs, in which the

exponential phase remained between § and 12 hours,

Table 4.1.1 ~ Effects of the mubial glucose concentration (TGC) on the specific growth rate and

the yield coefficients related o glucose obtained o the cultivation of Sweprococous
zooepidemicns under forced aeration during 24 hours,

IGC (L™ px RY O Yaas B Vs 7
¢ 032 00894 . NC NC NC NC
5 041 09985 006 09757 014 09916
25 034 09%i2 00§ 08441 00t 09012
45 031 09967 009 07129 020 D0.9653
9() 028 08470 062 09543 018 09314

by ~ specific growth rate (07); Yaus — HA vield from glucose (g 7'} Yo — el vield
form glucose{s g NCY - not calcalated.




Among the considered 1GCs, only at 23 g L there was a higher glucose conversion into
HA than into cells, as observed 1n the yield coetficient values (Vgas, Yys) in Table 4.1.1. This
result, which has no precedent in the Hterature, mdicates an inversion of the carbon source
dirgetion to the HA synthesis at the expense of cell growth 1n acidifying cultivation. A simifar
inversion was observed when Strepfococcus zooepidemivus WSH-24 was grown under the
intermittent alkaline-stress (pH 8.5) strategy at carbon-to-nitrogen ratio (/N of 2.8 (7). By
correlating these effects, it may be suggested a relationship between the C/N ratio and pH
extremes related fo newtral pH 7.0, which deserves to be approached in depth, This behavior may
be in consequence of the microorganism exposition fo stress conditions, in which the cells
produce an HA capsule as a way o shield from the acid or alkaline medium pH. This protection
strategy has been deseribed for group A streptococei as a protective shield o oxygen {24), In the
other IGCs, the carbon source was preferentially converted into cell mass instead of HA.

The effect of medinm C/N ratios at constant pH 7.0 influcnced the HA specific
productivity. However the changes were more atinibuted to the cell vield than fo the HA yigld
{13, In this work, in non-controlled pH cultivations, it was observed that the changes occurred in
both vields. For this reason, the pH control could also be related to the observed inversion of the
carbon source direction.

The IGC effects on the HA volumetric and specific productivities and the HA average
molecular weight are presented in Figure 413, The highest volumetne productivity of HA
happened for the 25 g1 1GC (0.06 ¢ L7 W' which is in accordance with the observed behavior
of the yield coefficients (Table 4.1.1). The average molecular weight increased until 45 gL' 1GC

but it was reduced at 90 g L7 IGC.
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A comparison of the HA average molecnlar weight oblained at various 1GCs i cultivations
under natural and forced aeration is shown in the Tahle 4.1.2. At the same 1GC, the HA average
molecular weight was reduced when the cultivation was performed under forced acration. Theses

results may be associated with the polymer chains degradation along cuifivation, mmparted by the

shear from the agtation and forced acration.
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Table 4.1.2 - HA average molecular weight at vartous initial glucose concentrations (1GC),
obtained at the end of the cultivation of Streptococens zooepidemicns under natural and forced

aeration.
1GC {g..'i.',f]} Average ma?acuﬁar. waaigh.t {Da)
Matural aeration Forced asration
it 2.11 x 108 6.25 x 10°
5 2.58 % 167 1.50 < 107
5 3.42 % 107 2.09 = 10
45 5.30 % 10 2.62 %107

Effects of the 1GCs on the organic acids concentrations as a conseguence of the metabolic
changes are presented in the Figure 4.1.4. The lactate, which 18 the mmin product of the
homofermentative metabolism, was produced in all cultivations. Nevertheless, the muxed acid
metabolism observed in the absence of glucose yielded the lowest levels of lactate, which was
consumed by the cells ag a carbon source after 12 hours of cultivation (Figure 4.1 .44} The kinetic
of acetate production (Figure 4.1.4b) followed the cell growth kinetic ranging from 1GC3 w0 45
gL' 1GC, reaching concentrations between 1.3 and 1.5 gL In the absence of glucose, the
metabolism from pyrovate shified to acefate to compensate the reduction of the ATP production
as moentioned above (Figure 4.1.1)

Formate was produced at low concentrations at the IGCs of 0 and 5g.L"1 glucose, even
though in both cases it was consumed by the cells due to either the absence or the total
consumption of glucese at § gL” 1GC (Figure 4.1.4¢). The formate production, even under
forced aeration, can be associated to anoxic conditions encountered for some cells given the
greater cell aggregstion in the presence of HA {73} Such aggregabion avoids the pyruvate
formate fyase inhibition under the excess of oxygen. The formate was not produced at the other

1GCs,
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The ethanol production was observed in the absence of glucose only. 1f was produced after
14 hours, at the same time the lactate was consumed by the cells (Figure 4.1.4d}. Hence, the
ethanol production may be associated to the lactate catabolism.

Considering the above mentioned reasons, a metabolic flux analysis will contribute fo a
better understanding of the metabolic changes on the cell metabolism and their influences on the

production of HA.
4, CONCLESIONS

The three main effects of IGC on the Strepfococcus zovepidemicus metabolism may be
described. Firstly, the metabolic changes between the mixed acid and homeolactic metabolisms.
The former was ohserved ondy in the absence of glucose, mdependent of the oxygen supply. The
presence of glucose mduced the homofermentative metabolism in which the HA production and
cell growth were dependent on the IGC under non-limiting oxygen supplying conditions only.
Secondly, a higher HA production and productivity were observed in the cultivation at 25 g L
1GC, which was the only condition where the inversion of the carbon source direction to HA
occurred. And last but not least, the HA molecular weight increased along with the 1GC within

the studied range.
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4.2, EFEITOS BO CONTROLE DO pH DO MEIO DE CULTURA NO METABOLISMO CELULAR

E MASBA MOLAR DO ACIDO HIALURONICO PRODUZIDO

ARTICO SUBMETIDO A PERIODICO

WENFYME AND MICROBIAL TECHNOLOGYY
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METABOLIC CHANGES, HYALURONIC ACID PRODUCTION AND MOLECULAR WEIGHT IN
THE STREPTOCOCCUS ZOOEPIDEMICUS ATCC 39920 CULTIVATION PROMOTED BY THE

pH CONTROL

Aline Mara B. Pires and Maria Helena Andrade Santana”
Laboratory of Development of Biotechnological Processes
School of Chemical Engineering, P.O.Box 6066

University of Campinas-UNICAMP
13083-970, Campinas-SP, Brazil

ABSTRACT —The pH control effects on the cultivation of Streptococcus zooepidemicus ATCC
39920 were studied, with focus on the microbial metabolism changes, the production and the
molecular weight of hyaluronic acid (HA). The cultivations were performed in a 3 L bioreactor,
with the maintenance of constant pH (7.0) as well as without the constant pH maintenance
(acidifying condition). Not only did the pH control along cultivation result in higher celi
productivity (0.21 g.L'h™"), but also in the HA productivity (0.10 gL' h™), with total
conswmption of glucose as a carbon source. However, in the acidifying cultivation an inversion of
the carbon source direction to the HA synthesis at the expenses of cell growth was observed.
Among the metabolic changes, the pH control allowed for higher lactate and acetate
concentrations plus formate and ethanol production, metabolites which were not quantified in the
cultivation performed under acidifying conditions. Although the above mentioned benefits, the
HA average molecular weight produced at constant pH (4.0 x 10° Da) was lower than the HA

produced under acidifying conditions (2.1 x 107 Da).

Key-words: hyaluronic acid, pH, metabolites, Streprococcus zooepidemicus
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1. INTRODUCTION

Hyaluronan (HA) is a ubiquitous connective tissue glycosaminoglycan which in vivo is
present as a high molecular weight component of most extracellular matrices. The HA is
comprised of repeating disaccharide units of D-glucuronic acid and N- acetylglucosamine linked
alternately by pB-1-3 and B-1-4 glycosidic linkages [1]. Presently, the importance of HA in the
pharmaceutical and cosmetic fields is worldwide recognized, due to its unique physicochemical
and biological properties [2, 3]. The microbial source HA presents properties with a better
controlled quality, requires a smaller investment concerning its recovery and purification as well
as it prevents from viral contamination opposed to the animal tissues extracted HA such as the
rooster combs [4]. Moreover, microbial production allows for the optimization of the product
yield, quality promoted through genetic engineering and the control of the culture conditions [5].

Streptococel have been the most used genus of bacteria in the microbial production of HA.
These bacteria are aerotolerant anaerobes which grow well in both aerobic and anaerobic
cultures. HA is a capsular biopolymer shedding to the medium, and the HA unreleased amount of
capsule is relatively insignificant. As all lactic bacteria, its cultivation is characterized by the
generation of organic acids, which create an unfavorable environment for its growth and cell
viability. Benefits from the pH control on the production of exopolissacarides by laciic bacteria
have been extensively reported in the literature [6, 7, 8, 9], being its influence on this kind of
cultivation considered more important than the nutrient supplementation in the cultivation media
10]. Except for some species of the Laciobacillus, Leuconostoc and Oenococcus genus, the
lactic bacteria are neutrophiles, i.e., optimum pH for growth in the range of 5t0 9 [11].

Although the numerous benefits from pH control on lactic bacteria, it is on the utilized

strain that specific effects on the production and on the molecular weight of exopolysaccharides
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depend [12]. Previous studies evaluated the pH influence on the HA production and molecular
weight from different strains of Streptococcus zooepidemicus, such as ATCC 6580 [13], ATCC
35426 [14, 15], CKD 117 [16]. In general, better cell growth and HA production were obtained at
pH close to 7.0 and no significant differences in the HA molecular weight were verified at pH
6.0, 7.0 or 8.0. Definition of operational conditions, such as the pH control for HA production is
necessary for an economical fermentation process, as well as it contributes to the understanding
of the complex HA formation mechanism from streptococci cultivation.

Even with important contributions from various previous studies, there is still little
information available regarding the effects of pH and its control along cultivations in the
metabolic changes. Additionally, although the various reports on the Strepfococcus
zooepidemicus ATCC 39920, which has also been used in our studies, there are no specific
studies involving the pH effect on its cultivation. This is a mutant strain pointed out for the
production of large amounts of high molecular weight HA [17].

Following to the previous findings, this study explored the effects of the neutral pH control
on the metabolic changes along the Strepfococcus zovepidemicus ATCC 39920 cultivation, HA

production and molecular weight.

2. MATERIALS AND METHODS

2.1. Microorganism. Strepfococcus equi subsp. zooepidemicus ATCC 39920 was obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA) as a lyophilized culture
kept in ampoules.

2.2, Culture Medium. The synthetic medium was composed of 60 g.L'1 yeast extract, 25 g.L']
glucose, and salts according to the composition reported by Swann et a/. [18]. The medium pH

was adjusted to 7.5 prior to sterilization and the glucose solution was autoclaved separately.
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2.3, Cultare Maintenanee and Inocnlum Preparation. The stock culture was kept frozen m
Brain Heart Infusion (BHI} broth containing 10% glycerol and glass beads at -20°C. The pre-
moculum was prepared by streaking the glass beads onto BHI agar plates supplemented with 5%
sheep blood (Biotério Boa Vista, 580 Paulo, Brazil) and incubating at 37°C during 24 hows.
Colonies were then transferred into 25 mi of cubture medium and grown on a rotatory shaker at
130 rpm, 37°C for 12 hours. Next, the inoculum was transferred into 250 mL of coliure medium
which was incubated under the same above mentioned conditions during 6 hours.
4. Cultivations., A 250 mL volume of inoculum, prepared as described in 2.3 item, was
transferred to 3 L BioFlo I} fermentation system (New Brunswick Scientific Co. Inc., Edison,
NI, USA) with an operating volume of 2.3 L. The agitation rate and temperature adopted were
250 rpm and 37°C, respectively. The bioreactor was sparged with a continuous air supply
{2 vvm). The culovations were carried out at non-controlied pH (acidifying cultivation) and pH
controlled at 7.0. The pH control was performed through the feeding of sterile solution § mol.L”
NaOH along cultivation. Samples were withdrawn along 24 hours and their cell mass, HA,
glucose, lactate, acetate, formate and ethanol concentrations were determined, The kinetic of HA
average molecuiar weight was also determined.
2.5, Analvtical Methods

2.5.5. Cell growth, Cell growth was determined by the cell dry weigh according to the
gravimetric method.

2.5.2. Concentrations of glucose, lactate, acefate, formate and ethanel Culture samples
were filtered through membranes with a pore size of 0.2 um (Sartorius, Goettingen, Germarny)
and 20 pl. of filtered sample were injected into an ion exchange HPLC {Shimadzu Corporation,

kyoto, Japan} equipped with a 7.8 mim x 300 mm HPX-87H fast acid colwnn Aminex {(Bio-Rad,



Hercules, CA., USA). The mobile phase was compossd of 0.004 mol L FL80, pumped at a flow
rate of 0.6 mLamin” as described by Chong and Niclsen [19]. The column was maintained at
6570, The peak elation profile was monitored with a Shimadzu RID-6A vefactve index detector
{Shimadzu Corporation, Kyoto, Japan).

25.3. HA concentration. Imtially the culture broth was centrifuged at 3200 rpm during 20
mimates. The cellfree broth was ireated with ethanol in 2 proportion 131 vy ethanol
supernatant. The solution was cooled down, remaining at 4"C during 1 howr for the precipitation
of HA. The precipitated HA was redissolved in a 00135 mol. L7 NaCl solution. Three precipitation
and redissolution steps were performed i.{} increase the yield of HA precipifated. its concentration
was measured Dy the carbazole roethod [20].

254, HA Molecular weight. The HA average molecular weight was determined by size
exclusion chromutography, using a Shimadzu chromatography svstem (Shimadzy Corporation,
Kyoto, Iapant, containing 2 7.8 mm x 35 mm Polysep-GFC-P column guard (Phenomenex,
Torrance, CA., USA) mounted in series with a 7.8 mm x 300 g Polysep-GECO-PE000 colummn of
the gel filivation {(Phenomenex, Tormance, CAL, USA)Y and a refraction index detector. The
analysis conditions were: injected sample of 20 pl, 0.1 molL” sodium nitrate as the mobile
phase, 1.0 ml.min flow rate and 25°C femperature, as suggestad by the column manutaoturer,
Dextran (American Polymer Standards, Mentor, Ohio, USA} with molecular weight ranging from

107 1o 10° Da wag used 25 a standard for the calibration curve as described by Balke o7 o/, {21),
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Myaluronic agid {gL)

3. RESULTS AND DISCUSSION

3.1, Metabolic changes and HA production

The behavior of the non-controlied and pH controlled cultivations s shown 1n Figures 4.2.1

and 42.2, through its kinetic profiles along 24 hours cultivations. Tables 4.2.1 and 422

summarize the calculated kinetic parameters.
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pH at 7.0
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The results show, in both cases, the exponential phase along the first 6h (Figure 4.2.12). At
this time, the pH was drastically reduced to approgimately 3.0, for non-controlled pH cultivation
{Figure 4.2.1d), as expected for the cultivation of a lactic bacterium. The glucose was totally
consumed in the pH controlled cultivation only (Figure 4.2.1b}, and the HA production was about
twice ligher for the controlled pH coliivation (Figure 4.2.1¢).

