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ABSTRACT

Cellulase enzymes have been extensively used @ibibpolishing of cellulosic
fabrics but they are inefficient to prevent pillimg viscose fabrics. Moreover, their
application causes a loss in the fabric strength tuthe aggressive action of the
enzymes. One solution to this problem is the deaigh production of enzymes with
increased molecular weights so that aggressiveraofithe cellulases would be limited
to the fabric surface. In the framework of this dstu cellulases and cellulase
formulations that can ameliorate the problem ofingl and prevent loss of tensile
strength in viscose fabrics were designed and mexlu For this purpose, both protein
engineering and chemical modification methods wersed seperately and in
combination to obtain cellulases with desired progs. Trichoderma reese
Endoglucanase | (EGI), Endoglucanase Il (EGIll)ell@biohydrolase | (CBHI)
enzymes were successfully cloned and expresseithina pastoris under the control of
AOX1 promoterto mg/L quantities. A loop mutant of EGI, (EGI_LWas prepared by
introduction of a ten aminoacid long loop by molecunodelling and site directed
mutagenesis for the creation of hotspots for dé@atrosslinking of the enzyme. The
mutant enzyme was crosslinked using crosslinkedyreaz aggregate (CLEA)
technology. The effect of codon optimization on E@bduction was analyzed. A
mutant of EGI was prepared by inserting a secotalytec domain to EGI and thereby
forming a bicatalytic mutant of EGI (EGI_BC) withareased molecular weight. All of
the recombinant enzymes were produced in a labgrasgale fermenter and
characterized. A commercial cellulase preparatioas verosslinked using CLEA
technology and fractionated according to the partmize. The effects of native,
engineered and chemically modified cellulases soose fabrics were evaluated. It was
found that commercial cellulase preparation crokskl using CLEA technology,
recombinant EGI and EGI_L5 producedRn pastoris improved the pilling values of

viscose fabrics by 20 % without much loss in thiergjth of the fabrics.
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OZET

Selulaz enzimleri selllozik kurglarin biyoparlatmasinda yaygin olarak
kullaniimaktadir ancak viskon kuglarda taylluligin ©6nlenmesinde yetersiz
kalmaktadirlar. Bu enzimlerin agresif hareketlarma mukavemetinde kayiplara yol
acmaktadir. Selllaz enzimlerinin aktivitesini kymaizeyi ile sinirlayacak molekiler
agirh g arttinlmis enzimler tasarlanarak ve dretilerek bu problemzutgbilinir. Bu
calismada, viskon kumgardaki tlylenme sorununu azaltabilecek ve kglaran
mukavemet kayiplarini engelleyebilecek selilaz ya sklilaz formulasyonlari
tasarlanmy ve Uretilmitir. Bu amacla, hem protein mihendislyontemleri hem de
kimyasal modifikasyon yontemleri istenilen 6zelikselllazlarin elde edilebilmesi icin
hem ayri ayri hem de birarada kullangtim  Trichoderma reesel Endoglukanaz |
(EGI), Endoglukanaz 11l (EGIII), Sellobiyohidrolaz (CBHI) enzimleri Pichia
pastoriste AOX1 promoter bdlgesinin kontroliinde daauli bir sekilde klonlanmg ve
mg/L miktarlarinda ifade edilmiir.EGI'in bir dongi mutanti olan EGI_L5, 10
aminoasitlik bir dénginin molektler modelleme venlgadiriimis mutagenez
yontemleri kullanilarak enzimin yonlendirilgniolarak capraz @anmasi igin sicak
noktalar olgturmak tzere EGl'e eklenmesi ile gturulmutur. Mutant enzim ¢apraz
bagli enzim agregatlar (CLEA) teknolojisi kullanil&racapraz bglanmstir. Kodon
optimizasyonunun EGI Uretimi Gzerine etkisi ginalmis ve kodon optimizasyonunun
P. pastoriste EGI dretimini % 24 arttirgg saptanmgtir. EGl'e ikinci bir katalitik
modul eklenerek boylece molekilegidi gl buyutilmig EGl'in bikatalitik bir mutanti
(EGI_BC) elde edilmtir. Tim rekombinant enzimler laboratuvar digeleki bir
fermentorde Uretilngi ve karakterize edilngiir. Ticari bir seltlaz formilasyonu CLEA
teknolojisi kullanilarak capraz pEnmg ve parcacik blUyukliine gore parcalara
ayrilmistir. Ham, protein muhendigii yoluyla desistiriimis ve kimyasal olarak
degistiriimis seltlazlarin viskon kumgatizerindeki etkileri dgerlendirilmistir. ticari
CLEA teknolojisi kullanilarak capraz pkanan ticari selllaz formilasyonunun, P.
pastoris’te Uretilen rekombinant EGI ve EGI_L5en&mmin viskon kumaglarin
boncuklanma notlarini % 20 oraninda iyiledigi ve kuma mukavemetinde kayiplara

yol agmadg! bulunmutur.
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CHAPTER 1

1. BACKGROUND

Enzymes are used extensively in the industrial ggses along with conventional
chemical processes. As a result of green technplaggnsive research has been done
to replace conventional chemical processes withremwmentally friendly, less harmful
alternatives. Enzymes are used for a wide rangadafstrial applications that include
biofuels, detergent, paper, food, feed, pharmacaluind textile industries. As new
industrial application areas emerge, there is areasing demand for the production of
enzymes that can be used for specific purposeshatctan withstand heavy chemical
conditions and elevated temperatures of the inidiligirocesses. One of these rapidly
growing areas is the textile processing industrpzyines are preferred in textile
processes because of their specificity, speedefradability, operational stability and
vast application areas. They are especially usétbiinishing and biopreparation of the
textiles. Cellulases are commonly used in biofimghof cellulosic fabrics. They
remove the microfibrils on the fabric surface amdvent formation of the pills. They
are routinely used for the removal of pills fromttoa and viscose fabrics. They are
effective in removal of pills from cotton fabricsfnot from viscose fabrics. Moreover,
they cause a reduction in the tensile strengthheffabrics due to their aggressive
action. Our previous studies have shown that agipdic of crosslinked commercial
cellulases had prevented the loss of tensile dinenmg viscose fabrics but the
crosslinked commercial cellulases did not preverg pilling formation (Bayram
Akcapinar, 2005). Moreover, it has been found tiet activity of the commercial
enzyme was lowered after crosslinking. Cellulagestaulti-component enzymes. Their
activity on fabrics and their effects on fabric fases change according to cellulase
composition. Therefore, there is still need fordurction of mono-component cellulases
and cellulase formulations that can improve visdaeic pilling properties without a
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reduction in fabric strength, enzyme stability aactivity. This can be achieved by
producing cellulase components in homologous oerb&igous hosts; increasing the
enzyme size either by protein engineering or byrébal modification or a combination

of both. To this end,

» EGI, EGIIl and CBHI ofT. reesal were cloned and expressedinpastoris.

* A loop mutant of EGI was prepared by introductidraden aminoacid long
loop by molecular modelling and site directed mataesis for the creation
of hotspots for directed crosslinking of the enzyar& this enzyme was
crosslinked using CLEA method.

» Effect of codon optimization on EGI production vaaslyzed.

* A mutant of EGI was prepared by inserting a seamtdlytic domain to EGI
and thereby forming a bicatalytic mutant of EGI (EBC) with increased
molecular weight.

* All of the recombinant enzymes were produced inahotatory scale
fermenter and characterized.

« A commercial cellulase preparation was crosslinkesing crosslinked
enzyme aggregate (CLEA) technology and fractionaedording to the
particle size.

» Effects of native, engineered and chemically medifcellulases on viscose

fabrics were evaluated.

1.1. Cellulolytic System ofTrichoderma reesei

The very first strain of fungi that is capable lofdrolyzing cellulose was first
discovered during World War Il when it was noticat the rate of deterioration of
cellulosic materials that belong to the U.S. Armgswncreased in the South Pacific. In
order to produce a solution to this problem imratgliresearch was started and as a
result the first strain QM6a was isolated. Thigistiwas first identified a$richoderma
viride and later recognized asichoderma reesei (Bhat, 2000). The research on this
cellulose degrading organism and cellulose degi@uditas started. In the last half of
the 20" century there has been a remarkable progresliatien of microorganisms
producing cellulases; improving the yield of cellsgs by mutation; purifying and

characterizing the cellulase components; undersignthe mechanism of cellulose
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degradation cloning and expression of cellulasegetetermining the 3-D structures of
cellulase components; understanding structure-fomaelationships in cellulases; and

demonstrating the industrial potential of celluag€éumar, Yoon, & Purtell, 1997).

Cellulose, being the most abundant polymer on eheh a very important place in
bioethanol production and it is a starting matef@a many fabrics used in textile
(Zzhang & Lynd, 2004). Due to these properties diutese, cellulases, enzymes that
degrade cellulose, are becoming very important naésgefor biotechnology and enzyme
engineering (Bhat & Bhat, 1997). Among all of thegmes cellulases are being used
increasingly for a variety of industrial purpos&ht, 2000) and consequently, a lot of
effort has been put into their cloning (Qin, WeiuLWang, & Qu, 2008; Saloheimo,
Nakari-Setala, Tenkanen, & Penttila, 1997; Yao, ,Sum, & Chen, 2008) and
expression (Aho, 1991) as well as their study bg-directed mutagenesis (Nakazawa,
et al., 2009; Rignall, et al., 2002; Sandgren, B&g, & Mitchinson, 2005) . Cellulases
are multicomponent enzymes. There are three mgestof cellulases secreted by
Trichoderma reesei:  Endoglucanases, 1,4-R-D-glucan  4-glucanohydrsjase
Cellobiohydrolases, 1,4-3-D-glucan cellobiohydregCellobiases, 3-D-glucosidases .
Trichoderma reesel has at least six endoglucanases, two cellobiolgsks, and two 3-
D-glucosidases (Bhat & Bhat, 1997; Heikinheimo, 208GI| and EGII are the main
components of th&. reesei endoglucanases and they comprise ~10 % of thetselcr

proteins of the organism(Heikinheimo & Buchert, 200

Application of cellulases in industrial procesdes increased to a considerable
amount in the last thirty years. Cellulases araluseaextile industry for biopolishing of
textiles and fabrics to improve fabric quality (¥lnl 2000), biostoning of denim
garments to obtain a fashionable aged appear@@a¢o-Paulo, Almeida, & Bishop,
1996). They are also used extensively in feed, fomtlistries, in pulp and paper
processing, in laundry (Bhat, 2000). In the lastadke, several studies focused on the
use of cellulases for the conversion of lignoceltid biomass to produce biofuels as an
alternative renewable energy source to fossil fiBmyer, Lamed, & Himmel, 2007;
Percival Zhang, Himmel, & Mielenz, 2006; Wilson,Q2).

Cellulases are enzymes that work under extremeitbmmsl of textile industry: e.qg.
elevated temperatures and pH, exposure to orgaverdgs and various chemicals.

Engineering of the cellulase enzyme should not e€aaisdramatic reduction in the
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enzyme activity and stability since enzymes stainider such harsh conditions attract
attention due to their applicability in industr@ocesses. Understanding the underlying
mechanisms of stability may help designing an exgjied cellulase without a reduction

in the enzyme stability and activity.

Cellulolytic enzymes are produced by a wideetgrof organisms. Few of these
enzymes are capable of degrading crystalline csleffectively. Among these
microorganisms, the extremophilic ones are veryortgmt because of the stability of
their enzymes under harsh conditions such as yhagtitlic and alkaline pHs as well as
temperatures up to 90 °C (Lamed & Bayer, 1988). drigmt thermophilic
microorganisms capable of degrading cellulose @&lestridium thermocellum,
Thermomonospora fusca, Thermoascus auarantiacus, Sporotrichum thermophile,
Humicola insolens and Chaetomium thermophile. Clostridium thermocellum differs
from other cellulolytic microorganisms since it setes all its cellulolytic enzymes in a
protein complex called cellulosomes (Németh, et 2002). Most extensive research
about the cellulases has been done on aerobic fuh asTrichoderma koningii
(Halliwell & Vincent, 1981) andT. reesel (Liming & Xueliang, 2004; Medve,
Karlsson, Lee, & Tjerneld, 1998; Miettinen-Oinon®&aloheimo, Lantto, & Suominen,
2005).

Cellulases are the only enzymes used in biofingtuf the cotton fabrics. These
enzymes are suitable for wet processes and theybeansed almost in all textile
machines. Nowadays commercial cellulase prepasafmmdifferent types of fabrics are
available for use in biopolishing. They exhibit ade range of pH and temperature
stability and activity. Commercial cellulase pregggons are mostly from the
filamentous fungi,Trichoderma reesei. Cellulases are extracellular enzymes. They are
secreted out of the cells. Industrial producers tdks advantage into consideration.
That is why Trichoderma reesal is the workhorse of industry in terms of productadn
cellulases.Trichoderma reesel produces cellulases in large quantities and deoreff

the enzyme components allows rapid purificatiothefenzymes.

Researchers are also working on producing getigticaodified cellulase
enzymes with the desired properties for differgpes of processes. Directed evolution
and site directed mutagenesis studies which taingetellulases are reported (Sandgren,

et al., 2005). Moreover, site-directed mutagenesiglies have been used for the
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identification of active site residues and residuvesponsible for the stability of the
cellulases. These studies are very valuable tostause they provide the information

for the design of new cellulases having speciftovaes.

Cellulases are multicomponent enzymes. Therehaee imajor types of cellulases
secreted byrichoderma reesei: Endoglucanases, 1,4-3-D-glucan 4-glucanohydrsjase
Cellobiohydrolases, 1,4-3-D-glucan cellobiohydreigsCellobiases, 3-D-glucosidases
[48]. Trichoderma reesei has at least six endoglasas, two cellobiohydrolases, and
two 3-D-glucosidases (Bhat & Bhat, 1997; Heikinhei& Buchert, 2001). Figure 1.12
indicates the molecular weights and number of aatits of some of the cellulase

components.

Table 1:Trichodermareesel cellulolytic system components (Vinzant, et al.020D

Name acc. to Cellulase Molecular Number of Amount of
GH components of Weight (kDa) amino acids total
Classification* Trichodermareese cellulase**
CEL7B EG | 48,2 459 9
CEL5A EG I 44,2 418 8
CEL12A EG Il 23,5 218 <1
CEL45A EG IV 35,5 344 not known
CEL61 EGV 24,5 242 not known
CEL7A CBH | 54 513 55
CELGA CBH I 49,6 471 18
GH Family 3 B-D-glucosidase | 78,5 744

* The names of the cellulases are based on the Glemmature system introduced by
Henrissat et al. (Henrissat & Bairoch, 1993). **Aummd of total cellulase secreted by
reesal.

Cellulases belong to the glycosyl hydrolase fanufyenzymes. This enzyme
family contains nearly 96 subfamilies. Cellulasgs present in at least 11 of these
subfamilies; GH 5, 6, 7, 8, 9, 12, 26, 44, 45, 48 &1 according tavww.cazy.org
(Henrissat, 1991; Henrissat & Bairoch, 1993). Sotilfia classifications of the glycosyl

hydrolase family are done on the basis of theirnamacid sequences. The three
dimensional structures and enzyme-substrate intenacnechanisms display some

differences in every subfamily.

These multicomponents act synergistically for degradation of cellulose. They
act specifically on 1,4-glycosidic bonds of the cellulose. Cellulase has tomains.

One of them is the catalytic core domain and tineris the cellulose binding domain.
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The hydrolysis of the cellulosic substrates takeseinside the catalytic core domain
and this domain occupies the largest part of tteyrae. These two domains linked by
a short linker peptide form the intact bimodularzyne (Kleywegt, et al., 1997,
Sandgren, et al., 2005). The length of the linkamies from 20 to 40 aminoacids. The
linker peptide is rich in Proline, Threonine andriSe residues and it is often O-
glycosylated. O-glycosylation provides maintenante¢he extended conformation of
the linker peptide and also protects the linkerae@gainst proteases of the organism.
Cellulose binding domains are thought to adsortiht cellulose thereby acting as
anchor points for the whole enzyme. They keepc#ikilosic substrate in the vicinity
of the enzyme. These adsorption properties of CB&bke the enzyme to have a higher
turnover rate (Stahlberg, 1991).

Cellulose binding domains of fungi, algea and baat are classified into two
families. The shorter CBDs (30-40 amino acids) #Hre ones from the fungi are
classified as family 1l and the longer ones (100-Esnino acids) are the ones from
bacteria and algae and classified as family | (Rainen, Teleman, & Teeri, 1995).
They are thought to have arisen by a convergerdtugon since they do not have much
sequence similarities. But they have conserved aawids having aromatic side chains
and these are thought to be involved in cellulaséibg in all types of CBDs. CBDs
are also classified into more than 30 families atiog to CAZY databasew{vw.
CAZY.org). Much effort has been put to clarify the mechanisf adsorption and its
effect on the activity of the cellulase componerii®letion mutants of cellulase
components (CBD deleted) were prepared and anabfsitheir adsorption trends
revealed a decrease of 50-80 % of activity ofjalrcellulases on insoluble substrates
(Srisodsuk, Reinikainen, Penttila, & Teeri, 1993).

It was suggested that in CBHI ©freesei both core domain and CBD participated
in binding and in bacteria only CBDs are involvadiinding. Site directed mutagenesis
directed towards CBDs of CBHI (Y492A, Y492H and PRJ indicated that conserved
aromatic aminoacids are essential in binding andsitknown that hydrophobic
interactions are also important for binding (Reaiilen, et al., 1995). The CBD is
located at the C-terminus of the CEL7A, CEL7B, CER4and CEL61A catalytic core
domains and at the N-terminus of the CEL5A, and @4lcatalytic core domains.
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CEL12A is the onlyT. reesa cellulase that is known to have no cellulose bigdin

domains.

1.1.1. Endoglucanases, (EG) (endo-1,8-gluconase, 1,4-D-glucan-4-
glucanohydrolase, EC 3.2.1.4)

Endogluconases are the endocellulases which ragdbyarolyze the cellulose
chains internally. Action of endoglucanases produwew chain ends and changes the
degree of polymerization of the cellulose. The ¢argf the endoglucanases is the
amorphous cellulose (Heikinheimo & Buchert, 200They exhibit lower activity
towards insoluble substrates such as crystallilalase. There are at least 6 identified
endoglucanases ifrichodermareesel (EG I-VI). CEL74A (EG VI) was described only
at the protein level (Bower, et al., 1998). CEL@Bd CEL5A are the main components
of theT. reesai endoglucanases and they comprise ~10 % of thets€lgproteins of the
organism (Heikinheimo & Buchert, 2001). CEL7B, (GAL.and CEL12A cleav§-1,4-
glycosidic bonds with retention of anomeric confafion, yielding the-anomer as the
reaction product and CEL45A uses the inverting rma@m. The exact mechanism of
CEL61A and EGVI is not exactly known according e turrent knowledge. Azavedo
et al.(2000), suggested that agitation levels hgsofound effect on endoglucanase
activity and at high levels of agitation the preserof CBDs is not key to the

functioning of the endoglucanases (Azevedo, BisBoavaco-Paulo, 2000).

1.1.1.1. Endoglucanase I, Cel7B

CEL7B belongs to the glycosyl hydrolase(GH) familyCEL7B is homologous
to CEL7A, cellobiohydrolase | with ~45 % sequersentity. The active site of CEL7B
is located in an open cleft not crowded by extendegs as in CEL7A. The catalytic
residues of the active site are identified as ED968-E201-H212 (Kleyweqgt, et al.,
1997). Comparison of the structures of Theeesei EG | andH. insolens EG |, reveals
that they have similar substrate-binding groovesh lproteins have their active site
located in an open cleft (Sandgren, et al., 20BBjure 1 shows the three dimensional
structure of the catalytic core domain of endoghase | of T. reesei. Estimated
molecular weight of CEL7B is 48 kDa and it is knotenhave a pl around 4.5. Several

studies indicate a heterogenous glycosylatioiirathoderma reesei EGI (Eriksson, et
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al., 2004; Hui, White, & Thibault, 2002). Thus timlecular weight changes according
to the glycosylation pattern. EGI is known to h&ldinked glycosylation.

Figure 1: 1EG1, The crystal structure of the cai@alyore domain of endoglucanase |
(CEL7B) fromTrichodermareesel at 3.6 A° resolution (Kleywegt, et al., 1997)

There are a few studies that indicate heterologooduction of Cel7B in different
hosts. Korhola et al. have introducaglil gene ofT. reesel into S cerevisiae under the
control of PGK1, MEL and ADH1 promoters and used the enzyme as a reporter for
screening mutagenized yeast strains (Aho, Arffnéaiorhola, 1996). CEL7B cDNA
under the control oADH1 promoter has produced $00° g/l CEL7B. With the
screening of first generation and second generatiotants, they were able to isolate
mutants producing immunoreactive CEL7B as high ,84 @/l but only the 2% of the
enzyme was found to be active. In a more recediygiNakazawa, et al., 2008), CEL7B
catalytic core domain was expressectircoli strains Rosetta-gami B (DE3) pLacl or
Origami B (DE3) pLacl. CEL7B produced as a funcéibmtracellular protein in these
E. coli cells. Maximum productivity for CEL7B catalyticothain was found to be at
15°C with a yield of 6.9 mg/l. CEL7B was found tave a pH optimum around 5.
Temperature stability experiments have indicated the recombinant enzyme has lost

all of its activity upon incubation at € and 70C for 15 minutes.