Table 4.2.1 — Effects of the pH control on the specific velocity of growth, vield coefficients and
productivities obtained duning the baich cultwre of Streprococcus zooepidemicus.

- Mop-controlied pH Controlled pH {743
Barametess - e — o
Yalue R Value R
1y (™ .34 (1.9912 {150 {15867
¥y g cellsg glacess™) .11 0.9341 .47 19634
Vs (g HAg glacose™) 0.18 0.8441 0.05 0.9764
Prig HALLRY 0.06 . 110 -
By {g cells. 1 BTy 0.04 - .21 -

Ly specific 'gi‘{}wh rate; Kf;ig_a;f;: HA :}’iciﬁ from gluscose; "‘{M HA yield from glucose;

Fet HA produciivity; PX: cell productivity.

From the caleulated parameters i Table 421, t may be observed that although the cell
(¥aed and HA (Yuas) vields were higher in the non-controlled cultivation, the productivities (Py
and Ppy were higher at contrelled pH due tw higher glucose consamption. Furthermore, the pH
control duplicated the sg}e{:i'ﬁc growth rate () for pH controlled cultivation, compared to the
aai.d.%..fying conditions.

The lactic bacteria sensitivily {0 low pH was reported by Nannen and Hutking {221 They
observed for different stramns of streptococct, a critical pH of around 5.0, defined as the pH at
which the cell growth 18 stopped and the cell viﬁbiiiéy decreased, concoputant with the
ransmembrane pH gradient decrease. Chir resulis also suggest 2 critical pH for the Streprococcus

zovepidenicus, observed when the pH was lesser than 3.0 alter 19 bours, 1 acdifving
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cultivation, despite the high remaining glucese concentration (approximately 21.4 gL'}, In this
case, the cell growth interruption is apparently due to the dissipation of the transmembrane pH
pradient (ApH) instead of the starvation for glucose in the medium, as occuwrred in the pH
controlied cultivation. After 10 hours a tendency for the diauxic behavior, described by
Armstrong and fohns [14], was alse observed m the pH controlled cultivation,

The higher HA production at controlled pH may also be related (o the hyaluronan synthase
(HAS) activity. Tlapak-Simmons ¢f af. [23] found an effective pH range of activity between 6.6
and 11.5 for HAS from Streptococcus equisimilis. Additionally, HAS lost stability at acidic pH
5.0

The higher glucose conversion o HA {(Yyas) than to cells (Yysg) was observed in non-
controlled pH cultivation (Table 4.2.1 which suggests an inversion &f the carbon source durection
to the HA svnthesis at the expense of cell growth. A similar inversion was observed when
Streptovoccus zovepidemicus WSH-24 was grown under the intermittent alkaline-stress condifion
[24]. Therefore this inversion may be related to the microorganism exposition to a pH siress
condition, when the celis produce an HA capsule as a way to shield from the acid or alkaline
medium pH. Cleary and Larkin [23] desenibed a protective HA shield from oxygen for group A
streptococct. By correlating these effects, a relationship may be suggested between the HA
production and pH extremes related to neutral pH 7.0, which deserves to be approached in depth.

The pH control also produced metabolic changes as shown at the Figure 4.2.2 and Table
4.2.2. In both conditions, the lactate was the mamn metabolite produced, as expecied. The acetale
was also produced in both cultivations, although at controlied pH its production occurred along

cultivation, even after the glucose exhaustion.
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Streplococcus zooepidenticus vnder (8) non-controlled pH and (w) controlled pH at 7.0,

Formate and ethanol were produced i small amounts at controlled pH only (Figura 2).

Despite the pyravate formate fyase sensitivity 10 oxygen, the formate produchion m agrobie

cultivation of Streptoceccus zocepidemicus can be explained by the aggregation imparted by the

presence of HA in mediam as described by Chong and Niglsen [19]. All of these efleats are




consequent wpon the activity of the involved enzymes, for which the neutral or alkaline
conditions are beneficial, as reporied by Moat er of. [26]. Platt and Foster [27] pointed ous the
metabolic changes related {o the pyruvate metabolism in response 1o the intraceliular pH. Harvey
[28] demonstrated the glveolitic activity reduction for streptocoeci, and the specific activities of
hexokinase and acetate kinase at pH lesser than 5.0,

The yield parameters from Table 4.2.2 show that at constant neutral pH, 89.7 % of the
varbon from glucose was recovered as metabolites, being 84.0% as lactate, 3.0 % as acetate, 2 0%
as formate and (.7 % as ethanol. In acidifying conditions, in addition to the carbon from glucose,
the carbon from organic nitrogen source was probably also used, because the vields from glucose
were higher than [, Typical of lactic bacteria, in both cases, low levels of glucose carbon were

recovered n cells {191

Table 4.2.2 ~ Effects of the pH control on yigld ceefficients of the main metabolites produced
during the batch culture of Streptococcus zooepidemicus.

Non-controlled pH Ceontrolled pH (7.0}
Parameters " s
Value R Wakue 14
Yyaos (¢ lactate.p glucose™) 1.23 1.9908 0,84 {4.9590
Y acs {g acetatey giumse"‘} .10 §.0844 0.03 {1 9R74
Yrars (2 Tormate.g plucese™) 0.00 - 0.03 $4.9912
Yy {g ethanoly giumse"‘} (.00 - .60 {9731

For fermentative bacteria as Sereptococeus zooepidemicus, the prodoction of lactate s
important, considered the energetic point of view. The end-products efflux coupled to the proton
transiocation may spare ATP, since s hydrolysis, which 15 used in the pumping of protons o the
extraceiular medium, 18 dimnished [29]. Hence, the ATP energetic equilibrium 15 a consequence
of the metabohic changes promoted by the pH control in the medrum, and may explain the higher
HA production.
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Concernung the above mentioned aspects, a metabolic fux analysis should be used as a togd
for the better understanding of the relationship between metabolic changes on the cell metabolism

and HA production,

32, HA average molecalar weight and distribution

The evolution of the HA average molecular weight along cultivations carried out under

controlled and non-controlled pH is presented in Figure 4.2.3. Although in both cases a high

)

average molecular weight HA was produced, 107 and 10° Da, the HA average molecular weight

decreased along cultivation. The decressing was more severe in the nentral controlled pH

culttvation. In the end of cultivations, the average molecular weights of HA were 2.1 % 107 and

4.0 > 10° Da for the non-controlled and controlled pH cultivations, respectively.
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These results could be atiributed to the higher susceptibilify to sheanng of the HA chaips
produced at controlled pH 7.0, According to Moris ef ol [30], the acidifying condifions may
contribute 10 a polymeric network more shearing resistant, given that intermolecular interactions
are entropically favored by the electrostatic repulsions suppression. Moreover, the remaining
glucose concentration m the non-controlled pH cultivation may help the strengthening of the HA
network by the hydrogen bonds between HA and glucose molecules [31]

Although the transferase activity dependence on the pH and the mechanisms controlling
chain length are not vet known, the pH may alse influence the HA elongation through enzyme
conformation changes, according to the pendulum hypothesis develeped by Weigel [32].

Table 4.2.3 shows the HA molecular weight (MW) distribution from both cultivations,
From the aadifying cultivation were observed two populations: the first with MW between
1.0 % 10°%and 7.4 = 10° Da (24.5%) and the second with MW higher than 7.4 x 10° (75.5%),
whtch was the highest MW within our standards. At controlled pH, an additional population in
the range of 10° Da appeared in the distribution. The HA average MW of AH in the end of

cultivations was 2.1 » 10" and 4.0 % 10° Da, for non-controiled and controiled pH cultivations,

Table 4.2.3 ~ Effect of pH on the HA molecular weight distribution.
ol Molecular weight Traction (%) |
' MW arpund 167 Da I x10°Da<MW <74 x 16 Da MW>74 x 10° Da
Men-controlied 0.0 245 755
Controlied (7.0 13.5 52.0 345




4. CONCLUSIONS

Varous unportant features related to the nevtral pH control, were foumd fn the cultivations
with Streprococous zovepidenicus ATCC 39920, The countrel of neutral o zlong cultivation
mereased both the cell and HA productions, with total consamption of glocose a3 a carbon
source, The productivities were also increased compared o non-controdled pH cnltivations, The
carbon source inversion fo the HA synthesie, at the expense of cell growth m the non-controlied
pH cultivation, may mdicate 3 defense mechanism from acid siress. Among the metabolic
changes, there was a higher production of acetate besides the production of formate and ethanol
in coutrofled pH. Under non-controlled pH conditions, formate and ethanol were not detected,
And last but not least, the pH control benefited the production of HA with average runlecular
weight of 10° Da with three populations, Non-controlled pH conditions produced less HA yet

with a higher average molecular weight of 107 Da within two populations only.
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METABOLIC FLUX ANALYSIS OF THE MICROBIAL PRODUCTION OF HYALURONIC ACID

UNPER THE EFFECTS OF THE INITIAL GCLUCOSE CONCENTRATION AND 2H CONTROL
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ABSTRACT - A metabolic flux analysis éf the h?z%ﬁ.%.&‘i"{}ﬁ.ic acid (HA)Y production by Streplococcus
zooepidemicus ATC{.‘. 39920 was carried out in Gfﬁér ﬁ:} ?m%‘:sfé gate the effects of the initial
glucose coﬁcsmtmténﬁ {_EGC} and p:'iﬂi ézi the cell metaémiiséai& The ﬁu"}(es through the metabolic
reactions 'Wé:i% a;stizmiiecé .u.sizzg; the fates:{}f glucose 'ix;}'iék:é biomass, HA, lactaie, acetate, formate
and ethanol. The metabolic flux distributions i the exponential-phase growth were ciesa.ribed m
cultivations _ps:r_{:?}rm.&:fi under aci&éfying :cen_é.i'tiéns at different IGCs {5, 25 and 45 gL plucose)
and in cultivation at 235 g;'i;'l 1GC witﬁ the maintenance of constant pH (7.0). The results have
demonstrated ch.angcé; in the metzx.b(}iié fhix dé.s%rii}'u.tie;;ns' ¢! zﬁ@st of metabolites, except for the
fluxes through the A’fé’" ué@d in {:xﬂ:?ﬁ nﬁaintenamce W%.zif;;ﬁ were simdar for ﬁze various 1GCs under
acidifying conditions. The lactate and acetate productions show a close relationship with the ATP
and '.§~3.f§'§3§:-§. _pzr@{ﬁuctiém, However, %hé changes in the Hfﬁpmdu{:tim pathway were more related
{0 the éisir%bu%étﬁﬁm af '.it'iu?%;aﬁ E;:G the prevarsors of HA synthesis than to the energy availability or

redoy state of the eells.

Fepowerdy: hyvaluronic acid, metsbolic Hux analvsis IMEA), formentation, Streplocsccus zonepidemicous.
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1. INTRODUCTION

The hyaluronic acid (HA) ts a linear, high molecular weight polysaccharide which consists
of repeating disaccharide units of D-glucuronic acid and N-acetylghucosamine residues {1}, HA 15
produced by almost all members of the ammal kingdom as a major component of the
extracellular matvix {2}, and by streptococet as a mucoid capsule surrounding the cell [3].

Among the HA biological roles are included the elastoviscosity maintenance of connective
tissues, tissue hydration control, supramolecular assembly of proteoglveans in the extracellular
reatrix, and pumerous receptor-mediated roles in cell detachment, mitoses, migration, tumor
development and metastasis, and mflammation {4]. Reflecting upon thus vanety of natwral
functions, HA has been found suitable for a number of applications in the cosmetic and medical
fields [5, 6, 71

Traditionally, HA was extracted from rooster combs; however, considering the hmited
tissue sources, viral infection risks and high cost [B], microbial production has become
ncreasingly more attractive for large-scale production [9]. Moreover, the bactenal process alse
allows for the optimization of product vield and quality, through genetic engineening and the
sulture conditions control [10]

HA has been produced commercially since the early 19807s through the cultivation of
group C streptocecet, in particular S, equd subsp, egui and 8. equi subsp. zovepidemicus,
Theneeforth, iraditional methods for HA production cmphasizing mainly on the cell growth
conditions [11, 12, 13, 14, 15, 16] rather than on the cell metabolism were effective in the
optimization of the HA microbial 'pfodu.z:tii)_n.ﬁ whereas the cell regulation criteria to adapt to

environmental stimulation have not been given much consideration [171
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A very prominent phenotypic wvestigation method that has been employed for the analvsis
of cells m different environments is the guantification of metabolic luxes in cells grown under
balanced conditions, such as in a steady-state chemostat or during the exponential phase of a
batch culture [18]. A cornmon approach for the estimation of intracelbular fluxes s the metabolic
flux analysis (MFA)} or, more specifically, metabolite balancing [19, 20]. It uses mass balancing
techniques and the assumption of metabolic steady state for the formulation of Hnear constramts,
These constramts, together with the measurements of extracellular uptake and seorction rates,
atlow the caloulation of miracellular not reaction rates and, thus, the determunation of metabolic
flux distributions in a defined swichiometric network (215 Companson of metabolic flux
distributions under difforent environmental perturbation may provide valuable konowledge about
the nteractions between different pathways and the cellular physiology and metabolism (21, 220

So far, fow studies regarding the MFA and HA production have been developed. Chong and
Nielsen {231 developed a metabolic flux model o compare the glucose and maltese metabolisms
during an acrohic batch cultivation of Sweprococcus zopepidemicus ATCC 35246, Despite the
large differences m energy metabolism, the HA vield was a3 largely unalfected as was the
modecuiar weight. The analysis of metabolic models cammied out by Gao o ol [17] for
Streptococous zocepidemicus HI3 in different culture stages and under different dissolved oxvgen
tension (DO showed that the fluxes (o biomass and HA changed sigmficantly w order to adapt
to environmental conditions, while the flux o Iactate was quite stable. However, Duan f of. [24]
compared the metbolic flux distribution of Seepococous zocepidemicus G under acrobic
conpdittons at variows DO levels and demonstrated that the HA syothesis pathway was little

affected by the DO level. In contrast, the lactate and acetate fluxes were greatly mfluenced.




In this study, the metabolic fluxes were analyzed under environmental perturbations such as
the initial glucose concentrations and non-contrelled or controlied pH along culfivations. Models
of metabolic network ax different conditions were established using the MFA approach and the
relationship between cell growth, HA production, metabolites production, energy flux and
reducing equivalent was discussed.