1.1.1.1. Endoglucanase llI, Cel12A

Cell12A is a GH family 12 endoglucanase. CEL12Anewn to have a molecular
weight around 25 kDa and a pl of 7.5 (Hakanssogefam, Pettersson, & Andersson,
1978; Ulker & Sprey, 1990). The pH optimum for CRIAL was found to be 5.8 and it
was shown to exhibit its optimal temperature auath52 °C (Ulker & Sprey, 1990).
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CEL12A is known to have no CBDs and it is knowrbtsparsely glycosylated . The
active site residues were found to be E116 and E@Bada, Mori, Tada, Nogawa, &
Morikawa, 2000). The crystal structure of CEL12Aslsown in Figure 2. CEL12A is
produced in very little quantities By reesel (less than 1%). Nakazawa et al. expressed
egl3 cDNA in E. coli (Nakazawa, et al., 2008) and performed directedluéion
experiments using error prone PCR on the recombieamyme (Nakazawa, et al.,
2009). Stability and the specific activity of tbazyme was found to be enhanced by
directed evolution. The pH stability experimentstioé wild type CEL12A and mutant
CEL12A have indicated that directed evolution hasadened the pH range of the

enzyme.

Figure 2: 1H8V, the crystal structure of endoglasanlll (Cel12A) fromTrichoderma
reesel (prepared with VMD).

1.1.2. Cellobiohydrolases (CBH) (exo-1,4-glucanase, 1,4-D-glucan
cellobiohydrolase, EC 3.2.1.91)

Cellobiohydrolases are exocellulases that hydrotiieecellulose chains from the
ends releasing cellobiose as the end prodlcteesei has two CBHs. CBH | splits
cellobiose from the reducing end and CBH Il frore titonreducing end (Heikinheimo
& Buchert, 2001).

Structural studies revealed that CBH | core doneaintains a 40 A° long tunnel
shaped active site along the enzyme molecule. Aeinfad cellulose hydrolysis by
CBHI was shown in Figure 3. The tunnel shaped acite explains the high affinity of
CBHs to crystalline cellulose during the progresstatalytic cycles. This also explains

the processivity seen in CBHs. The loops presenthensurface of CBH allows the

24



extricated cellulose chain from adhering back te thystalline cellulose. Moreover,
since the crystalline cellulose is the highly ostkone, it can fit easily into that tunnel
whereas amorphous cellulose having a more loosetste can not easily fit to the
same cavity. Figure 4 indicates the three dimemgisimucture of CBH | fronT. reesai.
CBH 1 has a retaining mechanism of hydrolysis wher€CBH 1l has inverting
mechanism (Sandgren, et al., 2005).
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Flgure 3 Molecular model showing cellulose hyrmyby CEL7A. N-linked
glycosylation is shown in blue color and O-linketyogsylation is endicated with
yellow color. Cellulose molecule is shown in green.
(http://www.nrel.gov/biomass/images/cbhl)pg

Figure 4: 1CEL, the crystal structure of the catalgore of cellobiohydrolase | (Cel7A)
from Trichoderma reesei (prepared with VMD) (Divne, et al., 1994).

1.1.3. B-glucosidase
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B-glucosidases also called cellobiases are resgens$dr the hydrolysis of
cellobiose produced by CBH enzymes into glucoses flimction ofp-glucosidase is
very important. It is known that CBH and EG areilmted by cellobiose (Gruno,
Valjamae, Pettersson, & Johansson, 2004). So tle fonaction of theB-glucosidase in
the cellulase system is to overcome the produdbitntn of CBH and EGs (Lenting &
Warmoeskerken, 2001). The three dimensional streiadfiT. reesel -glucosidase 1

has not been solved yet.

There exists a strong synergism between cellulaseponents. The types of
synergisms reported upto now are endo-endo, endpeso-exo, endo-exo-glucosidase
exo/endo-glucosidase. However, endo-exo synergsstine most extensively studied
one. There is also an intramolecular synergy betwike CBD and core catalytic
domains. The degree of synergism is different tarhetype of substrate. For example,
endo-exo synergism is mostly pronounced for theratigion of the crystalline
cellulose. Degree of synergism was found to be rfmrstotton and then Avicel and
least for acid swollen amorphous cellulose (Zhangy&d, 2004). Figure 5 shows the
synergistic action of cellulases on cellulose.His tsynergism, endogluconases adsorb
to the cellulose microfibrils and start to makeemial cuts in the cellulose chain. Then
cellobiohydrolases start the hydrolysis from thevigecreated chain ends and CBHs
hydrolyze the cellulose chain processively. Thismbmed action increases the
efficiency and activity of the whole cellulase ®ystwith respect to the enzymes acting

alone.
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Figure 5: Endo-exo synergism between endoglucorasisellobiohydrolases during
cellulose hydrolysis (Heikinheimo, 2002).

1.2.Biopolishing

Biopolishing also known as biofinishing refers teetremoval of the cellulose
fibrils and microfibrils protruding from the surfaof the fabric or fibers by the action
of cellulases. These fibrils and microfibrils aeemhed as fuzz. These loose microfibrils
and fibrils tend to agglomerate on the fabric stefaThese loose agglomerations are
called pills. Pills are formed during fabric proseg in the production plant, washing
and/or wearing. The mechanical action provided H®y friction of the fabrics during
wearing causes pill formation. There is an incregsiemand on the use of cellulases in
the textile industry for the removal of pills ahukz formed on the surface of the fabric.

Enzymatic treatment provides fabrics with

» better surface properties and look

* improved hand properties

* improved drapeability (ability to hang or stretalt tbosely)
e increased brightness

* reduced pilling and pilling tendency

* increased softness compared to the conventiontrnsss

Biopolishing involves the enzymatic treatment oé ttellulosic fabrics such as
cotton, linen, rayon and Lenzing’s Lyocell and wise with cellulases that eventually
leads to the weakening of the fibers protrudingnfrihe surface of the fabric and the
removal of the weakened fibers with mechanicaloactihe tendency for the formation
of pills during wearing and washing is minimizechcg the protruding fibrils are
removed by biopolishing. The biopolishing process watented in 1993 by Videbaek
and Andersen (Videbaek & Andersen, 1993) andntaily designed to improve fabric
quality.

Since biopolishing is an enzymatic process it carcarried out during the wet
processing stages. It is mostly performed afteadileng before dyeing. After bleaching,
the fabric becomes cleaner and more hydrophiliat Becomes more prone to attack by

cellulases. Biopolishing is not performed afteridgesince there is risk of color fading
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and the chemical content of the dyes can reducee¢hn®rmance of the enzymes by
interfering with them. Direct and reactive dyes édeen known to have an inhibitory

effect on cellulases.

Biopolishing is mostly performed in machines such a jet-dryer or winch.
Enzyme dosage is a very important parameter foingathe desired effect. The dosage
was determined as a percentage of the garment tvéighally, 0.5-6 % enzyme over
fabric weight is used by the manufacturers. Propasameters such as pH, temperature
and duration is determined according to the progemf the cellulase enzyme to be
used. Generally the process is performed at ptbAbtemperature between 40-55 °C
for 30-60 minutes and the enzyme is inactivatedallglby increasing the temperature
above 80 °C or pH above 10. Soda ash is useddgokhadjustments.

Many aspects of cotton biopolishing with cellukaseere studied. For example,
Miettinen-Oinonen et al. developed different celkd formulations (CBH |, CBH | and
II, EGII, EGI and Il enriched and wild type) by gdit engineering and applied these
on the biofinishing of cotton fabrics (Miettinen+@inen, et al., 2005). They found that
EGII enriched and EG enriched cellulase formulaionproved the surface appearance
more than CBHI, CBHIl and CBH enriched cellulasenfalations. All the pilling
values were better than the wild type and CBHII i@msd to be the most effective
throughout all CBHs. The pilling values for EGllir@med cellulase formulation was
4.3 and for CBHI enriched cellulase and wild-typsludase pilling values were 2.3

where a pilling value of 5 indicates no pills anohdicates intense pilling.

Although there are many studies on the biopolislmhgotton fabrics, there are a
few on the biopolishing of the regenerated cellelfzbrics such as Lyocell and viscose.
Use of cellulases in biopolishing of viscose wasdsd by Ciechaska et al.
(Ciechaska, Struszczyk, Miettinen-Oinonen, & Strobin, 2P0Different formulations
of cellulases (EGII, CBHI and total cellulase ehad with EGII) and a commercial
cellulase (Econase CE, Rohm Enzymes Inc.) filomeesel were applied on two types
of viscose woven fabrics. The microscopic propsrof the fabrics and residual fibers
were analyzed, but the pilling values or pillingiddencies were not evaluated. It was

found that use of the commercial enzyme removedtmbthe microfibrils and fuzz
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protruding from the surface of the viscose wovemrita whereas the purified

components did not improve the surface of the @ea@oven fabric.

According to our knowledge, there are no studiegshenbiopolishing of knitted
viscose fabrics and their pilling values upon enagottreatment. Liu et al. analyzed the
effects of different commercial and experimentdlutase preparations (commercial
multicomponent acid cellulase and monocomponentdi@ci endogluganase,
experimental EG enriched cellulase) on cotton iobér (type of a stretchable fabric)
knitted fabric (J. Liu, et al., 2000) (cited in (ild@heimo, 2002)). According to their
results and interpretation, cellulases were foumdhdve different selectivities when
their ratios of pilling to bursting strength, thesensitivities to liquor ratio and
mechanical agitation created by the equipmenty fijyges were considered. Kumar et
al. suggested that EG enriched cellulases had saimantegous properties such as

improved hand compared to total cellulase preparat{Kumar, et al., 1997).

One of the problems encountered during biopolisksnipe loss of fiber or fabric
strength as a result of the aggressive action ef éhzymes. This problem is
predominantly seen in the biofinishing of lyocatidaviscose fabrics. These problems
are solved using different formulations of cell@ss(Kumar, et al., 1997).Viscose
fabrics’ tensile strength is known to be loweredewlit is wet. This poses an important
problem since most of the textile processes arepr@tesses. Moreover, aggressive
cellulases are used in most of the processes. Theze commercial cellulase
preparations suitable for lyocell biofinishing anmsbst of them are also suggested for
biofinishing of viscose fabrics. But to our knowtgdthere are no specific commercial
cellulases for viscose and the ones that are umelydcell, cotton are insufficient for

the removal of the pills on viscose (especiallgcose knitted fabric).

1.3. Cellulose and Viscose

Cellulose is an unbranched polymerfel,4-linked glucose molecules. Plants are
the only producers of cellulose. It is the mostratant polymer on earth. The glucose
units forming the cellulose chain are in six meneblepyranose ring. There forms an
acetal linkage between the C1 of one pyranoseamiyC4 of the next pyranose ring. A

single oxygen atom joins the two pyranose ringsthie formation of an acetal, one
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molecule of water is lost when an alcohol and aibeatal reacts. That is why the
glucose units forming the cellulose polymer are alslled anhydroglucose units.