2. MIATERIALS AND METHODS

2.1. Microorganism. Srrepiococens egui subsp. zooepidemicus ATCC 39920 was obtamed from
the American Type Culture Collection (ATCC, Manassas, VA, USA} as a lyophilized culture
kept in ampoules,

2.2, Culture Medivm, The synthetic medium contained 60 o1 yeast extract and salts according
1o the composition reported by Swann er of [25]. The pH was adjusted to 7.5 prior to
sterihization, A 20 % (w/v) glucose solation was autoclaved separately and added to obtam mitial
glucose concentration in the range of 0 and 90 g L™,

2.3, Culture Maintenance and Inoculom Preparation. The stock culfure was kept frozen in
Brain Heart Infusion (BHD broth containing 10% glycerol and glass beads at -20°C. The pre-
inoculum was prepared by streaking the glass beads onto BHI agar plates supplemented with 5%
sheep blood (Biotério Boa Vista, S0 Paulo, Brazil) and imcubating at 37°C during 24 hours.
Colonies were then transferred into 25 mL of culture medium and grown on a rotatory shaker at
150 rpm and 37°C for 12 hours. Next, the inoculum was transferred into 230 mb of culture
medium which was incubated under the same above mentioned conditions during 6 hours.

2.4. Cultivations. All batch cultures were performed using a 3 L BioFlo Il fermentation system
{WNew Bronswick Scientific Co. Inc,, Edison, NI, USA) with an operating volume of 2.5 L. The

media were inoculated with 10% v/v. The bioreactor was sparged with 3 continuous air supply
PRsy
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{2 yvm) and the agitation rate and temperature adopted were 230 rpm and 37°C, respectively. The
mitiel glucose concentrations of 5, 25 and 45 g,L”i were studied mocultivations performed upder
non-controlled pH. For the 28 ¢ 17 initial glucose concentration, the cullivasions were carried out
wnder non-controlled pH {acdifying cultivation) and controlled pH at 7.0, by the addition of
5 moL.L"' NaOH solution. Samples were withdrawn at intervals not longer than 2 hours and their
cell mass, HA, glocose, Tactate, acetate, formate and ethanol concentrations were determined.

1.8, Analytical Methods

251, Celb growth. Cell growth was deternuned by the cell dry weight according to the
gravimetyic method,

2.5.2. Concenirations of glucose, lactate, acetate, formate and ethanel Culture samples
were filtered through membranes with a pore size of 8.2 g (Sartors, Goettingen, Germany)
and 20 pL of filiered sample were wjected inlo an 1on exchange HPLC {Shimadzn Corporation,
Kyoto, Japan) equipped with a 7.8 mm x 300 mm HPX-8TH fast acid columm Aminex (Bio-Rad,
Hercules, CA., USA). The mobile phase was composed o 0.004 mol. L™ HyS0, purmped at a flow
rate of 0.6 mLanin” ag described by'{f%}wg and Nielsen [231. The column was maintained at
63°C, The peak clution profile was m{gnimmé with a S%}imadzu RID-6A refractive index detector
{Shimadzo C-Gi}?i?i‘ﬁi’?@ﬁ, Kyoto, Japan).

2.5.3. HA concentration. Initially the culture broth was centrifuged at 3200 ypm during 20
minutes, The ;:ei%»fzreﬁ broth was treated with ethanol in a proportion 1.5:1 wv ethanol
supernatart. The :50}%%3:&(3;1 @'&Ls covled down, remaining at 4°C during 1 hour for the precipitation
of HA, The precipitated HA was redissolved in a 0.15 moL.L" NaCl solution. Three precipitation
and redissolution steps were performed to increase the vield of HA precipitated. lis concentration

was measured by the carbazole method [26].
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3. RESULTS AND DHISCUSSION
3.1. The mathematieal aspects of the stoichiometric model in Streptococcus zovepidenticus
Chong and Nielsen [23] constructed a metabolie network (Figure 4.3.1) whose framework
was based on the Embden-Meyerhof-Parnas (EMP} pathway (vy-us), the pentose phosphate
pathway {v12 and vy3), the reactions responsible for the fermentation products {ve-vy), the
estimated compositional data for 8. zecepidemicus (014025, Vay-0a2) including synthesis of the cell
wall components, hpid membranes and the sugar moiety of nucleotides, the HA production
pathway (ve, vy, vz} and the cofactor balances such as ATP, NADH and NADPH. The final
model presented 33 reactions (Appendix A}, 7 measured net conversions of metabolites and 27
metabolite balances and therefore was an overdetermined systern, i.e., there were more measured
rates {7} than there were degrees of freedom of the systems (6). All metabolites are described in

Appendix B
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Utven that the solutions of mamix equations are generally derived using numerical
techmiques, 1t 15 1mportant to measure the solution sensitivity with regpect to small perturbations
in the measurements, The first step in this sensitivity analvsis 18 fo examine whether the
stoichiometric matriy is well-conditioned through the caloulation of its condition number, For
fermentation rafes, a reguirement for a well-conditioned stoichiometric mairix is that the
condition pomber be between 1 and 100, If the condition number is greater than 100 the
stotchiometric mafrix is Hlconditioned and even small variations in the measurements may have
a very large nopact on the caleulated fuxes [21].

The storchiometric mairix described by Chong and Nielsen [23] showed a high condition
musaber of 1.6 x 10% As an overdetermined system, its solution can be found by using the matrix
nseudo-mverse which represents the least squares estimate for the Hux vector or by using a sub-
set of the measured rates which forms the deternuned system {271 The condifion number was
also calculated for the determined systems obtained from the overdetermined systems and values
i the range of 10% were found.

A most accurate information about the sensitivity of the calenlations with respect W
vartations in the measured fluxes is supplied by the sensitive matrix elements which specify the
sensitivity of all the elements in the flux vector to the individusl measured rates [27]. The
overdetermined system used in this work showed hugh sensitivity with elements presenting values
of up o 10°, These maximum values decreased and ranging from 10" to 107 for the determined
sysiems dertvated from this overdetermined system.

Therefore, the metabolite balancing approach was used essentially to provide a “suapshot”
of the metabolic flux distributions at a particolar instance [28] under different environmental

conditions. To extract more informabon from a metabolic network, i is necessary 0 wse 4




combination of metabolite balances and labelling experiments [29]. Through the use of “C-
Jabelled glucose and measurements from the intracellular metabolites labeling pattern by erther
nuckear magnetic resonance (NMR) or gas chromatography coupled to mass spectrometry {GC-
M5}, the appheation of balances for the mdividual carbon atoms i addifion to the metabolic
balances becomes feasible [30]. This additional mformation allows for a more reliable estimation
of the fluxes, as well as for the pathway structures analysis and possible reversibnlities [18].

3.2, Effect of initial glucese concentration on metabeolic flux distributions

Based on the glucose uptake rate, HA and other metabolic product formation rate, and
omass formafion rate, the metabolic fluxes were calculated using the stoichiometric matrix. The
mietabolic fux distributions at different inttial glucose concentration (JGC) during the exponential
phase of cultivations performed in acidifying conditions {with no pH control} are iilustrated in
Figure 4.3.2.

Lactate and acetate were produced i all IGCs unlike formate that was only produced in a
5g,L7" 1GC. Ethanol was not produced in any of the IGCs. The flux w lactate was inversely
proportional o the specific ghucose uptake rate (Figure 4.3.2) and the highest flux to lactate
oceurred in the cultivation that showed the lowest flux to NADH (45g.L7 IGC; Figure 4.3.2¢)
when there is likely Jower inhibition of pyruvate dehydrogenase {PDH) by high NADH/NAD"
ratios known o occur in many Gram-positive bacteria [31] The flux to acetate decreased with the
increase of the IGC which was not refated to the ATP flux that was similar in the different
conditions., Usually the pyruvate metabolism shifts to acetate to compensate the reduction of the
ATP production but here the acetate flux changes seem 1o be associated with the decrease in the

fux 1o zeetyl-CoA.
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Figure 4,32 ~ Flux distribation for the exponentialiphase growith of Strepiocovcus .a'{}f)epfdefsffms‘ at

different instial glocose copcentrations {E{;{} without the coznmi of the culture pHe (0) 5217 1IGC (I
25 L IGC; (6 455 L7 1GC. All Fluxes are upzmw&i 2% a percentage of the specific glucose uptake rate
in {?meigm(31.:3{3%:;3-[{3?,1.-.‘2_;- that was {23 2.31, (b1 4.93, and {c) 158,

The fluxes to HA increased with the decrease of the floxes fo lactate, suggesting the
inhibition of lactate on the HA synthesis ag previously described by Cooney er of. {14] and Lin 1
af. {121, The lowest flux to biomass occourred in the cultivation that showed the highest flux 1o
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HA which is justified by the competition between the cell growth and the HA synthesis for
carbon source and energy [91.
3.3, The effect of controlied pi on metabolic flux distributions

Figure 4.3.3 shows the metabolic network model for the exponential phase in batch culture

of Streptococcus zovepidemicus performed at 25g.L7 1GC and constant pH.
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Figure 4.3.3 ~ Flux distribution for the exponential-phase growth of Streprococcus zovepldemicus at
25g L7 initial glucose concentration and comstant culture pH. All fluxes are expressed as a percentage of
the specific glucose uptake rate that was 7.67 Cmola . Cmolgon. b

Lactate was also the main product of the metabolism 1o this new environmental condition
but the continuous pH correction resulted in the depletion of glucose provided as carbon source
which was not observed in the cultivation under acidifying conditions (Figure 4.3.4).

The flux to lactate was also inversely proportional to the specific glucose uptake rate which
resulted in a lower flux to factate (80.60%) compared to the flux to lactate in the cultivation under
acidifving conditions {93.89%). The flux to acetate which s usually related to ATP production

decreased in the cultivation at constant pH possibly due to lower cell mamienance energy

9%



requived in this environmental condition. The mechanisms for the intracellular pH maintenance at
a constant fevel even with large vanations in the extraceliular medivm pH oeour at the expense of
a sigmficant increase in the maintenance demands [277 represented by va in the stoichiometric
model. A companson of Figures 4.3.2 and 4.3.3 shows the reduction of the cell maintenance

engrgy from 30.01% o 8.37% of the specific glucose uptake rate when the cultivation from 23

gL IGC was performed at constant pH. Moreover, the fluxes to formate and ethanol were

ohserved even in small amounts (Figure 4.3.3),
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Figure 4.3.4 — Profiles of the (8} glucose concentration and (b} pH for batch culture of Streptocorcas
cooepidemicus ot 25g. L7 initial concentration glucose in eultivations performed (#) under acidifving
conditions and {8) st constant pH (7.0}

The continuous correction of culture pH at 25 g 1.7 IGC did not change the flux to biomass
Figure 4.3.2b and 4.3.3) however it decreased the flux to HA despite the higher HA productivity
g . P i P 3

observed due to lagher glucose consumption.

3.4, Energy and reducing eguivalent balance at different environmental conditions

The redex balance and ATP production calculabions are summanzed in Table 431, NADH

was produced by the glveeraldehyde-3-phosphate (GAPDH), by PDH and by UDP-glucose
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dehydrogenase (HASB) during the HA synthesis. GAPDH was the chief source for the reducing
equivalent since it provides 2 moles of NADH per mole of glucose consumed in the EMP
pathway. The HASB and PDH contributions change according to the direction of the metabolism.
The PDH contribution was more pronounced in the 25 g.L‘E IGC cultivation at controlled pH

resulting i the higher fhux through NADH oxidase (NOX) as seen in Table 4.3.1.

‘Table 4.3.1 — Epergy snd reducing equivalent balance for the exponentinl-phase growth of Shrepfococrus
zoospidenicws at difforent environmental conditions.

Environmental Condifions

Parameter 5gL” 25gL 45gL”  25gL”
pH (7.9)
Reducing equivalent
VrapH" 50.25 49,11 29.86 62.95
Total NADH produced (%)
GAPDH 69.7 65.1 79.8 87.0
HASB 12.1 18.6 9.3 4.2
PDH 18.2 16.3 10.9 28,7
Total NADH eonsamed (%)
LDH 6.8 65.5 81.2 535
ADH 0.0 0.0 0.0 (.8
NOX 32.5 34.2 18.1 41.8
BIOM 0.7 0.3 0.7 3.1
Energy
vate’ 2606 30.01 3268 §.37
rare {CmolyrpCmolgon ™y 317 4.94 2.23 9.29
Yares® (Cmelye.Cmolae™) 137 1.00 1.41 1.21

*NADH flux; " ATP flux; © ATP production; ¥ ATP yield from glucose.

Lactate dehydrogenase {(LDH) and NOX reoxidised most of the reduced cofactor. Some
NADH was also consumed during the lipids formation, teichoic acids (BIOM) and ethanol by the
alcohol dehydrogenase (ADH) though their contribution was very small by companson. The
highest NADH consumption by LDH in the 45 gL IGC cultivation was responsible for the

lowest flux through NOGX.
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Energy was generated by substrate-level phosphorviation (i) and can be estimated by vy
+ w5+ Vg~ 03 The ATE production was proportional to the specific glucose uptake rate which
resulted in sivaflar ATP vields. The excessive ATP in the metabolism (vaps) which is consumed
by cells for mamtenance dctivities was similar in the different 1GCs studied and 18 was lower in
the cultivation at constant pH as mentionad above.