The spatial arrangement of the acetal linkagevang important in determining
the characteristics of the cellulose molecule. Whih formation of pyranose ring, there
exists two possibilities for the configuration. Thgdroxyl group present on C4 can
approach the C1 hydroxyl group from both sides.sThesults in two different
stereochemistries. If the C1 hydroxyl group is lo@ $ame side with C6 hydroxyl group,
the configuration is called the if they are on the opposite sides the configarats
called thep. Cellulose is known to be i configuration and is a pol§f1,4-D-
anhydroglucopyranose]. I configuration all the functional groups (hydroXyése in
equatorial positions which means they protruderddiie from the extended molecule.
These protruding hydroxyl groups are readily avddafor hydrogen bonding
(interchain and intrachain hydrogen bonding areeoled). Moreover, inter and
intrachain H-bonding and Van der Waals interactitmise the cellulose chains into a
parallel alignment and finally to an ordered crilsta structure. This property allows
the chain of cellulose to extend in a straight larel makes cellulose a good fiber
forming polymer by giving tensile strength alonge tfiber axis. Hydrogen bonding
causes the formation of highly ordered crystalcttme. This highly ordered crystalline
regions are thought to be intruded with less ol@am@orphous regions (Zhang & Lynd,
2004). The interchain hydrogen bonds in the criys@alregions gives the fibers their
strength and insolubility. In the less ordered megithe cellulose chains are more loose
and further apart as a result. This enables theolytigroups to form hydrogen bonds
for example with water molecules and causes thegmns to absorb water. On the
other hand, amylose has theonfiguration, C1 oxygens are énconfiguration . This
causes the formation of the linkages between thecadt glucopyranose residues to be
in axial positions and this forces the amylose rhi@m assume a helical structure
maintained by interchain hydrogen bonds. Sincecksitructure is not proper for fiber

formation, starch is not a suitable fiber-forminglecule.

Figure 6 indicates the repeating unit of a ceialanolecule. The repeating unit
of cellulose is the anhydrocellobiose. Cellobicséormed from two identical but 180°
rotated anhydroglucose units. This introduces tmensetry to the cellulose molecule

since there are equal numbers of hydroxyl groupsamh side of the molecule.
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Cellulose

Figure 6:Repeating unit of a cellulose molecule (Zhang & dLyR004).

Researchers have been working on the producti@mtifitial silk from cellulose
by forming cellulose derivatives for years. Thesgsearches introduced two commonly
used routes for the production of fibers: acetatkanthate esters. Cellulose acetate is
a cellulose derivative and soluble in solvents sashacetone and can be spun into
fibers. When cellulose is exposed to strong al&all then treated with,S, xanthate
esters of cellulose are formed. Cellulose xantlsas®luble in alkali (ag.) and from this
solution filaments and films can be formed. Cel@ocanthate process is the basis of
viscose rayon production (Brown, 1982).

Viscose is a regenerated cellulose fiber and it &dsigh tenacity and high
extensibility. It is manufactured from cotton lirdeor from cellulose obtained from
wood pulp. Viscose process requires many steps.o¥es fabrics are less strong than

cotton fabrics. Viscose has a very low mechanitahgth especially when it is wet.

Viscose is composed of both amorphous and crystatiellulose with different
ratios. The viscose fiber consists of a core sumded by the mantle, of which
crystalline and amorphous cellulose content difeigure 7). The crystalline regions in
the mantle are smaller and distributed homogengdhsbughout the fiber and the core
region contains a disordered network formed froggér crystallites seperated by big
amorphous regions. The outer region is more ordanedrigid than the core region and

accounts for the most of the tensile strength.
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Figure 7: Cross-section of a viscose fiber (Lenafigrose® 2,8 dtex) and its schematic
representation.

It is known that amorphous cellulose is more prtnattack by cellulases than
crystalline cellulose. Crystalline cellulose is maigid and gives tensile strength along
the fiber axis whereas amorphous cellulose is maegdponsible for the flexibility. The
loss of tensile strength is most probably due ® lgss of highly ordered crystalline
structure by the action of cellulases (Lenting &\voeskerken, 2001).

1.4.Protein Engineering

Protein engineering studies have begun in the d&80s. Chemical modification
methods or genetic methods are used to modify tituetare of a protein in order to
alter its function, activity or stability. This goept uses interdisciplinary approaches,
hybrid methods such as use of X-ray crystallogra@yA modification techniques,
computer modelling, artificial gene synthesis etw. achive protein modification
(Bornscheuer & Pohl, 2001; Carter, 1986). Applmatof protein engineering methods
to enzymes has been gaining importance for thetlase decades since enzymes are
used in many industrial applications. Developmentfhe area of genetic manipulation
allowed researchers to produce those enzymes imlogous or heterologous hosts in
larger amounts. Many of the industrial processiisngted enzymes with high chemo-
regio and stereoselectivity and stability. As aulesscreening and production of
enzymes with novel properties that can fulfill teeds of these industrial processes is
becoming an important issue. This can be achidwexnligh screening of environmental
samples and culture collections but high througlgoneening methods are needed and
this method may not always yield a suitable enzyhalor made biocatalysts can be
designed from wild type enzymes via protein enginge using rational design

(computer-aided molecular modeling and site-dilcbeutagenesis) or by directed
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evolution of these enzymes (Bornscheuer & Pohl, 1208chmidt, Bottcher, &
Bornscheuer, 2009; Shao & Arnold, 1996).

1.4.1. Rational Design of Proteins

Rational design of proteins involves computer didelecular modelling and site
directed nutagenesis of the protein of interestm@aer assisted modelling of
biocatalysts have been gaining importance for wtdeding the underlying physical
basis of the structure-function relationships afldgical macromolecules. For the last
two decades, computer simulation methods have &ggled to structural and dynamic
studies of many proteins as well as understandiegntechanisms of protein folding
and unfolding (Daggett, 2006; De Mori, Meli, Mordit, & Colombo, 2005; Gu,
Wang, Zhu, Shi, & Liu, 2003; Karplus & Sali, 1999; L. Liu, Wang, & Hsu, 2003)
and recently to the design of enzymes with improwvedpecific properties (Huang,
Gao, & Zhan, 2011) or design of protein inhibitokameira, Alves, Tunén, Marti, &
Moliner, 2011).

Molecular dynamics (MD) is a computer simulatiooheique that explores protein
dynamics in atomic detail (Adcock & McCammon, 2Q06penerally all-atom level
simulations with longer time scales and higher lkggm are preferred in MD
simulations since analysis of these give more eltbanformation about the energetics
and structure of a protein at different tempera{Beck & Daggett, 2004; Mark & van
Gunsteren, 1992). This method, when well desigoad, provide detailed information
about the protein under study (van Gunsteren & Ma#i92a, 1992b). We now have a
deeper understanding about the concept of unfofteteins (Floriano, Domont, &
Nascimento, 2007). The concept has transformedannore complex state other than
mere unfolding of a polypeptide chain into an egghconformation. The current view
states the unfolded state as an ensemble of Ipafolled conformers of the protein
and the denaturing conditions determine the exdennfolding (Floriano, et al., 2007,
Hung, Chen, Liu, Lee, & Chang, 2003). An increasé&emperature results in increased
intramolecular motions, which in turn causes protenfolding (H. L. Liu & Wang,
2003a, 2003b). MD simulations of proteins are aqutiyerestricted to microseconds
(Klepeis, Lindorff-Larsen, Dror, & Shaw, 2009) due the large computational
demands of such simulations. In reality, it hasnbestimated that half-time required

for most proteins for folding is more than 1 m#éeond. The rate of unfolding
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increases with increased temperatures and it isviknthat at 225 C, most proteins
unfold in less than 1 nanosecond. MD simulatiores generally performed at high
temperature because of the large time scales ddedenodelling unfolding or folding
of proteins (Fersht & Daggett, 2002). It is hypatized that use of high temperatures in
simulations did not change the overall unfoldingthpvay but just accelerates the
kinetics of unfolding (Daggett, 2006; Day, Bennioklam, & Daggett, 2002).
Additionally, information gathered through applicat of molecular mechanics
simulations can be used to determine the possiiele for directed mutagenesis and the
effect of those mutations on the stability of gretein residues. Baysal and Atilgan
(2001) introduced a new molecular mechanics approtwat involves use of
perturbation response theory to study residue lgtabi of proteins in a given
conformation (Baysal & Atilgan, 2001). In this appch, a perturbation is induced in
the form of a displacement on a selected residuéh@fenergy minimized protein
followed by energy minimization. The displacemeheach residue was recorded in a
perturbation response matrix and the stabilitiesawh residues are calculated from that
matrix. They have shown that residue stability laden as a tool reflecting the
character of the response. By introduction of spetturbations, residues that confer

stability and instability to the protein could lakentified.

The information about the protein of interest getdde through molecular
simulations are used for designing and constroctib mutants of the protein with
desired properties. Mutations are introduced to D&t&oding these proteins via site
directed mutagenesis (Carter, 1986) and computedations of these mutants are also
performed to evaluate the effect of those mutatmmsghe protein structure. After some
random mutagenesis experiments, the mutants wighetl properties can be subjected
to computer simulations to uncover the the effécduch mutations on the structure and
function (Bornscheuer & Pohl, 2001; Shao & Arndl@96).

1.4.2. Directed Evolution (Molecular Evolution)

Directed evolution aka molecular evolution is ayvpowerful technique which
involves either random mutagenesis of a gene efest or recombination of the gene
fragments. the variants produced by either mutagjenenethods are usually screened
with high throughput methods to identify and seldw® desired variant. Directed
evolution is developed in 1996 by Francis Arnolar@ld, 1996) . Arnold used repeated
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cycles of mutagenesis and the power of naturakseteto force the evolution of the
selected protein into a protein with the desiredpprties. In this method, random
mutagenesis is applied and after each cycle ofomnehutagenesis, selection pressures
are applied and only a single variant exhibitingidg improvements is selected and
the random mutagenesis procedure is repeated srvdhiant . This mutagenesis and
selection cycles are repeated until obtaining aamutvith desired properties. There are
many examples of protein engineering by directealwion in the literature. You and
Arnold (1996) used repetitive rounds of error pré&@R to introduce random mutations
and screened the resultant mutant libraries ofil&ibtE protein ofBacillus subtilis.
They obtained a mutant where the total catalyttosieg of subtilisin E is significantly
enhanced in a non-natural environment, aqueoustiyifemamide (You & Arnold,
1996).

1.5. Crosslinked Enzyme Aggregates (CLEA)

Immobilization of biomolecules on solid supportdarrosslinking of enzymes
have been gaining importance over the last 40 yd&es developments in the biosensor
technology and in the enzyme technology enablerésearchers to find different
supports and crosslinking methods suitable foreddfit applications. Crosslinking of
biomolecules such as enzymes offers many advantddest important ones are

increased stability and durability, multiple usmder half-life.

No support material is used for crosslinking. ¢ast, enzymes are crosslinked to
each other. Crosslinking of the enzymes causes tigggregation and helps their
recovery from the solution. Mostly, two types obsslinkers are used in this method.
Homobifunctional crosslinkers are the ones thatlhim the same reactive groups on
both sides and heterobifunctional crosslinkerstheeones that have the capability of
binding to different reactive groups on each sMaltifunctional crosslinkers are also
available for use. Glutaraldehyde is a homobifural crosslinker and forms

oligoglutaraldehyde in solution (Figure 8).
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Figure 8: Crosslinking of a protein with a homaigtional crosslinker, glutaraldehyde
(Kiernan, 2000).