The ATP and NADH produced in the cultivation did not show a close relationship with the
HA synthesis, Changes i the HA production pathway were more refated to the distributions of
fluxes to the precursors of HA symthesis, UDP-glucuronic acid (UDPG) and UDP-N-
acetylglucosamine (UDPNAG), than to the energy availabiltly or redox state of the cells as
equally observed by Chong and Nielsen [23, 321 Despite the fluxes of precursors, the HA
synthesis alse seems to be alfected by the pH effects on the activity of hyaluronan svinthase,
Tlapak-Simmons of of. [33] determimed as 6.3 to 11.5, as the pH range for the optimal activity of
a hyaluronan synthase from Strepiococcus equisimilis. Hence, the pH control at 7.0, benefits the

HA production compared to acidifving condifions,
4. CONCLUSIONS

Metabolic fhuxes provide the fundamental basis for the characterization of cells and cellular
function. Being so, they roust be determined systematically under difforent envirommental
conditions and for different genetic backgrounds. This mformation will allow for the
understanding of the fundamentals of cellular metabolism and will also provide the basis for
rational modification and flux control. However, although stoichiometnic models are clearly very
powerful, the mamn drawback they present is the hmited predictive power, which s due fo the

lack of regulatory information in the model formulation,




The environmental condittons, IGCs and pH control, studied in this work redirected the
ATP, NADH and metabolites flux, The ATP and NADH produced m the cultivation show a close
relationship mainly with the lactate and acetate production. Differently, the changes in the HA
production pathway were more related 1o the distributions of fluxes to the precursars of HA
synthesis than fo the energy availability or redox state of the cells. These results tHustrate the
difficulties 1n improving the production of a substance whose synthesis competes with the
biomass synthesis in precursor and energy requirements, The balancing of the two principal HA
pathway branches {fluxes to the two precursors) is a novel metgholic engineering challenge.
Addtionally, the maintenance of pH at 7.0 is favorable for the activity and stability hyaluronan

synthase, compared to the low levels of pH reached at acidifving conditions,
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A APPFENDICES

&;}pamﬁx A - Metaholic reactions in Streplococeus zooepidemicus {Chong of af, 2003},

v | GLC + PEP — GGP + PYR
ys | GBP —s FEP
v | FEP + ATP — 2 DHAP + ADP
v | DHAP + NAD % ADP +Pl — PEP + NADH + ATP )
v | PEP £ ADP —» PYR + ATP
ve | PYR - NADH = LAC + NAD -
vr | PYR + COA — FOR + ACOA N
vy | PYR+COA + NAD — ACOA + NADH + CO; N
ve | ACOA + 2 NADH — ETOH + COA + 2 NAD
vie | ACOA £ AP+ Pl - ACE + COA + AT ' B
v | ZNADH Oy - INAD + 2 H,0 -
vy | GEP + 2 NADP - RSP+ 2 MADPH + CO, .
vi1 | 3 RSP — 2 FGP + DHAP
vig | A+ RSP +4 ATP — ATPN +4 ADP + PP] B
vis | G+ RSP +4 ATP — GTP + 4 ADP + PPI ]
g | U RSP+ 4 ATP —» UTP + 4 ADP + PPI
vy L UTE +GLN A ATP —» CTP + GLU + ADP + Pi ]
vix | ATPN + NADPH — DATP +NADP
vig [ GTE -+ NADPH — DOTE + NADP i
vag | CTP + NADPH — DCTP + NADP |
va1 LUTP + MTHE + 2 ATP + NADPH — DTTP + DHF + 2 ADP + NADP + PP ]
vay | F6P + GLN + ACOA + UTP — UDPNAG + GLU + COA + PPI
vay 1 2 UDPNAG + PEP + 3.5 ALA + GLU + LYS + 8 ATP + NADPH — PEP + 2
UTP + 8 ADP + 7 PI+ NADP
vaq | GEP + UTP — UDPG + PPI
vrs | UDPG + 3 DHAP + 3 NADH + 5 ATP — TEIC + 3 NAD + 5 ADP + UTP + 2
PPI
v | UDPNAG + 2 G6P + 2 NADPH + 3 ATP — mmu + UTP + 2 NADP + 3
ADP + 2 PRI
iy | UDPG + UDPNAG + 2 NAD + 2 ATP — HA + 2 UTP + 2 NADH + 2 ADP
vos | 23.9 ACOA + 2.1 DHAP + 0.65 UDPG + 435 NADPH + 24.3 ATP + 2.1 NADH
s LIP +23.9 COA+ 435 WADP + 243 ADP + 2.1 NAD + 0.65 UTP + 1.1 PPI
2.2 P1+ 2.1 HaO
Vag lé}@ Aminoacids + 430,06 ATP - [0 Protein + 430.6 ADP + 430.0 PI ]
vio | 29 DATE+ 29 DTTP + 21 DGTP + 21 DOTP + 137.2 ATP — 100 DNA + 1372
ADP + 132 P14+ 100 PPI
i | 262 ATPN 4+ 21.6 UTP + 322 GTP + 20 CTP + 40 ATP — 100 RNA + 40 ADP |
+ 40 PL+ 100 Pl -
vir | 86,7 Protein + 2 PEPG + 1.6 TEIC + 0.7 AWALL + 1.1 DNA + 7.6 RNA + 0.5
LIP — 100 BIOM
vy | ATP wa ADIP 4 PI |
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Appendix B - Abbreviations for the metabolites,

Messured meiabolifes

Balagced metabolifes

(thers

Acetate (ACE)
Bilomags {BHOM)
Ethanol {ETOH)
Formate (FORY
Cilueoss (GLC)
Hyaluronic acid (HA}

Lactale {LAGY

Acetyl-CoA {ACT0A)

Adenosine friphosphate {ATP)

ATP incorporated into bomass (ATFN)
Antigenic wall polvsaccharide (AWALL)
Cytdine triphosphate (CTP)
Deoxyadenosine triphosphate (DATP)
Deoxvevtiline triphosphate {DCTP)
Deoxvouanosing triphosphate {DGTE)
Deoxythyinidine wriphosphate (OTTR)
Dihydroxyacetone phosphate (DHAP)
Decxyribonucieic acid (DINA)
Frustose--phosphate (FOP)
Glucose-t-phosphate {(36P)

{nanosing triphosphate {GTP)

Lipid {LIF)

Nicotinamide adenine dinucleotide {reduced) (NADH)
NAD phosphate {reduced) (INADPH)
Phosphoenolpyravate {PEPY
Peptidogivean (PEPG)

Protein

Pyruvate (FYR)

Kibose-5-phosphate (RSP}

Ribonucleir acid (ENA)

Teichote acid (TEIC)

UDP-ghucose (UDPGH
UBP-N-acetyiglucosamine (LIDPNAG)
Uridine triphosphate (UTP)

Adenine {A)

Adenosine diphosphate {ADP)

Alanine (ALA)Y

Carbon dioxide (C04)

Coenzyime A (Cod)

Dihvdrofolate (DHE

Croanine ()

Ghsfamine {GLN)

Ghatamate (GLLD

Gilyveine (GLY)Y

Water {(H.0)

Loysine (LYS)

NN methylene-THEF (MTHE)

Nicotinamide adenine dinuclectide {oxidised; INADY
NAD phosphate {oxidised} (NADP)

Oncvgen (Gq)
Cithophosphate (P
Pyrophosphate (PPN
Uragil (L5
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4.4, INFLUENCIA DA SUPLEMENTACAO COM IONS MINERAIS NO CRESCIMENTO

CELULAR, RENDIMENTO £ MASSA MOLAR DO ACIDO HIALURGNICO PRODUZIDO

ARTIGO SUBMETIDD AQ PERIODICO

SERZYME aND MOCROBIAL TECHNOLOGGY™
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THE INFLUENCE OF MINERAL TONS ON THE MICROBIAL PRODUCTION AND MOLECULAR
WEIGHT OF HYALURONIC ACID
Aline Mara B. Pires, Silvia Y. Bguchi and 'Mzi.zfia Helena Andrade Santana
Eaboratory of Development of Blotechnological Processes
Schoot of Chemical Engmneering, PO Box 6066
University of Campinas-UNICAMP
13083-970, Campinas-SP, Brazl
ABSTRACY — The i}.‘i.‘f%.ts.en_{:e of the culire {ngéi‘unﬁa supplementation with nuneral wons has been
stuched, with i%}{r#s o1 the Sreptococeus zooepidemicus growth, the production and the average
molecular Weigh%i g’_ﬁ"ﬁf’) of 1?ya§.uz.‘mﬁ¢ acid (HAL 'i_“ha‘-: wns were mvestigated as individual
absence from the izomi'ﬁ}; supplemented medum {T4) or ﬁz}di&’ééuai presence fo the none
supplermnented xygeaﬁé_éiﬂ {03 C+ and €;ﬁ.fm were used as controls, The differences between the
effects were maﬁyzeé .E:zy _iize °§7aﬂwy 'i;eis'i. af p< 005, Ti}_e adopted criteria comsidered required, the
ioms whose i..né.i.&;'%.ﬂiazﬁ a&lase.me: attained ai 80% or less of the O+ and thelr iﬁdiviéuaﬁ g_}rcs;eﬁ{:e Was
209 or m@ré *’;h;m- ﬁﬁe {.iv_-, The su;}‘piemantatmn wag éit‘her. inhibitory or acted in synergy with
other 1ons, when ‘the: énﬁévitﬁ:iigé abseme_ﬁf presence was Z{B% higher than C+ or 20% lower than
C- respectively. ".E".iz%:.msui?:s .s.hgws-':{i that the C+ or - f:':‘i‘.‘i:éatt-s were equal for both the HA
production and 'ti%e HA; yield from g;E:u%:ésa However, (4 .wag more hﬁameﬁeiaé to the cell growih
and the :mdi%f-idm}} absence .a.%." Ma" ion to the HA .gﬁr@{%{z..cisien, The highest MW of HA
(7.4 % 10 Da) was i)?:&éﬁ:ﬁ-’@d in the .‘;-nd%viﬁuaﬁ presence of Na’;" fnospite of the lowest HA
wﬁcm}.t‘mt‘ioﬁ (0,65 g,,EJi:}ﬁ These .msuﬁét%; suggest that the HA z_ézm%.:i.f:}g may be modulated through

the mineral 10n supplerneniation.

Kew words: hyaluroaic scid, o0 supplementation |, Srepdocorcuy sooepidemices.
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1 INTRODUCVION

The hyaluronic acid (HA) is a linear polysaccharide with high molecular weight, composed
of disaccharide units of D-glucuronic actd and N-acetylglucosarmine linked alternately by B-1-3
and f-1-4 glyeoside bonds [1] Due to its unigque physicochemical, rheological and biological
properties, HA is a high aggregated value biopolymer, which has been applied to products of
great importance for the medical, pharmaceutical and cosmetic mndustries [2].

Recently, the HA microbial production has proved to be highly attractive since 1t does not
present the risk of wiral contamination and the high costs in the HA punfication which
characterize the HA produced from animal sources [3]. Moreover, the microbial production
provudes opportunities for ophiimization and quality control of the produced HA.

Bt s a widely recognized fact that environmental conditions such as oxygen, pH,
temperature, and the media supplementation with nutrients, vitamms and ions play an mportant
potassitm (K7, sodium (Na'}, iron (F&' & Fe' ™, zine (Zn), manganese (Mn' ), molibdenium
{Mo™), cobalt {Co™ ), copper (Cu™) and calcium (Ca™), supply essential elements for the cell
growth, which take part in various intracellular reactions and biological functions [5].

Although there is the inchusion of ions in the various culture media used for the HA
production, the lterature reports variations in the number, type and concentration of ioms.
Furthermore, the reported complex or synthetic media had different compositions, as well as
different strains of Streprococcus were used in the cultivations. Additionally, there are no studies
addressing the individual influence of ions on cultivations as well as their ipfluence on cell

growth and HA production.
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As reported in general information from the literature, Mg'" and Mn'™" were identified as
cofactors for glycosyltransferases invelved in the synthesis of the disaccharides in polymer
chains {6]. According to Petrova ef of. [71, the activity of the majority of glycosyitransferases
depends on a divalent cation which contributes for the binding of sugar-nucleotides, through the
stabilization of the conformation from the pyrophosphate fraction,

In the specific case of BA, divalent cations such as Ca™', play an important role on ifs
helicoidal conformation and biological function {8 Stemn 197 considered the conceniration of
Ca'™” ion as a determinant factor for the svnthesis of HA in cts'émm of human cells. The
availability of Zi' as well, strongly contributes for the HA metabolic synthesis in animals [10].
Monovalent cations (K and Na') inhibited the hyalurpnan symthase, which is the enzyme
responsible for the _Ea_é.s;iféi:ag of sugar ngicetigies PrECUrsors of the HA synthesis [11]. Moreover,
the Na~ jon may coniribute for the HA microbial production, due to its role in the lactate
excretion Im bzﬁct&ia of Streptococcus gém.«:;{_;:zg,

Considering the imporiance of ions in the metabolic processes as well as the lack of
toformation i the lerature theusing upon the real necessity for the fons which are used in the
culture media for the HA microbial production, it was performed a systematic study aiming to
evaluate the mfluence of ‘potassium, magnesium, manganese, won, calcium, sodiom zing amd
copper mmeral ions on t.h.e. .S{'s’s;*;?f‘{}{?{}{fﬁaﬂ; zooepidemicus growth, vield coefhoient of HA from

glucose, the HA production and molecular weight,

L MATERIALS AND METHODS
2.5, Microarganism. Strepfococous equi subsp, zooepidemicns ATCC 39920 was obtamed from
the American Type Culture Collection (ATCC, Manassas, VA, UUSA) as g Ivophilized culture

kept m ampoules.
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2.2. Countrol Media. Two control media containing glucose and yield extract were used in the
assays: one of them was supplemented with salts (Table 4.4.1), based on the composition
reported by Swann e o/, [13], which comresponds o the supplemented C+ control. The other
medium, the C— control, was composed by glucose and vyeast extract only at the same
concentration. Table 4.4.2 shows the content of ions in the yeast extract used in both media.
Thus, the O+ and C- control media were not positive and negative controls, respectively, but they
sepresent the total supplemented {C+) and non-supplemented (C-) media. The glucose and the
salts stock solutions were autoclaved scparately and the FeSQy solution was stenbized by
filtration in 0.22 pm membranes (Millipore, Bedford, MA, USA). The pH was adjusted to 7.5

hefore sterilization.

Table 4.4.1 — Composition of the salt-supplemented complex medium (C+ controly based on
Swann ef ol [13]

Components {oncentration {’g,iii of deionized waler}
Glucose 25.8
Yeast extract &40
K .58
Mg™ .18
Na’ 6,83
Ca” 2.73%
Fe'” 1.04%
Mn™ 4.25%
Zn™ $.23*
Cy 8.03%"
PO, 6.97 sl
pH 75

* mg. L of deionized water
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Table 4.4.2 ~ Composition of salts i the non-supplemented complex medium (O~ control),

fons Concentration {g L7 of deionized water)
K 344009
' ?‘&figw e '’ Q (24.3)%
Na® : : I ESIN
Ca™” < L0 (238
Fet < LD (BT
Mo _ < LD {00y
Zzzﬁ'i”!' - < LB (RA4y
BEGTI S L =LD sy

The results are the average and standard devistion of three determinations;
* i L7 of deionized water; LD: Tiefection lmit; LG Quantification Limit

2.3, Culture M%ﬁn@;ﬁame ar%é }?mmi.m}whgm Preparation, The stock culture was maintained
frozen in Braig 'iii'eé_%i Esﬁi&si:}ﬁ {BHE) broth Q{)ntﬁéﬁing 1@% gi}fc.emi and glass beads ar -20°C.
The pre-inoculum was prepared by :;'imé.k_izzg the glass bea;ds a.%tzti) BHI agar plates supplemented
with 5% sheep blood (Biotérie Boa Vists, S¥o Paulo, Brazil) and §11a:ﬁ.bai§zz.g at 37°C during 24
hours.

2.4. fnoculum Propagation. Aiming to exhaust the mineral fons sccmmulated inside the cell, the
incoulum propagation was performed in four steps. In all of the steps the cubture medivm was the
C— control. Tnn the first step a loop of slant from the reactivated colonies (pre-inoculum)y was
anstorred 1o Smi. of the eulture mediui and incubated at 37°C along 12 hours. The subsequent

steps involved in'the transfer of crescent inocutums velumes (1, 5 and 10 mL} propagated at the

previous steps in 9, 45 and 90 ml of sterile medium respectively, at the same temperature and
time, The volumes from thie third and fourth steps were stirred at 150 rpm.

2.5, Cultivations. The cultivations were carried out in 125 mb Evdemmeyer flasks with o working
volume of 56 ml medinm, moculated with 10% v/v of the culture from the fourth step of

propagation, stirred at 150 rpm and incubated at 37°C during 24 hours. The cultivations were

i1
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conducted in duplicate and the pH, cell mass, glucose and HA concentrations, were determined
for each flask at the initial and final times. The HA average melecular weight was also
deternmned. The analyses were performed n triplicate. The muneral jons mtluence was evaluated
in terms of the individual absence or presence of the wn under evaluation in the culture mednm.
The ions individual absence was evaluated in culture media supplemented with all of the studied
salts, as described in Table 4.4.1, except for the salt containing the jon under evaluation, The
effects of the jons individual presence were evaluated through the addition of the salt containing
the ion being cvalpated, w the medium containing glucose and yeast extract only. The
cultivations were carvied out in sets of 10 flasks containing the control media and the other eight,
containing the appropriate medium for the ions evaluation. Both the supplemented (C+) and non-
supplemented {(C—) media were used as controls in the analysis.

2.6, Analytical Methods

2.6.1. Cell growth. The cell growth in the coltivations wag determined by the cell dry weight
according to gravimetric method and in the incculum propagation steps by viable cells counting
usng & microdrop plating techmque [14].

2.6.2. Glucose concentratien. The glucose concentration was determined through a glucose
gxidase commercial kit {LABORLAR, S8o Paulo, Brazil),

1.6.3. HA copcentration. Initally the culture broth was centrifuged at 3200 rpm during 20
minutes. The cell-free broth was treated with ethanol in a proportion 1.5:1 v/v cihanol:
supernatant. The solution was cooled down, remaining at 4°C during [ hour for the precipitation
of HA. The precipitated HA was redissotved in a 6.15 mob L' NaCl solution. Three precipitation
and redisselution steps were performed to increase the yield of HA precipitated. Ifs concentration

was measured by the carbazole method {151,
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1.6.4, HA average molecular weight, The average HA molecular weight was determined by
size  exclusion chromatography, using 2 Shimaden  chromatography  system  (Shimadzu
Corporation, Kyote, fapan), contaiming a 7.8 mm x 35 mm Polysep-GFC-P column guard
{Phenomenex, Torrance, CA, USA) mounted in series with a 7.8 s x 300 mm Polysep-GFC-
POOOD column of the gel filtration {Phenomenex, Torrance, CA, UBAY and 2 refraction index
detector {(Shimadzu RID-8AY. The analysis conditions were: injected sample of 20 pl, 0.1 mol. LU
" sodium nitrate as the mabile phase, flow rate of 1.0 mLmin” fow rate and 25°C temperature,
as suggested by the column manufacturer, Dextran (Amernican Polvmer Standards, Mentor, OF,
USA) with molecular weight ranging from 107 to 10° Da was used as a standard for the
calibration curve as described by Balke er ol [16].

2.6.5. lons concentration. The voncentration of the ions was determined in the medium
containing glucose and yeast extract only (U~ control), The jons Ca™, Cu'™, Fe™', Mg, Mn"
K and 7o were a_ng.éiyseﬁ by opfical emission s;;ém@métz_“y with plasina coupled i.z:d‘;?vi_g%uaﬁy -
HCP-OFS (Perkin Ehmer ~ 3000 DV, Norwalk, Connecticut, USA)Y while the Na©ion was
quantified by atomic absorplion Sp&-{:‘i‘;’eémeizs&y - AAS (NovAA 300 — Analviik Jena AG, fena,
Turingia, Aiammzha}. - |
2.7, Statistical analysis. The variance was analysed by ANOVA method and the media
compared through the Turkey test at 3% probability lev §§. (p < (3,05)

2.8. Analysis criteria. The zfibi_i{}wif;}g analysis criteria were agopted, miming af 2 betior results
evaluation: The ions whose .é.n{iﬁyidgai abseace attained at 80% or less of C+ and their individual
presence was 20% more thap O-, were considered required itons. The supplementation was
considerad either inhibitory or acted in synergy with other ions, when the mdividual absence or

presence were 20% higher than C+ or 20% lower than C-, respectively.




3. RESULTS anp DHSCUSSIon
3L Inovalam propagation

The inoculum was prepared throughb a previous starvation of the lons from the cells, The
growth and viability of the microorganisms in the meubation steps in the non-supplemented
medium (C— contrel} are shown in Table 4.4.3. The results demonstrate the moculum
preparation’s reproducibility for both treatment types for the evaluation of the wons mmfluence in
the cultivations. The same magnitude order of the cell counting, along the four steps mcubation,
assure similar starting conditions in the cultivations, The vbserved cell mass decline following

the incubations demonstrates the starving of the 1ons inside the cells.

Table 4.4.3 ~ Growth and cell viability from incubations for inoculum propagations in non-
supplemented medivm for apphications in the evaluation of the ions influence on the cultivations.

Treatmernt Absence of the individual ion Presence of the individual lon

type Celt counting (UFCamL ™) Cell mass (g1 Cell counting (UFCamL ™"} Cell mass (5.1

1™ incubation WD (.84 8.6 10 1.33
2" {gcubation 5.3 % 1¢f 0.71 4.6 = 10° 0.63
3% incubation 7.3 % 108 0.51 40,02 8.6 % 10° .40 + (.04
4" incubation 4.6 = 10° (.40 & 3,03 46 % 1 0.35 4 0.05

FND -~ Mot determined.
3.2, The influence of lons on the cultivations

The results below show the influence of the X7, Mg™, Mn™, Fe'™", Ca™", Na", Zn"" and
Cu™ mineral ions on the growth of Streptococcus zooepidemicus, vield coefficient of HA from

glucose, the HA production and molecular weight, considering the criteria described 1 item 2.8



3.2.5 Cell growth
The ‘:i.é:.%:-"iuﬁ:x:?z.ces ;5;{“ the ion supplementation on the Sweptocacons zooepidenions cell growth
is presented in Figure 4.4.1, According to the adopted criteria, the mdividual absence or presence
of tons was #E;}s;;_iﬁ?ﬁﬁi} as pon-required, }:‘:{(}.‘?&"Q‘s{(;’%i;, the te‘iza_i.;-;_;_rzzsencs: Qﬁiﬁ” wons () was considered
vequired for _.z_i- bsz'taz*-_éei'i égr:@wth};whig:h c:v_i_%ﬁen.c%ﬁes zhs, z{ms 3‘}{&2;—:;‘;5&&:5 behayiorn, Sorprisingly, the
U eontrol medium x&aa na}i Sti“gﬁgi}’ d.ei&-ééréf}é%_ to cells smac zm celt growth attained af 69% in

the U+ vontrol.
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Figure 4.4.1 ~ Effects of the individual (a) absence or (b} presence of the mineral ions on the growth of
Streptocorcus zooepidemicus. a - the reference value of the average cell growth (0.91 g1 in the control
medium supplemented with sll of the evaluated ions {C+ control), b - the reference value of the average
cell growth (0.62 gL'} ins the nop-supplemented control medium (C~ control). The letters sbove the bars
mean the statistical comparisons performed by the Turkey test at 5% probability (p ~ 0.05), Bams with the
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1.4

inhibitory

1.2

1.0

0.8

0.86¢

G.47

0.2

4.0 [fo—

$.4

1.2

1.0}

0.8

0.8

.4

8.2

0.0 -

GF Synergy
21 [+ e ¢ & o o & o &
 §
o
yeguired
reguired
£+ - K Mg My Fer Cav Mine v Cue
ions
(@)
& b b b b b b b £ b
reguirad
108~
reguired
inhibitory
OF Bynaragy
o+ - W Mge Nee Fer Car Mo vy Cu
lons
{b)

same letters are not significantly different.

120



3.2.2, Production of hyaluronic acid (HA)

The results in Figure 4.4.2 show that the total supplementation of the culture medivm with

ions did not have any influence on the HA production (C+ = ). The individual absence or

DIESEHCE Toves .E@{Z._é;%’iéiébitg};‘y effects especially- due to ﬁk Na' lon whose mdividual absence
resulted m 22% ummm m z%a.é-_i—.i’.ﬁ p;’(}dﬁ.{:{mn _%k_z}d in’éivi_ﬁmé_ presente in 37% reduction related
ty the controls. Theé- Na* ﬂiéffec%s on the HA _pz;j:isdm‘;.{é{}ra ﬁsay b ziSfé_(i}{:‘é.amé with the metabolic
energy deviation fo mmﬁmm the protons pot&m‘;&é} mside ;ﬁéﬁ cells [12]. Additionally, according to
Tlapak-Spymons i EE zm}:zfgim”afei;it cations such as K ﬁ.‘é‘}df‘NE}ﬁf!ﬂ inhibiled the hyaluronan sypthase.
The Fe'" ion showed inhibitory effect in individual presence only, suggesting 4 synergic behavior

with the other 1ons.
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Figure 4.4.2 — Effects of the individual (a) absence or (b) presence of the mineral ions on the production
of HA. a - the reference value of the HA production (1.03 5.1} in the control medium supplemented with
all of the cvaluated ions (C+ contral). b - the reference value of the HA production (1,63 g17) in the none
supplemented control medivm (C— control), The letters above the bars mean the statistical comparisons
performed by the Torkey test at 5% probability (p < £.05). Bars with the same letters ave nof sigmificantly
different,



3.2.3. Yield cocfficient of HA frow glucose

Figure 4.4.3 shows the effects of the ions on the vield coefficient of HA from glucose
{(Yyag)h Siular to the HA gproduction, no. difference was identified between the total
supplementation and non-supplementation of the colture medinm with fons (O = O}, This
result agme:f.s.. with £§18 inééviduai behavior, i which iﬁ}.@%ﬁ_@ of the dons could be classified as
sequired for: the 'YHM gi_{;;’é@%fc‘ii}%_‘i_g o the gﬁi‘iopi@gd c.i"i_t‘é“:zria};__ H{}%«fever}. the analysiz of individual
abhsence or pm&@nce-';sg:si’:{:.@%a points out the '_N:vff_;is the mai}é' ii}ﬁihﬁ{'}r of the Yyax Mimor effects
may atiributed o \423”4’ Zz."i%"r' and Cu™” ii}‘ﬁ#@ W?}iélh wers .E‘ii%*’f@@_umﬁd in the individual absence or
in the mdivideal presence only. Constdering the lower concentration in the culture medium

(betow 0.25 me L) compared the other jons, these effects suggest 2 synergic action with other

OIS,
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Figure 4.4.3 — Effects of the individual {a) absence or (i) presence of the mineral ions on the global yield
coefficient of HA from glucose. a - the reference value of the yield (0.17 gg') in the control medium
supplemented with all of the evaluated 1ons {(C+ control}. b - the reference vield vahse (0.16 g.¢ Y in the
non-supplemented  cordrol medivm (C— control). The letters above the bars mean the stanstical
comparisons performed by the Turkey test at 5% probability (p < 0.05). Bars with the same letters are not
significanily different.



3.2.4. The HA molecular weight (MW)

The total supplementation of the culture medinm with jons was not favorsble to the MW of
HA, as shown in Figare 4.4.4 (C- > C+). The spectra show that the individual absence of the jons
had the same -i.r;i%:amce that the U+ control, except to Mg, vgh_f:;ﬁ;e macividual absence or presence
leaded the MW to the samie level of the €~ i::?i}mz"‘?}.i, Th‘%_.%s? ﬂ"a.%: mmin inhibition observed in the O+
confrol may be r;‘zé_at%i 10 Mg‘” ion. o

According to E%u. emme& n{m;_e of i_itf‘lé?- éiziédivi_g;iuai f?i_s}zfzs could be classified s required based
on the spectrum of th&. iﬁéﬁ&’ié@i&% g_?l*ﬁséf}wm _::gi*-xx:a;:éi N z; W"ﬁﬁ'@fh wereased the MW in more than
2% of the U b{hmfe}i Hms:e t.l"t_é.; _in{%i%.f-i_tiﬁéf Sﬂgjpﬁ%e:z};ﬁamﬁm} of the cultare medium with Na™
represents the best condition for u higher MW of HA (7.4 % 167 Day in the cultivation studied in

this work, in spite of the lowest HA concentration (Figure 4.4.2).
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Fipure 4.4.4 ~ Effects of the individual (a) absence or (b) presence of the mineral ions on the molecular
weight (MW of HA, 2 - the reference value of the MW of HA (2.0 ¢ 1Y Da) in the control mediun
supplemented with all of the evaluated fons {C+ control). b ~ the reference value of the MW (3.3 x & Day
in the pon-supplemented control medium (C— control). The letters above the bars mean the statistical
comparisons performed by the Turkey test at 5% probability (p < 0.05), Bars with the same leHters are not

sigmficantly different.