It is known that glutaraldehyde reacts witamino groups on Lysine residues and
also N-terminal amino groups (Richards & Knowle368). This reaction is through the
double bonds of its oligomeric form. It can notdsingle bond since it is very stable
and formation of a simple Schiff-base can not ptevihat stability. Moreover, freshly
distilled solutions of glutaraldehyde indicates &w reactivity on proteins.
Glutaraldehyde is widely used in crosslinking bessaaf technical ease and versatility

of its application.

Many studies propose use of crosslinking agenteribance stability of the
enzyme but they seem to have adverse impact oadinaty since they target certain
types of aminoacids that may also exist in thentigiof the active site (Busto, Ortega,
& Perez-Mateos, 1997; Yuan, Shen, Sheng, & Wei919€@rosslinking with agents
like glutaraldehyde is known to reduce enzyme dgtislue to unspecific binding to

Lysine residues (Busto, et al., 1997).

Crosslinked enzymes form a large, three-dimensioomplex structure. Since
the crosslinking attaches all the enzymes togetieeiyced activity or stability due to
the steric hindrance is expected. Introductiorspdicer molecules or proteins such as

Bovine Serum Albumin (BSA) may be a solution to tilese proximity problems or
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creation of hotspots for directed crosslinking avirayn the active site may be another
way to address this problem.

Nowadays, the activity losses as a result of stirdang is overcome by the
introduction of Crosslinked enzyme crystals (CLE@phd Crosslinked enzyme
aggregates (CLEA) technologies. Since it is hargd@benzymes as crystals CLEC is
not used very much but CLEA technology is much ngmeple and proven to cause
hyperactivation of glucose oxidase, laccase, lipasgymes (Lopez-Serrano, Cao, van
Rantwijk, & Sheldon, 2002).

CLEAs are prepared by precipitating the enzyme ecwes by a polar
precipitant solution such as ammonium sulphateyl d¢dictate, PEG, acetone, tert-butyl
alcohol etc. and then crosslinking these aggregaittsa suitable crosslinker (mostly
glutaraldehyde). It is shown that formation rat@gfregates increases as the polarity of
the solvent increases. Use of CLEAs is a univessal cheap alternative to other
crosslinking methods because pure proteins wittarecdd activity and having higher

protein ratios per volume is reached.
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CHAPTER 2

2. PURPOSE

Viscose fabrics are more prone to pilling than ahyhe other fabric types. There
are no cellulase formulations that effectively remdhe microfibrils that cause pill
formation on the surface of the viscose fabricsgikgsive action of the cellulases
causes loss of fabric strength due to the damatfeihighly ordered crystalline regions
of the viscose fibers. One solution to this problenthe design and production of
enzymes with increased molecular weights so thgtesgive action of the cellulases
would be limited to the fabric surface. The aim tbfs study is the design and
production of cellulases and cellulase formulatitimst can alleviate the problem of
pilling and loss of tensile strength in viscosbries and evaluation of their effects on
viscose fabric properties. For this purpose, thhowd this study, both protein
engineering and chemical modification methods wersed seperately and in

combination to obtain enzymes with increased maddeaueights.
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CHAPTER 3

3. MATERIALS AND METHODS
3.1. Molecular Modeling
3.1.1. Molecular Mode's

A novel molecular mechanics approach introduce®éysal and Atilgan was used
to determine the possible loop insertion regiofi$is approach involves the use of
perturbation response theory. Stabilizer motifs B@I were identified using MM
simulations with the application of perturbatiospense theory and flexibility analysis
of EGI with FIRST (Floppy Inclusions and Rigid Substructure Topogsgmoftware

now located in Flexwebhttp://flexweb.asu.edu/software/first/Two potential loop

insertion sites were determined based on these Ha¢se sites were between 1&hd
113" residues and between 158nd 158 residues.

All loop models were constructed using Modeller §&ali & Blundell, 1993)
using endoglucanase 1 native 3-D structure (PDBecd#G1) as a template. Ten
aminoacid long loops composed of four different positions of Lysine and Glycine
residues were introduced into two flexible regioh€GI. Glycines were introduced for
spacing and flexibility, Lysines were introducedtlas crosslinking spots. L1, L2, L3,

L4 were introduced between 15%nd 158 residues and L5, L6, L7 were introduced
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between 11% and 113 residues of the protein. L1 and L5, L2 and L6&3,and L7
have the same loop sequence and composition.

3.1.2. Molecular Dynamics (MD) Simulations

MD simulations were used to analyze the effecthefproposed mutations (L1-
L7) on the native enzyme structure (EGI). NAMD/VMbDftware package was used for
MD simulations (Phillips, et al., 2005). Simulatoorwere performed inside 6 A°
waterboxes under periodic boundary conditions aney twere run at different
temperatures: 300 °K, 400 °K, 450 °K, 500 °K inanrtb see the effect of temperature
on the structure of the enzymes. 2 fs timestep wgasl and data collection was done
every 2 ps. Structures were minimized 10000 stepsguconjugate gradient (CG)

method before the simulations.

Simulations were performed at higher temperatusespeed up the unfolding
kinetics. Unfolding behavior of the enzyme waseefitd by the change in root mean
squared deviation (RMSD) and radius of gyratio®G{R) values with the increase in
temperature. These values were calculated fromtrdjectory files using VMD and
Carma (Glykos, 2006) programs, respectively. BRMSD and RGYR are indicators
of the degree of dissimilarity for the structurdstlze end of the simulation at the
simulation temperature with respect to their ihis&ructures. RGYR indicates how
much the structure spreads out from its centere &izd shape were both taken into
account in RGYR calculations. Shorter simulati¢hss) were performed for EGI and
its all loop mutants. Best loop mutant (EGI_L5) wselected for further detailed
analysis. In order to confirm the unfolding belwavof the native and mutant enzyme
properly, longer simulations (10 ns) were carrietlat 300°K and 450°K. Effect of the
proposed mutation on the active site was analyzedatculating active site residue

distances from trajectory files with VMD programme.

3.1.3. Molecular Mechanics (MM) Simulations

Perturbation response analysis by MM simulationthow developed by Baysal and
Atilgan was also used to study the effect of lawgertion on stabilizer motifs of the
enzyme. The native enzyme EGI is compared to it Imserted mutant EGI_L5
utilizing MM procedure. 10000 step initial minimizan was applied to both enzymes

with CG method until the gradient tolerance wa$)0.0 of each residue was pulled

40



along a distance. New coordinates were fixed. éifergy of the system was minimized
for 400 steps more with CG method. This was repedte each residue in the
sequential order for the model protein.The pullvags used as the perturbation and the
displacement of each residue in response to sucturpation is recorded in a

perturbation-response matitix

Protein stability is defined by, =3 L; /> L; wherdi is the ratio of the total
amount of change that may be induced on the sasiduee by equal amounts of
perturbations inserted in the rest of the protémthe overall ability of a given residue
to induce change in the rest of the protein. Tke fnergy associated with the residue
stability is defined byz\G, = -RTInA Bdysal & Atilgan, 2001). From this perspective,
idle loops will haveAG, < 0, the residues that contribute to stability &malction will
haveAG, > 0, functional loops will havAG, = 0, hydrophobic core residues that have
insignificant contributions to stability or funoti will also haveAG, = 0. AG, /RT
values of each residue were calculated from peatimb-response matrices of EGI and
EGI_L5. The effect of the proposed loop insertiontbe stability of the active site of

the enzyme was analyzed.

3.2. Microorganisms, enzymes and chemicals

Escherichia coli Topl0 F was used as host for the propagationeofvéttors and
subcloningP. pastoris KM71H (aox1::ARG4, arg4) (Invitrogen, San DiegcSA) was
used for recombinant protein expression. pRI€ZAsector (Invitrogen, San Diego,
USA) was used for cloning and protein expressiin.Polymerase and Rapid Ligation
Kit (Fermentas) were used for cloning purposes. Halymerase (Qiagen) was used for
colony PCR. All of the contained chemicals werawélytical grade.

3.3. Site directed mutagenesis

Overlap PCR extension method was applied to intedbie loop mutation. Overlap
PCR extension primers for preparationpbficzaA egll L5 (Figure 9, Table 2) and
pPiczaA egll BC (Figure 10, Table 3) were designed according trdiure (Vallejo,
Pogulis, & Pease, 1994). L5 loop mutation wasoihticed between 1f2and 113

aminoacids. The fidelity of the constructs was coméd by sequencing.
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Figure 9: Overlap extension PCR schematics dgil L5. egll L5 mutant gene
(bottom drawing) prepared froeglls ( top drawing). Overlap extension primers were
denoted with numbers. Added loop domain, L5 waswshas flashes at the end of each
overlap extension primer.

Table 2: Overlap PCR extension primers designeddidr L5 gene.

. Primer Sequence Notes
Primer 1 5'CCGGAATTC CAGCAACCGGGTACCAGCACC 3’ ECcoORI restriction
site

Primer 2 5'ACCTTTCTTACCCTTCTTCTTACCCTTCTTGTCCA L5 sequence
AGTACAATCTTG 3’
Primer 3 5'AAGAAGGGTAAGAAGAAGGGTAAGAAAGGTTCC L5 sequence
GACGGTGAATACGGT 3’
Primer 4 5'CCGICTAGA GCAAGGCATTGCGAGTAGTAG 3'  Xbal  restriction
site
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Figure 10: Overlap extension PCR schematicsefpi BC. egll BC mutant gene
(bottom drawing) prepared fromeglls (top drawing). Overlap extension primers,
overlapping regions were denoted with letters. Alddeerlapping regions were shown
as flashes at the end of each overlap extensiamepri

Table 3: Overlap PCR extension primers designedgidr BC gene.

Primer Sequence Notes
Primera 5 TCCATCCTGTCAGCAACCGGGTACCT 3 LC2 region
Primerb 5 GGGCCATCCAGAATTACAGCAACCGGGTAC  EcoRI restriction site
CT 3

Primerc 5 GCAATGCCTTCCACCACCACCACCTG 3 BL1 region
Primerd 5'CGTCATCGGCTCTAGAGCAGTAGAGTTTGT Xbal restriction site

A3
Primere 5 CCGGTTGCTACAGGATGGAGAGGAA 3! LC1 region
Primerf 5 GTGGTGGTGAAGGCATTGCGAGTAG 3 _BL2region
Primerg 5 CGTCATCGGCTCTAGAZ Xbal restriction site
Primerh 5'GGGCCATCCAGAATTC3 EcoRlI restriction site
3.4. Cloning

A codon optimized (forPichia pastoris) endoglucanase 1 synthetic gemgl1s)
carrying EcoRIl and Xbal restriction sites on each arm was obtained fromeB&T.
Protein sequence of the synthetic gene is idertticBlichoderma reesei endoglucanase
1 (GenBank accession nbl15665. EcoRlI and Xbal sites were added to the gene
flanking regions. For cloningegll, egl3, cbhl and cbh2 genes, total RNA from
Trichoderma reesel QM9414 strain was extracted using RNAeasy RNAasoh kit

(Qiagen) according to the manufacturer’s instrutdiocDNA was synthesized from

43



total RNA using RT-PCREcoRI and Xbal sites were added to the gene flanking
regions ofegll, egl3, Pstl and Notl sites were added to the gene flanking regions of
cbhl, EcoRI andNotl sites were added to the gene flanking regiorsb? during this
RT-PCR reaction. The synthetic gene endoglucanggglls) and the native cDNA’s
were double-digested with suitable restriction enegycouples and ligated into suitable
multiple cloning site of pPicA (eglls, egll, egl3, cbh2) or pPicaB (cbhl) vectors
using Rapid Ligation Kit (Fermentas). All genes &aubcloned irk.coli Topl0 F or
XL1-Blue cells. E.coli cells were cultured on low salt LB plates in thegamce of 25
ug/ml zeocin. Zeocin positive colonies were sekbeted colony PCR with 5° AOX (5°-
GACTGGTTCCAATTGACAAGC-3) and 3 AOX (5°-
GCAAATGGCATTCTGACATCC-3") primers was performed. I6oy PCR positive
colonies were selected and recombinant plasmide wslated using MiniPrep Kit

(Qiagen). Fidelity of the constructs were conédvby sequencing.