4, CONCLUSIONS

The experimental results indicate that the non-supplemented culture medium used in this

work (C— control), corsaining 25 gl plucose and 60 gL yeast extract, do net require ion

supplementation to be favorable for the HA production. The total supplementation of the culture
medium (O control} was the best situation for the cell growih only, However, the best condition
for the HA production as well as for the yield coefficient of HA from glucose was the individual
ahsence of Na' jon. Opposite conditions benefit the HA production and MW, The highest MW of
polymer was observed in the individual presence of Na' ion despiiz the lowest HA conventration,
Therefore, medinm supplementation with jons may drtves to a higher HA production or MW,

depending the quality of desired product.
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REHEOLOGICAL ASPECTS OF MICROBIAL HYALURONIC ACID
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ABSTRACT — The ri'ze:aiggie:&i. 1}3‘(};}&2{%%65; of the hyalwonic acid produced by the Strepiococcous
zooepidericus ATCC 39920 wiiivaﬁim in 3yaihe€.§§ zﬁaedimn at constant pH of 7.0 were
deternmed. hatially, the HA pureness related with _éﬁrﬁtei.ﬁsﬁ the average molar weight and
distribution were .iiﬁ?.it}&‘.ﬁii_inﬁﬁ, a8 basic :féqairemenig for 1t rheological study. The profein content
of HA was reduced tﬁmngh cultivation at cantrolled phl and ;ﬁ's:cipi{aﬁ.wn with ethanel at pH 7.0
A i){'}?fi{:t’ii}if_’a‘iﬁ‘é.{}'i}.- a8 if}‘w ;}3.{?‘44 . g‘i Wﬁ.§ reached, The HA average .ma:ﬁ@a;:{ziar weight was
2.1 % 107 and 4»{3 2 3 o .ﬁa, for n{)nw::cﬁztmiieii pH cultivation and precipiiation at pH 4.96 and
controlled pH 'F;@ mi.i’}?_x:'at.:iﬁm and precipiiation respectively., The concentration dependence of
specific '?%S{:ﬂsi'i’y showed tﬁvﬁ Hnear réééams that intercept at ¢ritical overlap concentration (¢
equal to 4 mgaml. The storage (G9 and loss (G) moduli increasing along the HA
concentration. .E:*L-s%;im-attté out of the Sm{i:é{iﬁ range iiﬁi{ﬁié&t@ that a cross-over frequency decreased
with the mcreasing HA sa‘m{;e‘ma‘a‘iimm.Thi: _h'i.gi,h (O ;;:s;};}mnt'raiiﬁﬁ dependence as well as the
deviations of the Céx&?wﬁéfz rz.sic for most of the H»’% c:@;‘%g:sﬁﬁ:rﬁ.ii@ﬁ& mdicate hyperentangled
prigerties ﬁfisf the HA chains, which cmﬂqﬁ be x;*'i?sua'iizeé ti;m‘mgh ateanic forge -;ziiczr{i;ssopy tmages

even at 0.01 mg.ml " concentration,
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1 INTRODUCTION

The hyaluronic acid (HA) is a naturally occurring, biocompatible, and bioedegradable
polymer which was identified in vertebrate soft tissues, cultured eukaryotic cell lines and certain
prokaryetes as pathogenic group A and C streptococet HA 15 a linear polysaccharide composed
by repeating disaccharide units composed of MN-acetylglucosamine and D-glucuronic acid Iinked
by a B-1-4 glucosidic bond while the disaccharides are linked by B-1-3 bonds, It has one
carboxylate group per disaccharide unit, and is therefore a polyelectrolyte. HA 15 polydisperse
with molecular weight typically ranging from 107 to 107 D!

it 1s remarkable that HA shows high specificity and wversatility interacting with
protecglycans, cell membranes, and receptors on a molecule-to-molecule basis.” Amongst its
biologeal functions are include the mamtenance of elastoviscosity of hiqud connective tissues
such as the joint synovial fluid and eye vitreous, control of tissue hydration and water transport,
supramolecular assembly of proteoglycans in the extracellular matrix, and numerous receptor-
mediated roles m cell detachment, mitosis, migration, tumor development and metastasis, and
inflammation.”

Despite the simple, well-defined chemical structure of HA and research on its properties
solutions for over 60 years, the HA conformation in solution is still controversial,® It may adopt
different conformations depending on the level of hydration, the ionic environment and the
temperature.” According to Gatej ef ol.’, it may be possible that for the polymeric chain, dynamic
H-bonded regions exist, controlling the molecule average stiffness. Thus, on the basis of
frydrodynaric, spectroscopic and theoretical investigations, in dilute solution under physiological
solvent conditions, HA chains adopt semiflexible random coil configurations.” The chains vccupy
large hydrodypamic domains with a low density of chain scgments, as a result of the high HA

molecular weight, the focal stiffness anising from the intrinsically large size of the monomeric
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units (sugar rings), the hindered rofations about the glycosidic linkages and the dynamically
: i . BY gl o i

formed and - broken -interresidue hydrogen bonds.™ The HA conformation is sensitive to its

electrolyte environment. In solution, ¥ undergoes electrostatically induced cotl contraction with

increasing electrelyie concentrafion dug te the interaction of these jons with the numerous
carboxylate groups that exist in the macromolecule.™”

Balars and Gibbs' showed that at low frequencies (Jong periods of deformation) HA
macromolecules bave enough time 10 readjust themselves o the original conformation through
the disentanglements of chain segments. Under this condition, the material response 1s essentially
viscous, On the other band, when HA is subjected to rapid deformation, at bigh fequencies, the
entangled network structwre can readjust itself very guickly and reform other entanglements
giving rise to the overal] elastic response of the matertal These structural features account for the
viscoelastic rheology and ability of the polymer to retain large volumes of water which are
important i detérmining the HA functions.”?

The biclogical specificities and remarkable viscoelastic properties make the HA an
ttractive biomaterial for various applications in ophthalmology,” theamatology,"” dermatology
pharmacology and drag delivery'™. In some applications, HA is crosshinked 1o increase its
molecular weight and alter its physical properties and resorption rate.”

The rheological analysis is a wseful tool to explore relationships between mechanical
behavior and structure, concentration and molecular weight of biopolymery solutions.”” Whereas
rheological properties relate directly to many parameters of commercial mterest, developers and
manufacturers of a wide range of products need o measure, understand, and control rieslogical
properties,’” Tt provides valuable indivations to better design proper substitutes for specific
medical and cosmetic application. The theological behaviors are of decisive maportance for all

R TIURRONI:. |
applications,
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The aim of this work was to determine the main rheological properties of nucrobial HA
produced by Strepfococcus ocepidesicus ATCC 39920 cultivated at controlled pH 7.0 and
precipitated with ethasol at the same pH. The conformation of polymer from solution was also

observed by atomic foree macroscopy {AFM),

2. MATERIAL AND METHODS
2.1, HA production. The HA used in this study was produced by Streptococcus egui subsp.
zooepidemicns ATCC 39920 cultivation in synthetic medium contaming glucose, veast extract
and salts. The cultivations were carried out at pon-controlled pH {acidifying cuitivation} and pH
controfled at 7.0 over 24 hours, using a 3 L BioFlo I fermentation system {Mew Brunswick
Saentific Co. Inc., Bdison, New Jersey, USA)L
2.2. HA precipitation. Initially the cultivation broth was centrifuged at 3200 rpm during 20
minutes, The cell-free broth was treated with ethanol in a proportion .51 v/v ethanol:
supernatant. The soluton was cooled down, remaining at 4°C during 1 hour for the precipitation
of HA. The precipitated HA was redissolved in a 0.15 mol L™ NaCl solution. Three steps of
precipitation and redissolution were performed to increase the yield of precipitated HA.
2.3, Analytical Methods
2.3.1. HA concentration. The HA concentration was measured by the carbazole method,”
2.3.2. HA Moelecular weight. The average molecular weight of HA was deternuned by size
exclusion chromatography (SEC). I was used 3 Shimadzu chromatography system {Shimadzu
Corporation, Kyoto, lapan), containing a2 7.8 mm x 35 mm Polysep-GFC-P column guard
{Phenomenex, Torrance, CA, USAS mounted in series with 2 7.8 mm x 300 num Polysep-GFC-

P600O colump of the gel filtration {Phenomenex, Torrance, CA, USA) and a refraction index



detector (Shimadzuy RI-6A) The analysis conditions were: injected sample of 20 ulb,
0.1 moLL” NaNQ; as the mobile phase, flow rate of 1.0 mbamin” and 25°C femperature, 84
suggested by the column manufacturer. Dextran {American Polymer Standards, Mentor, OH,
USA) with molecnlar weight ranging from 107 to 10% Da was used as 2 standard . for the
calibration curve as deseribed by Ralke e of. ©

2.3.3. Protein concentration. The protein content in HA precipitate was determined by UV
absorption at 280nm.> using bovine serpmn albumin (BSA, Sigma, St Louis, MO, USA) as a
standard.

2.3.4. Bheological analysis: steady shear tests and dynamic osciflatory tests. Rheological
properiies were measured by a HMaake RbeoSiress 1 rheometer (Haake Inc., Karlsrohe, BW,
Giermany). Rheological bebavior of the mucrobial HA in 0.15 mol.L7 NaCl selution was assessed
by messuring the oscillatory viscoelastic parameters and the permanent flow apalysis at 25°C,
using 33 mm parallel plates. Coaxial cvlinder sensor system was uwsed for lower HA
concentration samples, Oscillatory measurements were conducted in the lnear region, at a stress
of 1.188 Pa, under a fequency range of (,1-12,92 Hz. Steady shear mcasurerments were camied
out at shear rates of 1-50 57

2.3.5, Atomic farce microscopy. In the AFM analysis, the HA procipitate was redissolved in
water in all precipitation steps 1o avoid the presence of NaCl At the end of the precipitation, the
HA precipitate was dissolved at a concentration of 10 n‘_ag..m{{f”% and fitered through 045 um
membranes  {Sartorius,  Goettingen,  Germany). The HA  solubon was diduted o final
concentrations of 0.01 and 1 mg,miﬁ with 0.01 mob L™ MgCl solution and equilibrated under
magnetic stirring for 16 hours at 25%C. After cleavage, mica was hydrated wath 100 pl of

0.01 mol.L”" MgCl solution for 15 s which was drained on a filter paper. The surface was rinsed
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with 3 1 100 pL of deionized water and 70 ul of dilute HA solution was depostted on nca
surface, allowed to interact for § min, then rinsed with deionized water and dried under a gentle
stream of Ny The mica surface was used immediately for AFM studies. The AFM mstrument
was an Autoprobe cp (Park Scientific, Sunnyvale, CA) and images were obtained m air at room
ternperature and humidity. The tapping mode was employed, using silicon probes of 125 ym
nominal length, at a drive frequency of ~160 kHz. Data were stored i 256 = 256 pixel format
and images were processed wsing the Gwyddion software (Gwyddion 2.15, GNU General Public

Livense, bitp:Awww. gwyddion.net, 2009},

3. RESULTS AND DISCUSSION
3.1, HA pureness characterization for the rheological studies

Proteins are the main contaminant of HA. In general, the contaminant profeins cause
aliergenic and/or adverse effects on the HA for pharmaceutical or cosmetic applications. In terms
of rheclogy, the protein content changes the entanglement, flexibility and conformation of the
HA chain, which contribute to the HA viscosity and viscoelasticity properties. Therefore, the HA
purification and the precise characterization of the protein content in HA are critical aspects to
the understanding of its rheology.

Considering the above mentioned reasons, the protein coutent in the HA obtained from the
Streptocorens zocepidemicus ATCC 39920 cultivation was guantified prior 1o the rheoclogical
studies. Aiming to decrease the protein content in order o reach the medical grade specifications,
HA was precipitaied with ethanol from the cultivation broths at pH 7.03 and 4.06. Figure 4.5 1a
presents the chromatogram from the UV-VIS detector signal at the wavelength 280nm. The

results illustrate the pH influence on the protein concentration i both aspects: the cultivation
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broths of the Streptococcus zooepidemicus ATCC 39920 at acidifying conditions and controlled
pH 7.0, as well as on the precipitation with ethanol. The protein contents of HA precipitated at
pH 4.96 was 86.4 mg.g”'. However, the one from the HA precipitated at pH 7.0 was 0.44 mg.g ™
which complies with the British Pharmacopeia 2003 specifications™ for medical grade HA
(< | mg.g"). The HA pureness grade may also be observed through the color of the obtained
precipitates (Figure 4.5.1b and 4.5.1¢). The strong reduction of the color identifies the absence of

proteins and the other contaminants.

800.0
600.0 n
)
<
'§'4000
2
7]
]
&
£ 200.0 K
0.0} J—-‘-ﬂ
00 20 40 60 80 100 120 140 16.0
Time (min)
(a)

(b) (¢)

Figure 4.5.1 — The pH effects on (a) the protein content and (b, ¢) the color of the obtained precipitates
from the Streptococcus zooepidemicus ATCC 39920 (wwe== , b) cultivation in acidifying conditions
precipitated at pH 4.96; (== ==, ¢) cultivation and precipitation at pH 7.0. The intensity measurements
were obtained from a UV-VIS detector at 280nm.
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Relative area (%)

3.2, HA molecular weight

The HA average molecular weight (MW) in the end of cultivations was 2.1 x 107 and
4.0 % 10° Da, for non-controlled pH cultivation and precipitation at pH 4.96 and controlled pH
7.0 cultivation and precipitation respectively. The MW distributions from beth cultivations are

shown in Figure 4.5.2,
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Fipure 4532 — The pH effecis on the molecular weight distribution of HA produced from the
Stregrococous zooepidepicus ATCT 39920 (a) cultivation at acidifying conditions and precipitated at pH
4.9%; (b cultivation and precipitation at pH 7.0,
3.3. Rheological characteristics of microbial HA

Onee the rheclogical behavior of HA solutions s exiremely sensitive to protein
contamination, the pd}_ymer produced in the controlled pH cultivation (lower protein content) was
used in determination of the main rheological characteristics.

3.3.1, Shear flow measurements

Shear-thinning {viscosity decreasing with increasing of the shear rate) is a well-known

polymer sohutions property’” which is typical of entangled networks. In these networks, the

rheological response is controlled by the entanglement Tormation and disruption rates. At low
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shear fle two rates are similar and the active entanglement otal number 45 almest constant, As
the shear rate increases, the disruption rate becomes predominant, leading to thinning, ~ Figure

4.5 32 shows thia rheological behavior for the higher HA concentrations studied.
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Figure 4.5.3 — The influence of shear rate (V) on the specific viscosiy (T} of microbial HA at different
copgentrations in 015 meobl”’ NaCl soluion at 25°C; (@) 50; ($) 50; (&) 78 () 8% () 99
{4) 100 mgamL ™, All concentrations are expressed as mgmb.”

The T concentration dependence defines the fractional increase o viscosity due to the
presence of the polymer. Taking the maximum value of ¥, (the “zero shear viscosity™, Tigel
Morris o 0l.™ observed that this dependence shows similar behaviors for various randome-coil
polysaccharides such as dextran, algipate, carboxymethyvlamyviose, and k-carrageenan. Onee i
was ol possible to determine Ry for all HA concentrations, in this study, the concentration
dependence was observed using Ny, at shear rate of 5067 (Figure 4.5.3).

Two distinet slope Hrear regimes (Figure 4.5.4) may be identified which are consistent with
data reported by Morris ef of.”® The first regime with a slope of 1.02 corresponds to the ditute

solution where isolated chains are present. The second one with 2 slope of 5.09 represents semi-
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ditute solutions. Morris ef ol.*® found a slope of 1.4 in the dilute solution for all polymers studied,
while in the concentrated region the slope increased to 3.3,
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Figure 454 ~ Specific viscosity (N} dependence on the concentration for the microbial HA in
.15 mol. L NaCl solution at 25°C.

Erom the two straight-lines intersection (Figure 4.5.4) the critical overlap concentration (¢ )
was calenlated to be 4.0 mgmE™, The ¢ corresponds fo the concentration at which the chains
start to overlap and the free motion of a single chain s restricted by the presence of the others.
This value 15 close to that estimated by Mo ef al® 2 mg.mﬁi“f, for HA in 0.1 moblL” NaCl

solution at 20°C with MW of 2.0 % 10° Da,
3.3.2. Dyvpnamic measurements
The viscous and elastic responses of viscoelastic systems can be quantified by dynamic
oscillatory measurements. The storage (G'y and loss (G moduli are functions of frequency and
may be expressed in terms of the amplitude ratio and phase shift relative 1o the strain, as defined

by the Eguations 1 and 2%
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G = {5/ Vo) cos (BY1) it
G = { 6o/ ¥, ) sin (5) @)

where (¢,/ ¥, ) is the amplitude ratio, & is the phase shift, o, is the amplitude of shear stress and Yo
is the amplitude of the strain equal to L/, when the motion of the upper {oscillanting) plate is L
sin (o), @ is the frequency expressed in rad.s”, which s equivalent to w/{(2x) Hz, and b is the

distance between the plates.
The complex viscosity 1y, defined by equation 3, describes the total resistance 1o a dynamic

shear,
5= gl Y. 6 (3

In this work, both {G') and {G7) moduli increased with frequency (Figure 4.5.5). Singe the
storage modulus uaually represents the elastic character and the loss modulus descrbes the
viscous behavior, this resull suggests that the enhancement 1o structural entanglement increases
the O modulus, wé_xiie structural breakdown é.ncre;asgs the G” madﬁigg,m It addition, with
mcressing HA concentration, the moduls at the same angular frequency increased.

Dynamic rheological tests alse showed that the magnitudes of G were greater than those of
the ' for the other concentrations, i all of the angular frequency studied range {Figure 4.5.5).
HA solutions with concentration below 10 mg.mi“i' showed unsatigtactory results with
oscitlations ?n dynamic E%xcﬁﬁog%;fzi tests due to the theometer sensitivity and limitations in the

used geometry,
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Figure 4.5.5 — Storage (2} and Toss (b) shear moduli of microbial HA solutions in .15 melL” NaCt at
253°C as g function of angular frequency: (4% 10, (003 30, {{}) 40; (A 50, (@) o0; (@) 70; (#) 80, (&) 50,
{3 100 mg.ml. . All concentrations are expressed as mg.ml”.

Although & and G values were similar, the G’ were slightly higher than the G slopes for

each concentration (Figure 4.5.5), indicating that a probable cross-over point at frequency oy

should take place at freguencies higher than the studied range. According to the estimated

intercepts in Table 4.5.1, the cross-over frequency (@) should decrease with the increasing HA

soneeniration.

Table 453 ~ & and Q7 slopes and intercepts determining the cross-over frequency {((y) from
microbial HA solutions in 0,15 mol L™ NaCl at 25°C.

HA conceniration &' G Enfereept
{%% wiv} Klope R Slape r {log o)

4 1.0949 {1.9983 0.9G1 0.9998 3.83

5 1.030 (.9980 0.848 (3.9985 3.50

& 1,016 {39993 ¢.821 (0.9981 3.09

7 1.016 0.9997 $.781 0.9949 2.67

B (1.909 0.9905 .740 0.9935 240

B 0.966 0.9989 0.726 0.9912 2.35

16 (.925 0.8987 0,679 $.9909 2.08
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As shown in Figure 4.5.6, measured values of tog G for HA mn 0,15 mobl L7 NaCl solution
at 23°C inereased linearly along with the polyimer concentration logarithm {log ¢}, Slopes of the
double-togarithmic plot close to value 2 are ofien observed for biopolymers with a large number
of potentisl binding sites along each cham (e lugh “fupctionality’}) at concenfrations
substanpially higher than the munimum required for a continuous nefwork formation.” In this
work, the ¢lope was 331 which spggests 2 very cotled polymer with intense mira and
titermolecular cham tderactions. According to Bozai ef a7 these high values are due to an
increase 1 the yiekl of crosslinks when polymer concentration increases. Xu of ol found a

slope of 3.97 for the A gum, exopolysaccharide produced by Aderomonas nichidenii 3797, at

25%C,
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Figure 4.56 - Siﬂr&ge'mﬁdaﬁzzs (3" concentration dependence for micrebial HA in 0,15 ol L7 NaCl

solution at 25°C, measured at frequency of 0.63 rad.s™,

It is of interest to determine the relationship hetween the rheological parameters determined
from oscillatory tests guch as complex VISCOSHY (11} and the apparent viscosity (1), from steady
. : o - ) S B . N ) . )
shear flow tests,” The superimpositions of 1 and 1 at equal values of frequency () and shesr

rate () are known as the CUox-Merz rde, defined by equation {1).
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(@) =1 (v = o) (0
This empirical correlation was found to be applicable to fluids with a homogeneous
structure, such as random-coil polysaccharide solutions.” Good superposition of 1 (¥ and 1y’ (w)
was found only for HA concentration of 40 mgmL", as shown in Figure 4.5.7. Deviations in
behavior from theoretical predictions, as observed for the other HA concentrations, occur for
biopolymer dispersions with either hyperentanglements {i.e., high density entanglements) or
aggregates’™ whenever 1] is higher than T at equivalent rates of deformation mdicating a fenuous
network which remains its integnty under low-amplitude oscillation but s disrupled by
continuous shear.™

160000.0

1008001

N orn* {(mPa.s)

10300.0

1.0 oo 100.0
v {87} or 0 {rad.s)
Figare 4.5,7 — Cox-Merz plat of the microbial HA in 0.15 molL NaCl solution at 25°C, with various
concentrations: {53} 40; (1) 50, (0 60; (43 70, (23 80; (02) 90: £ 100 mg.mL . All concentrations are
expressed as mg.mL . Open symbol: 1}; Closed symbol: n.
3.4, The microbial HA conformations

HA conformation was observed through the tapping mode atomic force microscopy (AFM)

in air. When deposited on mica and studied under butanol or in air through a thin layer of water
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existing on the mica surface, HA has a tremendous tendency to self-associate,””® forming

networks of fibrils and fenestrated structures as may be seen in Figure 4.5.8.

a) _ (b)

(¢) (d)
Figure 4.5.8 — Networks formed by microbial HA in 0.0] mol.L"' MgCl; solution deposited on mica: (a) e

(b) 0.01 mg.mL"; (¢) e (d) 1.0 mg.mL"". Height image 1 pm x 1 um.

Neither homogeneous networks nor meshes were found within the same sample, which

. i . 2 A
were not related to the deposited solution concentration. As observed by Scott ef al,” the thickness
of the strands increased with the HA concentration (Figure 4.5.8). Large spherical shape clusters

of HA chains with diameters of 1.4 pm were observed for 0.01 mg.mL"' HA solution (Figure

4.5.9).
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Figure 4.5.9 — Clusters of microbial HA chains observed when 0.01 mg.mL" HA solution were deposited

on mica. Height image 1.5 pum x 1.5 pm.

4. CONCLUSIONS

The rheological analysis has been a useful tool to explore relationships between mechanical
behavior and structure, concentration and molecular weight of the HA produced by Streptococcus
zooepidemicus ATCC 39920 in cultivation performed at constant pH 7.0 followed by
precipitation with ethanol at pH 7.0.

The specific viscosity (1y,) concentration dependence showed behavior similar to most
random-coil polysaccharide solutions and polyelectrolytes. Frequency sweeps showed a
concentration dependence, with the storage (G') and loss (G”) moduli increasing along with the
HA concentration. Estimates out the studied range indicate that the cross-over frequency should
decrease with the increasing HA concentration.

The G’ slope along with HA concentration was above the ¢*-dependence often observed for
biopolymers with high functionality Regarding the correlation between the rheological

parameters determined from oscillatory and steady shear flow tests, the Cox-Merz rule was not
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obeyed for the majorty of concenirations. Thus, the deviations of the Cox-Merz rule as well as
the high ' concentration dependence confirm the high entanglements density of the HA chains.
Large spherical shape clusters of chains were observed through AFM even at 0.01 meml HA
COnLEniraiions.

These results contrtbute to a better understanding of the theologioal HA bebavior in

solution, which i3 of extreme importance for specific medical and cosmetic applications,
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ABSTRACT — Agricultural resources afe;*évaégs {(ARD) such as hydrolysate soy protem concentrate
(HSPC), whey protein concentrate {WPC), and cashew apple juice (CAJ) were studied for the
production of hyaherronic acid .{, HA) by Streptococcus zooepidemicus, .’{‘ he supplementation of the
media with corm steep hiquor (CS1) way also evaluated. Synthetic medinm containing glucose
and yeast extract was used as ;,a coutrol. The ARD were promising for the production of HA. The
CAJ produced the highest amount of HA (0.89 g LY, similar to the control (0.86 gL, followed
by the HSPC (0. 7 g Lh ;iné WP {&3{} gL'y The CSi, did not influence the production of HA
when the HEPC and WPC were used. ijiowmcr, in E_hr:_ synthetic medium it duphicated the yield
cocfficient of the product related to ;:«;-E'Liuznge‘ The average molecular weight of the HA ranged

from 107 to 107 Da for ARD ze_nd it was 107 Da for the Symhszii_c medium.
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1. INTRODUCTION

The hyaluronic acid (HA) is a linear polysaccharide with high molecular weight composed
of disaccharides units of D-glucuronic acid (GlcUA) and N-acetylghucosamine (GleNAC) joined
alternately by pB-1-3 and B-1-4 glycosidic bonds {Chong er «f., 2003). Due to 3ts high
viscoelasticity and ability of the polymer to retain large volumes of water, HA has significant
applications m the cosmetic and medical mdustries (Armstrong and Johns, 1997). The final
products containing HA present high aggregated value ranging from US § 2,000 to 60,000/kg in
the above mentioned applications.

Traditionally, HA is produced by the extraction of animal tissues, mainly rooster combs.
The nvcrobial production of HA has become increasingly attrachive for large-scale production
due to the Hmited animal tissue sources, the risk of viral contamination and high costs on the
recovery and purification, involved in the HA from animal sources. {(Cooney ef &/, 199%; Gao
gf af, 20006). Furthermore, the production of HA by the fermentation process allows the
optimization of the product vield and quality through genetic engineering and the control of the
culture conditions {Armstrong and Johas, 19971,

The maost frequent bacteria used in the industrial production of HA are Lancefield group A
angd C streptovocci, These bacteria are nutritionally fastidious mteroorganisms which require
complex nutrients due to their Hmited ability to synthesize specific amino acids and B-vitaming
{Fitzpatrick and O Keeffe, 2001; Hofvendah! and Hahn-Hagerdal, 2600}, Additionally there s
the nutritiona}l reguirement with respect to organic nitrogen, which also supplies a large

proportion of carbon for the cellular biosynthesis (Armstrong ef af., 1997).
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in general, the culture media used for the microbial groduction of HA contain glucose as a
carbon source (Akasaka of o/ 1989, Armstrong e o, 1997; Armstrong and Johns, 1997, Chong
and Mielsen, 2003, Cooney e al, 1999; Johns er ol 1994 Kim er af, 1996), appreciable
amounts of complex mifrogen sources Hke yeast exiract, peptones, casein hydrolysate, beyond
growth Tactors such as magnesium and phosphates {Armsirong ef of., 1997).

The necds of a sustaingble society and the political priorities have showed the uge of
renewable resources such as agricultural ones, which can be converted into blognergy or valuable
bioproducts (Angenent ¢f al., 2004). These aspects have encouraged the studies using alterpative
media for fermentation processes. Moreover, these agricultural resources have low cost and allow
the production of valuable main components and supplements of culture media which are
metabolized as carbon and energy sources, due to microbial ability {f!fiwmsen,, 2005

C{}i}gi&ﬁféﬁg Ehi‘x cq:atex.t,, 'E;he_aﬁjje.étix?&: of this work was to evaluste main componernds or
supplements of culture media obtained from agricultural resources derivates (ARDs), for the
microbial production of HA. The evaluated agriculiural mam components were the hydrolysate
soy protein concentrate {HMSPCY, the whey protein concentrate (WPC) and the cashew apple juice
(CAD. The corn steep houor (CSL) was also evaluated a5 s supplement. They were seleciad
based on the anuno acids mquimmenis of the Streptococous rooepidemicus, as described by
Arsmstrong of of. {19973, as well as on the guabitative and guantitative variability of amine acids

it the different sources {Cardinal and Hedrick, 1948; Kreider, 2004; Sgarbieri o ol , 1999).
2. BIATERIAL AND METHODS

2.1. Microgrgasism, Sheptococcus equl subsp. zopepidemivus ATUL 39920 way obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA) as g byophilized culture

kept in ampoudes.
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2.2. Culture Maintenance and Inoculum Preparation. The stock culture was mamtained
frozen in Bramn Heart Infusion {BHI) broth containmg 10% glycerol and glass beads. The
moculum was prepared m two steps: nttially five glass beads were transferved to tubes
containing 5 mb of the culture mediom and incubated at 37°C for 24 hours. Later on, the medium
from the tube was transferred to 125 mi Erlenmeyer flasks, containing 40 mL of the fresh culture
medinm, and incubated under reciprocal shaking at 150 rpm, 37°C, during 10 k. In all the cases,
the same media were used in the two steps of the inoculum preparation and in the fermentations.
2.3, Colture Media

2.3.1. Synthetic medinm. The composition of the synthetic medivm used as a control was

based on the composition proposed by Swann #f of. (1990), presented in the Table 4.6.1.

Table 4.6.1 - Composition of the synthetic medium vsed as a control.

Component Concentration {g,L"E deionized water }
Glucose 450
Yeast extract 60.4
K50y 1.3
MgSQ,. 7THO 1.0
May5035.12H,0 8.2
CalClh.2H:0 5.0%
FeS04.7H0 5.0%
MnS04.4HO LoF
Zn50,. THO 1.0%
Cub0,.5H0 0.1*
HgP@g 1.0mb
pH 7.5

* gl detonized water

2.3.2. ARDs media. The studied culture media based on ARDs were composed by HBPC,
WPC or CAJ as main components and the CSL as a supplement, which were given as gifts by the

following Braziban industries: the WPC from Tangard Dairy Indusiries (Vila Velha, Espinto
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Santo, Brazih), the soy fakes and the CSL from Caramura Alimentos S.A. (5o Simio, Goifs,
Brazil), the g&s}a_e_w a-;}piﬁ from CAIU E}?Mﬁa {Htaueira Agz_‘_i}pecuéré_g SIA, _'%.‘{z;zs's&s, Ceard, Brazb
at harvesting season,

The main components of the medium were obtained from the ARDs, applyving the following
procedures: the HSPC was prepared with sov flakes through the acid exiraction according to the
methodology described by Johnson (1999); the HSPC was obtained by enzymatic hydrolysis
using pepsin as described by Fan er o/ (2008); the WPL was used with no previous treatment; the
CAY was extracted by the mechanical pressing of its pulp.