3.5. Transformation and Screening

The recombinant plasmids and empty vector ptAcwere linearized with either
Sacl or Pmel or BstXl before transformation according to their restrictisites.
Prepared plasmids and their linearization sitesevatrown in Table 4. This process
resulted in the stable integration of one or midtipopies of the linearized vector at 5’
AOX1 chromosomal locus d®. pastoris KM71H by homologous recombination. All
the obtained transformants were Riiglow methanol utilizing phenotype). Competent
P. pastoris KM71H cells were prepared according to a procedimbining chemical
transformation and electroporation (Wu & Letchwortd004). ~1ug linearized
recombinant plasmid was mixed with competent KM7&élls. The mixture was
immediately transferred to a pre-chilled 0.2cm ®tgaoration cuvette and incubated on
ice for 5 minutes. About 1 ml of ice-cold 1M sodbditvas immediately added to the
cuvette after electroporation. The charging voliaggacitance, and resistance were 1.5
kV, 25F, and 20Q2, respectively. The transformation mixture was agrento YPD
plates containing 100 pg/ml zeocin. The plates weoeibated at 30 °C until the
appearance and growth of colonies (about three)d@g®cin positive colonies were
selected and colony PCR with 5° AOX and 3' AOX pera was performed. Colony

PCR positive colonies were selected.
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Multicopy transformants were selected on BMM-adatgs containing blue colored
Azo- carboxymethylcellulose (Azo- CMC) as a subistraMore active transformants
expressing the enzyme were selected accordingetoethtive radii of the clear zones
around the colonies. When the enzyme was activdegraded Azo-CMC and clear
zones were produced around the colonies as a wdseifizymatic hydrolysis. Selected
clones and their notations used in the research sleswn in Table 4.

Table 4: Plasmid names and linearization sitesifaenes.

Restriction Enzymes

Plasmid for Linearization Clones
pPiczoA Pmel A4
pPiczoA-egll Sacl E12, X11
pPiczaA-egl1n Pmel C5
pPiczoA-egll L5 Sacl D5
pPiczoA-egll BC Sacl F7, F8
pPiczaA-egl3 Sacl C13, Z10
pPiczoB-cbhl BstXI X3

3.6. Copy Number Determination

Copy number ofeglls and egll expression cassettes integrated into Bnghia
pastoris was determined by quantitative real time PCR. SY&®Ren PCR Master Mix
(Fermentas) was used in a BioRAD iCycler accorditog the manufacturer’s
instructions. Genomic DNA was extracted from statpensformants and 100 ng of
genomic DNA was used as a template in the quawgtaeal time PCR reaction.
Primers for the promoter region of AOX gene weredufor quantitative real time PCR.
Primers forPichia pastoris ARG4 gene were used for normalization. It has Beewn
that Pichia pastoris harbors only a single copgf ARG4 gene. Following cycling
parameters and primers were used for the ampldicat Forward ARG4 primer,
5 TCCTCCGGTGGCAGTTCTT 3 reverse ARG4 primer, "5
TCCATTGACTCCCGTTTTGAG 3 forward AOX promoter nier,
5’ ACATCCACAGGTCCATTC 3 reverse AOX promoter prime
5'GGTGTTAGTAGCCTAATAGAAG 3'. Initial denaturationta95 °C for 10 min.; 40
cycles of denaturation at 95 °C for 15 sec., anngalt 60 °C for 30 sec., extension at
72°C for 30 sec.

3.7. Small Scale Expression of recombinant Pichia pastoris strains
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The colonies were inoculated into 50 mL BMG medi§f®0mM potassium
phosphate, pH 6.0, 1.34%YNB, 4X106 biotin and 1% glycerol) and grown (250rpm)
at 30 °C overnight in 250 ml baffled shake flask#en OQyo reached 10 units/ml, the
cells were collected by centrifugation (3000xg, ®mirhe cell pellet was resuspended
in BMM medium (BMG with 0.5% (w/v) methanol instead 1% glycerol) with a
starting ORge of 30 units/ml. The culture was grown for ~ 120uf® at 30 °C.
Methanol was added to a final concentration of AOaj every 24 hours. Cell culture

supernatants were collected every 24 hours.

3.8. Bioreactor Cultivationsof recombinant Pichia pastoris strains

Pichia pastoris clones harboring EGI, EGIn, EGI_L5, EGI_BC, EGI{TBHI,
CBHIl were grown in a 7.5L fermenter (BioFlo 1T0ew Brunswick Scientific) with a
starting volume of 2L at 28 °C and pH 5 with featks of 18 ml/h/L glycerol and 1-12
ml/h/L methanol. EGI_BC subjected to three différtsd-batch fermentations at pH 5,
29°C; at pH 7, 29C and at pH 5, 28C. Three different conditions were applied to
prevent degradation of the product. Invitrogen Cerfermentation medium recipe was
used for fed-batch fermentations along with PTMdcér metal solution. Glycerol was
used as the sole carbon source throughout glybatoh and glycerol fed-batch phases
of the fermentations. Methanol was used as an grdat the AOX promoter during
methanol fed-batch phase of the fermentations. Methlevels were monitored using a
specific methanol probe (Raven Biotech).Fermentapooducts were filtered, buffer
exchanged and concentrated using Sartocon Micro ditdafiltration System
(Sartorius-Stedim). Sartocon Slice 200 HydroSastnioranes with 0.45 micron cutoff
and Polyether sulfone (PES) membranes with 100 &ixh10 kDa cutoffs were used.
Enzymes were either lyophilized after filtration tozen at -20°C for long-term

storage.

3.9. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Zymogram
Analysis
Collected cell culture supernatants were run o8@8-PAGE gel with 5% stacking
gel and 12% separating gel. About 15-20 ul of thgematant was loaded into each
well of the gel. After electrophoresis, the gel wtaned with Coomassie Brilliant Blue
R-250. For the zymogram analysis native SDS-PAGE p&xformed. The gels were
washed with 2.5 % (v/v) TritonX-100- 50 mM sodiumretate solution at pH 4.8 three
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times for 10 minutes.Then, the gels were washel B0t mM sodium acetate buffer at
pH 4.8 three times for 10 minutes. Zymogram analy&s performed using 4-MUC (4-
Methylumbelliferyl beta-D-cellobioside) as a subgtr Activity of the enzymes were
visualized and documented under UV-light. After bpgram analysis, the gels were
stained with Coomassie Brilliant Blue R-250. Alll gghotographs were documented
using Gel-Doc (BioRad).

3.10.Purification of Recombinant Proteins

EGI, EGIn, EGI_BC and EGI_L5 were purified usinggeaerated amorphous
cellulose (RAC) as an affinity chromatography matrBatch affinity purifications of
both enzymes were obtained. Hong et al.’s puriicaimethodology was employed
with slight modifications (Hong, Ye, Wang, & Zhar2)08). Avicel Ph105 was used
for the synthesis of regenerated amorphous ce#luloBurification was performed at
room temperature. Recombinant cellulases were celuwigh ethylene glycol and
ethylene glycol was further removed and exchangéd %0 mM Sodium acetate buffer
(pH 5) due to its interference with BCA proteinagsby ultrafiltration through 10 kDa
cutoff Vivaspin 500 membrane spin filters (Sartertstedim).

3.11.Protein Assays

Protein concentrations were determined using BC#dhr Assay Reagent (Pierce)
according to manufacturer’s instructions. Bovinsugealbumin was used as the protein

standard.

3.12.Enzyme Assays

All CMC activity assays were performed in triplieatwith a standard deviation of
below 10%. All 4-MUC activity assays were perfodria duplicates or triplicates with

a standard deviation below 10%.

3.12.1. Effect of Temperature on Enzyme Activity

Activity of each enzyme at different temperaturgs°C -95 °C) were determined
by 3,5Dinitrosalicylic acid (DNS) method against 0.5 % CMC (w/v) in 50 mM
sodium acetate buffer (pH 4.8) (Ghose, 1987). Eanhyme and substrate was
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preincubated for 5 minutes at each assay temperaeperately. Enzyme and the
substrate were incubated at the assay temperatur&Of minutes. Reducing sugars
produced were measured at 550 nm. Glucose wasagsedtandard. Residual enzyme
activity was calculated by taking the maximum atfief the enzyme at the determined

temperature as 100 %.

3.12.2. Effect of pH on Enzyme Activity

Activity of each enzyme at different pHs (pH 3Wwgre determined using 3,5-
Dinitrosalicylic acid (DNS) method against 0.5 % CMC (w/v) in differgai buffers
for 10 minutes at 55 °C. Reducing sugars produce \wneasured at 550 nm. Glucose
was used as a standard. Residual enzyme activity caéculated by taking the

maximum activity of the enzyme at the determinedgsH .00 %.

3.12.3. 4-MUC Assays

4-MUC assay was performed for fermentation prodactording to (Chernoglazov,
Jafarova, & Klyosov, 1989). Fermentation samplesewecubated with 0.5 mg/ml 4-
MUC in 50 mM sodium acetate buffer at pH 4.8. Kioetnalysis was performed at 25
°C, 30 °C or 45 °C for 30 minutes. 4-Methylumbelfdne (4-MU) was used as the
standard. Liberated 4-MU was measured with a flemgace spectrophotometer with

excitation at 363 nm and emission at 435 nm.

3.12.4. Stability assays

Enzyme stability was determined by first incubatearh enzyme at 100 °C for 10
minutes. Enzymes were then chilled on ice for 1@utds. Standard CMC assay was
performed to 100 °C incubated and unincubated eazyamples at 55 °C and pH 4.8
for 10 minutes. The stability of each enzyme wdsutated with respect to its normal
activity in the form of retained activity.

Residual enzyme activity at 50 °C was determinedirimubating both of the
enzymes at 50 °C for Oh to 72h and assaying thgnemzactivities against 1% CMC
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(w/v) at 50 °C and pH 4.8 for 10 minutes. Activdf/the enzymes with no incubation
(time 0) at 50 °C were taken as 100 %. At least imaependent activity tests were
carried out for each incubation. At each incubatiome, recombinant enzymes were

assayed in triplicates with a standard deviatidowd 0 %.

Residual enzyme activity at 70 °C was also deteethiby incubating both of the
enzymes at 70 °C for Oh to 2h and assaying theme@zyctivities against 1% CMC
(w/v) at 50 °C and pH 4.8 for 10 minutes. Activdf/the enzymes with no incubation
(time 0) and assayed at 50 °C were taken as 1n%Zyme activity was determined in

triplicates with a standard deviation below 10 %.

3.13.CLEA Preparation

3.13.1. CLEA preparation from commercial cellulase

CLEA of Gempil 4L was prepared according to Schaevat al. with slight
modifications (Schoevaart, et al., 2004; SheldamoBvaart, & Langen, 2006). Acetone
was used as the precipitant solution. 200 ml ar@ 80 of the enzyme solution was
added to an Erlenmayer flask with a magneticestipar (batch 2 and batch 3 CLEA).
CLEA of Gempil 4L was prepared at room temperatuitt constant mixing. 1800 mi
and 4500 ml of the precipitant solution containgigtaraldehyde as the crosslinker at
pH 7.3 was added drop by drop to the enzyme mixnaspectively. The suspensions
were stirred for 1 hour. The reaction was quendhethe addition of 200 ml and 500
ml of 1M Tris solution at pH 8, respectively. Thaspensions were vacuum filtered
through 10 pm metal filter and washed with exces®unts of 0.1 M Potassium
phosphate buffer at pH 7.3. As a final step, CLBarticles of Gempil 4L were washed
with acetone and dried overnight at room tempeeatuDried CLEA particles were
ground using TissueLyzer (Qiagen) apparatus fomidute at a frequency of 1/30
(1/sec). The ground CLEA particles were separéi@sed on their sizes by further
filtering them through metal filters of differenizes ( 10 um, 25 pum, 33 um, 45 um, 77
pum, 154 pm, 288 pum, 1980 um).

3.13.2. CLEA preparation from EGI and EGI_L5

CLEA of EGI and EGI_L5 weren also prepared accaydmSchoevaart et al. with
slight modifications (Schoevaart, et al., 2004, |8be, et al., 2006). Acetone was used
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as the precipitant solution. 20 ml and 100 ml &f #GI_L5 solution were added to
Erlenmayer flasks with magnetic stirrer bars. CLBAGempil 4L was prepared at
room temperature with constant mixing. 180 ml af@ &l of the precipitant solution
containing glutaraldehyde as the crosslinker at7pBiwas added drop by drop to the
enzyme mixtures, respectively. The suspensions aigred for 1 hour. The reactions
were quenched by the addition of 20 ml and 100fiM Tris solution at pH 8. The
suspensions were vacuum filtered throughufO metal filters and washed with excess
amounts of 0.1 M Potassium phosphate buffer at 3HAs a final step, CLEA of the
recombinant enzymes were washed with acetone aret dwernight at room

temperature. Dried CLEA patrticles were ground gisitetal steel balls and vortexing.

3.14.Enzymatic Biofinishing of Viscose Fabrics

100 % viscose supreme (single Jersey) knitted dakindly provided by Denge
Chemicals used for biopolishing. It had a fabrimsisy of 137 g/ The fabric was
bleached and primary fibrillation was performed0%0viscose knitted fabric was used
for biopolishing with CLEAs.

Biopolishing of viscose fabric with enzyme sampieas performed in shaker
incubators under constant shaking (250 rpm) atG5H 4.8 in 0.05 M NaOAc buffer
for 2 hours in 1 L Erlenmayer flasks. Liquor ratib1:9 was used in all tests. A special
plastic container with a embroidery hoop like ajppas was prepared for CLEA
biopolishing experiments. This apparatus acted lasl@er for the fabric. A liquor ratio
of 1:50 was used with the apparatus and the camtaiousing the apparatus was put in a
shaker incubator for biopolishing under constaiksig (150 rpm) at 55 °C, pH 4.8 for
2 hours. A hybridization chamber and its bottlesravalso used for biopolishing

experiments under constant rotation (15 rpm) &tG5H 4.8 for 2 hours.

180 ul of the commercial enzyme (Gempil 4L) was used biopolishing of 1 g
viscose fabric in all experiments. Quantity of tiedified enzymes and recombinant
enzymes used for biopolishing were determined hiyguan activity equivalent of the
modified or recombinant enzyme with respect to Geédip That is the fraction of the
modified enzyme exhibiting the same activity as tia¢ive enzyme according to the

CMC assay was used.
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3.15. Light Microscope and SEM Characterization

Enzyme treated and untreated fabric samples weaby/zed with a digital light
microscope and their photographs were taken undgedifferent magnifications (~15X
and ~200X).

SEM characterization of the enzyme treated, matlifenzyme treated and
untreated fabric and fibers was performed with Ger@upra 35VP without coating and
under low accelerating voltage (0.9 kV) and wittvarking distance of 4 mm using the

Inlens detector .

3.16.Pilling Test

All the tests were performed in Denge ChemicalssiRisyLaboratory. Martindale
2000 pilling machine was used at 125 to 2000 rphe Teference photographs used
were EMPA Standart SN 198525 K3. The photograpbeevevaluated according to
AATCC (Association for American Textile Chemistsda@olorists) standards with eye
examination. All the values are the weighted avesagf the five measurements. For
pilling measurements, a five-point evaluation syste used. 1 indicates intense pilling
and 5 indicates no pilling.

3.17.Bursting Strength Test

Bursting strength tests for enzyme treated andeated viscose fabrics were
performed in James H. Heal testing machine accgrdm AATCC. Quadruple
measurements were taken for each sample fabri¢henend values were the weighted

averages of those.
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CHAPTER 4

4. RESULTS

4.1. Modelling and production of Trichoderma reesel endoglucanase 1 and its
mutant in Pichia pastoris

4.1.1. Molecular Modelling

Molecular dynamics simulations of all loop modetsstructed with Modeller 8v2
were analyzed and RMSD(Root Mean Squared Deviateon) RGYR (Radius of
Gyration) of the simulated structures were cakaddrom trajectory files as a function
of simulation time. RMSD and RGYR of all loop mutarand EGI derived from 4 ns
long MD simulations at 450 °K were shown in Figiideand 12, respectively.

According to RMSD analysis, EGI_L5 loop mutant ved®sen as a candidate for
MM and longer MD simulation studies because oftitgectory’s similarity to EGI
structure during 4 ns of MD simulations. EGI_L5 #ited slightly better properties in
terms of RMSD in comparison to all other mutantstle last 3000 ps of MD
simulations. At high temperature while rest of #teictures’ RMSD from the original
structure were increasing, EGI _L5’s RMSD was lowen all other loop mutants at
450 °K , meaning the loop insertion L5, renderesl ¢hzyme more stable with respect
to other loop mutations. RGYR of all loop mutantsl &Gl did not follow a similar
pattern as the RMSD data. RGYR calculations inddtahat on the overall, EGI and
EGI_L2 structures were more compact than all ofterctures. But EGI_L2 structure

performed poorly in terms of RMSD from its origirsfucture and also with respect to
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EGI. 10 ns long MD simulations of EGI and EGI_L5380 °K (Figure 13) indicated an
increase in the RMSD of EGI_L5 with respect to BSlexpected and at 450 °K (Figure
11, small figure inside) the RMSD ofuMf EGI_L5 have exhibited a slight increase in
comparison to EGI structure, thus a slightly maresk structure. At 30K both EGI
and EGI_L5 structures have shown no signs of uirfgldVioreover, active site residue
distances calculated from 4ns long MD simulatioasehexhibited that the distance
between active site Glu205 (196 in original stroefuand His221 (212 in original
structure) residues have increased by 0.5544 the distance between active site
Asp207 (198) and Glu210 (201) residues have inectay 0.21 A on the average in
EGI_L5 with respect to EGI. The distance betweep285 (198) and His221 (212) was
not affected at all. Active site remained almagact during 4 ns MD simulation for
both structures (Figure 14). Superimposed EGI B@l L5 structures (energy

minimized) were shown in Figure 15.

RMSD(A®

0 2000 4000
Time(ps)

Figure 11: RMSD (A°) of EGI, EGI_L1, EGI_L2, EGI_LBGI_L4, EGI_LS5, EGI_LS6,
EGI_L7 along simulation time (ps) during 4ns MD siations at 450 °K.
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Figure 12: RGYR (A°) of EGI, EGI_L1, EGI_L2, EGI_LEBGI_L4, EGI_LS5, EGI_LS6,
EGI_L7 along simulation time (ps) during 4ns MD siations at 450 °K.
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Figure 13:RMSD (A°) of EGI vs EGI_LS5 along simulation times{pduring 10 ns MD
simulations at 300 °K.
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Figure 14: Distance of active site residues to edbbr during 4 ns MD simulations of
EGI and EGI_LS5.

Figure 15: Superimposed structures of EGI and lmopant EGI_L5. L5 was inserted
between residues 112nd 113 of EGI.
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Figure 16: EGI and EGI_L5 stability coefficientsladated for each residue from
molecular mechanics simulations. Stability coeffiti > 0 indicates a less rigid
structure whereas stability coefficient < O indesat more rigid structure.

Molecular Mechanics simulation results of EGI ar@ BH.5 are shown in Figure 16
and 17. Stability coefficient >0 indicated a lesgid, more flexible structure.
Introduction of a ten aminoacid loop composed o§ihg and Glycine between 12
and 11% residues kept the active site more intact sineestiability coefficient was
more negative in loop inserted structure compacethé native EGI. The flexibility
around the active site decreased in the loop mufaobably giving the enzyme a
slightly more stable structure. The flexibility thfe loop region was higher as expected.
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Figure 17: EGI and EGI_L5 stability coefficientslatdated for each residue from
molecular mechanics simulations (for simplicityalstity coefficients for residues 100-
230 are shown). Stability coefficient > 0 indicate less rigid structure whereas
stability coefficient < O indicates a more rigidustture.

4.1.2. Production of Recombinant Enzymes and Fermentation

egll L5 gene is obtained by overlap PCR extension methai@ 18). After the
loop insertion via overlap PCR extension method, dbne was inserted into pRiéz
plasmid and then transformed irRopastoris. Best clones expressing the recombinant
enzymes EGI and EGI_L5 were selected on BMM-agatepl containing Azo-CMC as
the substrate. EGI clone E12 was utilized for famtation due to its higher activity
against Azo-CMC on BMM-agar plates. EGI_L5 clomese found to exhibit more or
less the same activity. As a result, EGI_L5 clortevizas chosen for fermentation and

further analysis.
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1341 by
1000 bp

400 bp

Figure 18: Overlap extension PCR results for thedpction ofegll L5 gene.
Primers in Table 2 are used to produce partsgtf gene. 1land 5: GeneRuler DNA
Ladder Mix (Fermentas), 2: empty well, &1 L5 1 (~380 bp with overlap extension
sequences), 4egll L5 2 (~1000 bp with overlap extension sequences)egbt L5
gene (~1341 bp).