The total .ni%ée:fsgmtz of the 'mm components and the supplement were determined by the
Kieldahl method {(AQAC, 1995), az;ﬁ: the glucose was quantified using o glucose oxidase
commercial kit {LAB{}REAE Lida, Guaruthos, $3o Paulo, Brazil}. Aiming to have the
glucosemnifrogen ratios similar fo the synthetic medium one, the concentrations of the totad
nitrogen and glucose were adjusted in the varous culture media, by addition of anhydrous
glucose and yeast extract. The salts were added at the same concentrations fo the various mediz,
mcluding the comrel, and afterwards the pH was adpusted to 7.5, Table 462 shows the
qualitative eomgmsi‘i‘:ébn_s; of the evalnated culture media,

2.4, Fermentation. The fermentations were carried out in batches, using 250 mL
Erlenmever flasks c:matainﬁazg 100 mb of the evaluated medium, which were maintained under
reciprocal shaking, 3.’?”('_'.‘.5 at P30 dn:ring 24 Tours. The media were inoculated with 10% v/v.
The fermentations were condusted in duplicate and the pH, cell mass, HA and glucose
concentrations were determined for each flask at the intial and final times. The analyses wore

performed in triplicate.
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Table 4.6.2 ~ Qualitative coraposition of the synthetic {1,2) and ARIDs (3-8} madia,

Medium Carbon Source Nitrogen Sonrece Supplementation
1 Glucose Yeast extract Salts
2 (lucose ¥ east extract SE%'EZ?qaiii%?é?eP
% Ghucose Whey pm(t;i:; gncenmm Salts
4 Glucose Whey 'p‘i'(?:;i?; {a;?nce;}tz"ate Saii{;q&;}jri%g Seep
S e Miempen g,
6 G Mnlscormn Sibicon i
7 iiii‘;ﬁ?ie Yeast extract Salis
s I

2.5, Analytical Methods

251, Cell growth. The cell growth was determined by cell dry weight according to the
gravimetnic method.

2.5.2. Glucese concenfration. The glucose concentration was determined using a glucose
oxidase commerctal kit {LABORLAE Luda, Guarulhos, 880 Paunlo, Brazil).

2.5.3. HA concentration Initially the fermented medium was centrifuged at 3200 rpm duning
20 minutes. The cell free supernatant wag treated with ethanol i a proportion 151 viv
ethancl: supernatant. The solution was cooled down, remaining at 4°C during 1 hour for the
precipitation of HA. The precymtated HA was redissolved in a 0,15 mol. L sedium chloride
solution. Three steps of precipitation and redissolution were performed to increase the yield of

precipitated HA. The HA concentration was determined by the carbazol reagent (Dische, 1946}
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2.5.4. HA molecalar weight. The average molecular weight of HA was determined by size
exclysion chromatography. [t was used a Shimaden chromatography system  (Shimadzu
Corporation, K.j%’@?.{:}; Japan), contamming a {35 .x ?';8 muny Polysep-GFU-P column guard
(Phenomenex, Torrance, California, USA) mounted in senes with a {300 x 7.8 mm) Polysep-

GFC-PE0O00 column of the gel filtration (Phenomenex, Torrance, California, USA) and a
refraction index detector. {(Shimadeu RID-6A). The analysis condifions were: infected sample of
24 pl., sodium ndirate 8.:}. mol. L} as the mobile phase,. How rate of 1.0 ml.anin” and 25°C
temperature, as suggested by the column manufacturer. The dextrane (American Polymer

Standards, Mentor, Ohio, USA) with molecular weight ranging from 107 to 10° Da was used as a

standard for the calibration curve as described by Balke ef of. (1969).

3 HESULTS AND DHSCIRSION

3.1, Total nitrogen and glucose in the agrivulivral resources devivates (ABRDs)

The total nitrogen and glucose wﬁccn{ratiimg in .'.thsz'ARj{}s used as main components and
supplement i the m_é&éa as well as in t.i:'x: ?ﬁ:a:@f mméi used as 4 nitrogen source in the control
mediom, are showed m Fable 4.6.3.

Based on the results of Table 4.0.3, the tol mtrogen and glacose cgne:;@:'s}i‘srassimz:; wWere
adjusted to 45.0 gL' glucose and 5.8 gL total nifrogen, in order to have similar ratios in the
various media £7.8:1 glucosenitrogen), The CSL was used only as a supplement (10% viv), due
o #s low total nitrogen concentration ((LO7% p/v). Moreover, the CSL also contains appreciable
amounts of B-vitarain and vahmble mineral nutrients such as caleium, magnesiam, phosphorous,
potassivm and iron (Liggett and Koffler, 1948), The low total nitrogen content in the CAJ

required an additional supplementation with vesst extract, to reach the glucosenitrogen ratio,
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Table 4.6.3 — Total nitrogen and glucose concentrations in the agricultural resources derivates
and m the yeast exiract used in the culture media.

Agricultural Hesources Derivates Total Nitrogen (%)  Glueese (gL'
Yeast extract™ 10,112 1.33 (.44 +0.01
Cashew apple juice (CANY* 0.04 +0.00 4740074
Whey protem concentrate (WPCH* 119013 .61 +0.00
Corn steep liquor {USL** 0.07 £ 0.01 0.09 4 0.02
i%gg;gzi?:;:w soy protem concentrate 0.58 + 0.01 0,084 0.01

* 04 (wlwy ¥ % (wiv)

1.2, Comparative analysis of the fermentations

The results from the fermentations gre presented in Tables 4.6.4 and 4.6.5 for the non-
supplemented and supplemented CEL media, respectively. The data compare the performance of
the Termentations i terms of cell growth, production of HA, HA:glucose yield coefficient and the

average molecular weight of the HA produced.

Table 4.6.4 — Cell growth, HA production, HA:glucose vield coefficient and HA aversge
muolecular welght usimg non-supplemented ARDs media.

. : " : HA average
_ il Growth i Yyiasm
ARDs Media Ce R«h{:% T HA Pmei}iwimn _ HAS 1. melecular weight
{g.1.7) fg.L7) (o HA.g glucose™) (Da)
Synthetic ) : _ : . ;
. 0.77 008  0.86 =006 010004 (377501910
{control}
Whey protem : _ . . 5
N : v5 o 13 AUk G 4, 2,20 & 4, iy
concentrate (WPC) 41.63+004  0.10£0.00 0.01 +0.00 (2.20 4 0.02y=10
Hydrolysate soy protein \ : 3
314 0.2 d7+0 0140, 209 00310
concentrate (HSPC) 2314429 0.17x0.03 0,01 + 0.00 {2.09 = 00310
Cashew apple juice 45 015 .89+ 0.02 0.09%0.01 (184 % 0.13)x10°

(CAJ)

Yias— HAglocose yield coefficient.




Table 4.6.5 - Cell growth, HA production, HA:glucose vield coefficient and HA average
molecular weight using the CSL supplemented ARDs media.

HA average

. Cell Growth 1A 3 Yass
ARDs Media o HA ?m;ﬁw?ci;{azs A .. olecular weight
(2.1 (L) {z HA.z glucese ) . '
{Da)
fiynﬂ'zetié . | , - e s .
_ , 0732012 084 4 (.07 024005 (39845046210
{control) _ -_ : _
Whey protein _ y 3
N 40,204 000 313002 G015+ 000 (2332 0.04) < 1
concontrate (WP
YOOLSRIe SOY PIOWAR * 654010 0.1740.02 0.01+0.01 (2122 0.02) % 10°
conentrate (HSPCO) _ _
{:’:.‘ x‘..\i.ﬁ i .g} " .rﬁ.? .
WREWEPDICIMES 0320 0.06) 0854005 0.05£000 (192 0.09) x 16°
(CAT) g
Yiyae — HAcghucose vield coefficient.
Analyzing the data from Tables 4.6.4 and 4.6.5 we observe that the evajuated ARDs media

increased the cell growth compared to the contrel medium, except for the CAJ supplemented with
C8L, in which the cell growth (033 gL was half of the control medium (0.73 o L), The
highest cell 'masé values were obtained using the WPC media, which were about 50 times higher
than the control medium.

The production of HA was close to the control for the CAY medium only. The WPC and
HEPC were also effective in the HA production however, lower concentrations were obtained
compared 0 the control To all the cases, the HA production was independent from the CSL
ﬁL&_;?pi@mcnmtien; and the higher the cell growth the lower was the HA production, The last
behavior is in accordance with the inverse relation between the growth rate and specific
productivity of HA described by Armstrong (1997). The producton of HA and cell mass
synihesis really compete with the same energy sources from the culture medinn. In the case of

HA production from the CAJ medium, the higher production is not related fo the supplementation

163




with yeast extract only, According to Amrane and Pringent {1994}, the main contributions of the
yeast extract to the HA production are the purine and pirimnidine bases and the B-vitamins which
are essential to the streptococci cultivation. The CAJ also contains B-vitamins, mainly thiamin,
ribeflavin, macin and folic acid {Sancho, 2006), which are beneficial to HA production. The B-
vitamin content in cultivation medium seems to be a impaortant requirement for the Streptococous
zooepidemicus growth and production of HA.

The HA: glucose yield coefficient (Yps) obtained from the non-supplemented CSL medium
CAT was closer to the control media than the HSPC and WPC media (Table 4.6.4), The CSL
supplementation duplicated the Yy of the control medivm as well as reduced 1o the half the Yes
from the CAJ medium, compared to the non-supplemented mediom {Tables 4.6.4 and 4.6.5). The
sapplementation did not affect the Ypg of the other evaluated media. Although the CSL
supplementation had any influence on the HA produced amount, the effect on the Yes of the
control medivm 15 due to the mcrement of the nuirients provided by the supplementation,
reducing the consumption of glhicese, In the case of the CAJ medium, both the cell growth and
Yo were strongly reduced. This behavior may be related to a disturbance of the electrolyvtic and
osmotic equilibrium inside the cells, imparted by the excess of minerals in the medium, The
equilibnium disturbance demands a higher glucese consumption in consequence of the higher
energy requirement for the cell maintenance compared to non-disturbed cells.

The high concentrations of nunerals such as calcium, sodium, manganese and zinc have
been identified in CAJ (Soaves ¢f al, 2004}, yeast extract (Sgarbiers, 1999 and C81 (Kampen,
1997, Liggett ¢ Koffler, 1948}, Among the minerals, the calcium concendration in the CAJ juice
supplemented with CSL 1s 5 times higher than the non-supplemented medium. Furthermore, that

calcium concentration level is 69 times higher than the level recommended by Swann er ol
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{1990 for the supplementation of our control media. Although specific studies on the influence
of mineral wutrients on the Strepfococcus zocepidemicys’ growth and HA producton are shill
scarce 1 the literature, the various biclogical functions of minerals in the cells, such as on the
vitamun synthesis, the fransport throngh the membranes and as enzyme cofactors in several
reactions are well known (Kampen, 1997,

Tables 4.6.4 and 4.6.5 also show that the CSL supplementation did not have influence on
the average moleaular weight of the HA produced. However, the average molecular weight of the
HA produced from the ARDs meddia was four magnitude order Jower (10° — 107 Da) than the
control medium (107 Da). In the case of the CAl medium, its C-vitamin content may be
influencing the decrement of the average molecular weight dug to HA depolymerization, as

reported by Liw er of, (2009) for the ascorbate influence.
4. COMOLUSIONS

From the experimental results we conclude that the studied ARDIs are promising media for
the production of HA in the range of 10 Y210 Da average molecolar weight, Among the ARDs,
the kighest HA production was obtained from the CAJL, m spite of its required supplementation
with yeast extiact. The WPC and HSPC media were the most effective for the production of
biomass, The CSL supplementation did not influence the HA production from the various media.
However, 1t had influence on the glucose consumption, duplicating the HA:ghweose vield

coefficient for the control medinm and reducing it for the CAY medium.
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8, CONCLUSOES

Do estudo realizado no presente trabatho, conclui-se que as condieBes ambientais otimizam
a produgdio do HA por Swrepfoceccus zooepidemicus ¢ a sua massa molar. A descriglio das
alteragGes metabolicas decorrentes das pertwrbacOes anibientais permite um maior entendimento

do metabolismo, fisiologla 2 mecanismos de reglacio da oélula

As conclustes abaixo referern-se aos aspectos especificos shordados neste trabatho:

1. Na faixa de conceptragBo inicial de glicose estudada, a maior produgiie de HA
g e O - . . . ) . . .
(1,21 g 1.7 foi obtida no cultivo realizado em bioreator, com 25 gL glicose ¢ sem controle do

pi do meio ao longo do oultive;

2. 1 coptrole do pH (7.6) do meio ao longe do cultivo aumentou a prodatvidade de ¢élulas

¢ HA mas nfie sens rendimentos em relaglo a glicose.

3. A analise de fluxos metabdlicos demonsirou gue o aumento do fho através da
hiahwronato sintase estd mais relacionado a disponibilidade dos agicares precursores que ao
estado energéfice © pofencial redutor das cehulas.

4. As propriedades reoldgicas do polimero com baixo teor de proteina (0,44 mg.g™) ¢ alin

'3 - , . . .
massa molar (4.0 x 1 Do) confirmam a alfa densidade de emaranhamento das cadeias
polimdéricas,

3. A guahdade do polimero produzide pode ser modulada pela suplementacio do meio
complexo com lons minerais,

6. A utilizagio de meics alierpatives contends derivados agroindustoiaiz demonstrou que
maiores concentragdes de HA foram produzidas em meios contendo extrato de levedura como
fonte de nitrogdnio orgdmco.

Assim, para maior produtividade de HA, o cultive de Strepfococcus zocepidemicus deve ser
realizado com controle de pH, empregando-se extrate de levedura como fonte de nifrogénio
orginico. A definicfic dos jons minerais a serem empregados ne suplementacBo do meio depende
da massa mwolar deseiada para o polimero. Para ¢ cultivo com controle de pH, concentragbes

e e . . -1
miciais de ghoose maiores que 25 g L7 podem ser enpregadas.
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0. SUGESTOES PARA TRABALHOS FUTUROS

b, Estudo detathado das respostas das célolas de Swrepfococcus rovepidemicuy a “stress”™

acido, antes e durante o culiive:

2. Bstudo de condipdes de “stress” de menor cusio como o “stress” salino;

3. Bstudo da suplementaghio do meio com dgus de maceracio de oulbho om cultives

realizados em biorrestor,

4. Estudo da superexpressio das enzimas envolvidas na sintese dos precursores UDP-dcido

glivuromico e M-acetiiglicosaming;

3. Bstudo do efeito do pH do meio de cultive na precipitacio com etanol;

- - : 13
&, Famdo de culttvos reabizados com substratos marcados com 0
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