Both EGI clone E12 and EGI_L5 clone D5 were sulgécto fed-batch
fermentation. Fermentation products were colkbettedifferent time points throughout
the fermentation process. SDS-PAGE and activitylysis of fermentation products
collected at different time points are shown inufey19. Growth rates of the clones
were followed by measuring and calculating cell digights (CDW) for each sample
collected at different time points. For each sang@lctivity against 4-MUC was
evaluated according to the rate of formation of W-lder minute at 25 °C. Methanol
concentration at each time point of fermentations waonitored using a specific
methanol probe inside the fermenter. Fermentatata dnalysis for EGIl and EGI_L5
producing clones are shown in Figure 20 and Figurerespectively. Growth rates and
expression profiles were found to be very simitarEGI and EGI_L5 during fed-batch
fermentations. Enzyme activity and enzyme productvas found to be increased with

the increase in methanol concentration.

There was no enzyme production in glycerol batath ggicerol fed-batch phases in
both fermentations as expected. EGI started forbéuced after 24 hours and EGI_L5
after 20 hours with methanol induction of the AO¥omoter. During methanol fed-
batch phase cell growth was minimal. The actigited each recombinant enzyme

produced were maximal at the end of the fermentatio
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Figure 19. Zymogram (upper picture) and SDS-PAGEvdr picture) analysis of
fermentation products. 1-6: PageRuler Protein Laddi® (Fermentas), 2: EGI Oh, 3:
EGI 16h, 4: EGI 41h, 5: EGI 46h, 7: EGI_L5 Oh, &IEL5 14h, 9: EGI_L5 38h, 10:
EGI_L5 63h.
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Figure 20: Fermentation data analysis for EGI fatth fermentation. 0-16h glycerol
batch phase, 16h-20h glycerol fed-batch phase,4Bbhmethanol fed batch phase.
CDW: Cell Dry Weight. Specific activity (([4MU] @duced per min) /pg of produced
protein (mM/min* pg)).

EGI_L5 Fermentation Data
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Figure 21: Fermentation data analysis for EGI_LB-batch fermentation. 0-15h
glycerol batch phase, 15h-20h glycerol fed-batchsph 20h-63h methanol fed batch
phase. CDW: Cell Dry Weight. Specific activity4flU] produced per min) /ug of
produced protein (mM/min* ug)).
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Figure 22: SDS-PAGE of affinity batch purified E&hd EGI_L5 (12 % SDS-PAGE
gel). 1. PageRuler Protein Ladder Mix(Fermenta), EGI fermentation product, 3:
purified EGI, 4: EGI_L5 fermentation product, 5riped EGI_LS5.

4.1.1. Purification of Recombinant Proteins

Both enzymes were purified to homogeneity aftechaiffinity purification with
RAC. Only one glycosylation form around 70 kDa vpasified with RAC (Figure 22).
The purified component was the most active amomhgroglycosylation products for
both EGI and EGI_L5. Activity of both purified eytmaes indicated that EGI has the
same specific activity as EGI_L5 against 4-MUC &t 4C, at the same protein

concentration (Figure 23).
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Figure 23: Activity of purified EGI and EGI_L5 ahé same protein concentration
against 4-MUC at 45 °C. Activity was determinedenms of relative florescence units
(RFU) .
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4.1.1. Zymogram Analysis

Activity of the produced recombinant enzymes wemnitored qualitatively using a
zymogram gel analysis. 4-MUC was used as the stbstor the analysis. EGI
produced recombinantly iRichia pastoris was found to have more than one protein
band with activity against 4-MUC. These were thautp be different glycosylation
(50, 70 kDa) and/or dimerization products (100 kiFapure 19). EGI_L5 exhibited
lower activity against 4-MUC in the zymogram anays It was also found to have
more than one enzymatically active component, ~Ka product being the
predominant one, and a probable glycosylation pb@¢u70 kDa). Both forms were

found to be active against 4-MUC (Figure 19).

4.1.1. Activity and Stability Analysis

Temperature activity profiles of EGI and EGI_L5 guced by fermentation were
determined using DNS method and 0.5 % CMC (w/v)sabstrate (Figure 24).
Activities of both recombinant enzymes at differéamperatures exhibited similar
profiles. EGI exhibited maximal activity at 45 “&hd 55 °C whereas EGI_L5 was
found to be have a maximum activity at 35 °C. Betlzymes showed activity over a
broad temperature range (between 15 °C-65 °C).hoAlgh EGI_L5 had a reduced
activity at 55 °C with respect to EGI, it showedslgghtly higher relative enzyme
activity at 65 °C, 75 °C and 85 °C. Both enzymegtkel0 % of their activities at 75 °C
and 30 % of their activities at 85 °C. pH activiisofiles of EGI and EGI_L5 between
pH 3 and pH 6 are shown in Figure 25. Both enzysiesved maximal activity at pH
5. pH activity profiles of both enzymes were obsérto have followed a very similar
pattern. Enzymes were found to be almost inacettygH 3. Moreover, after 10 minutes
incubation at 100 °C EGI and EGI_L5 were found dtain 94,76 % and 95,41 % of
their activities, respectively. The pl's of the E&id EGI_L5 calculated with ExPASy
(Bjellgvist, et al., 1993) were 4.66 and 5.35, exgjvely. Although the calculated pl
of EGI was shifted almost one pH unit with the aginction of a ten aminoacid loop, its
pH profile did not change Both EGI and EGI_L5 wsh®wn to keep 65 % and 57 %
of their activity at 50 °C after 72 hours inculbatiat 50 °C, respectively. Additionally,
it was shown that EGI lost its activity more ragidipon prolonged incubation at 50 °C
(after 24h to 72h) (Figure 26). Moreover, both eneg have exhibited similar patterns
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for their residual enzyme activities upon incubatat 70 °C for 2 hours (Figure 27) .
EGI has shown a 5.3 % decrease in residual enzgiatyawhereas EGI_L5 has lost
18 % of its activity after 2 hours of incubation7dt °C. Kinetic constants for EGI and

EGI_L5 calculated from their activity against 4-MW@€45°C were shown in Table 5.
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Figure 24. Effect of temperature on hydrolysis 05 @ CMC (w/v) by EGI and
EGI_L5. The activity was determined by incubatiragle enzyme at each temperature
for 10 minutes at pH 4.8. The experiments weregoeréd in triplicates with a S.D. of
below 10%. The products were analyzed using DNfoadkefor reducing sugars.
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Figure 25: Effect of pH on hydrolysis of 0.5 % CM®@/v) by EGI and EGI_L5. The
activity was determined by incubating each enzytemah pH for 10 minutes at 55 °C.
The experiments were performed in triplicates wit8.D. of below 10%. The products
were analyzed using DNS method for reducing sugars.
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Figure 26: Residual activity of EGIl and EGI_L5 & 8C upon incubation for 0 to 72
hours at 50 °C against CMC at pH 4.8.
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Table 5: Kinetic constants for EGI and EGI_L5 c#ted from their activity against 4-
MUC at 45 °C.

Enzyme Km(mM) Kcat(1/sec) Kcat/Km(1/sec*mM)
EGI 0,332 1,804 5,44
EGI L5 0,355 0,0257 0,0724

4.2. Effect of codon optimization on the production of EGI in Pichia pastoris

4.2.1. Production of Recombinant Enzymes and Fermentation

Endoglucanase 1 dfrichoderma reesei is successfully produced Richia pastoris
for the first time as an active and stable catalisthia pastoris endoglucanase 1
expression yield is comparable to the ones reparntdtie literature(Nakazawa, et al.,
2008; M. E. Penttila, Andre, Saloheimo, Lehtovaa&a, Knowles, 1987). The
recombinant enzyme exhibited similar activities aogs soluble substrates such as
CMC and 4-MUC. In addition to endoglucanase 1 eggion inPichia pastoris, the

effect of codon optimization on the EGI expressioas studied.

Comparison of the codon usage of egll and egllsthét of Pichia pastorid using

a codon usage databagsty://www.kazusa.or.jp/codgrindicated that frequencies of

individual codons of egll is different from thoseRichia pastoris (Table 6). Around
81301 codons dPichia pastoris was used by the database to form Phghia pastoris
codon usage frequencies. Average GC conteRiafia pastoris was calculated to be
42.73 %. Moreover, codon adaptation index (CAlegll gene was increased from
0.55 to 0.91 after optimization. Average GC cohteas reduced to 46 % from 62 %.
Four prokaryotic inhibitory motifs and five AT-riabr GC-rich sequence stretches were

removed upon optimization.

Colony PCR positive clones were selected for clgnamd enzyme production
(Figure 28 and 29). Best clones expressing thembowmnt enzymes EGI and EGls
were selected on BMM-agar plates containing azo-CadGhe substrate. Clones that
exhibited better activity on azo-CMC containing BMidar plates were chosen for
further analysis. Real-time PCR analysis of AOXmater regions revealed the copy
number of the clones. It was found that EGIs clB@2 and EGI clone C5 have 2.1 and

1.9 copies ofeglls and egll expression cassettes on the average, respectiedn
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though we have higher endoglucanase 1 expressmmgs;| in order to compare the
effect of codon optimization on production ratesiveee selected the clones having the
same copy number. As a result, EGIs clone E12E@&tclone C5 were chosen for

fermentation and further analysis.

Table 6: Comparison of codon usageinhia pastoris genes with that in native and
codon-optimizeagl1l genes. Highligted values show the improved codons.

Frequency™ Frequency*
Aminoacids Codons  Pichia eglls egll Aminoacids Codons  Pichia eglls egll
pastoris pastoris
ILE ATT 0.50 0.33] 0.25 SER TCT 0.29 0.14
ATC 0.31 0.67 0.75 TCC 0.20 0.58 0.12
ATA 0.18 0.00 0.00 TCA 0.18 0.02 0.02
LEU CTT 0.17 0.04 0.12 TCG 0.09 0.02 0.25
CTC 0.08 0.00 0.42 AGT 0.15 0.00 0.00
CTA 0.11 0.00 0.00 AGC 0.09 0.00 0.47
CTG 0.15 0.00 0.37 TYR TAT 0.47 0.09 0.17
TTA 0.16 0.00 0.00 TAC 0.53 0.91 0.83
TTG 0.33 0.96 0.08 TRP TGG 1.00 1.00 1.00
VAL GTT 0.42 1.00) 0.05 GLN CAA 0.61 0.16
GTE 0.23 0.00 0.63 CAG 0.39 0.58 0.84
GTA 0.15 0.00 0.00 ASN AAT 0.48 0.11 0.03
GTG 0.19 0.00 0.32 AAC 0:52 0.89 0.97
PHE TTT 0.54 0.11 0.11 HIS CAT 0.56 0.00 0.17
TTC 0.46 0.89 0.89 CAC 0.44 0.83
MET ATG 1.00 na** na** GLU GAA 0.56 0.30 0.00
CYS TGT 0.64 0.14 GAG 0.44 0.70) 1.00
TGC 0.36 0.05 0.86 ASP GAT 0.58 0.09 0.14
ALA GCT 0.45 1.00 0.08 GAC 0.42 0.91 0.86
GCC 0.26 0.00 0.71 LYS AAA 0.47 0.00 0.10
GCA 0.23 0.00 0.04 AAG 0.53 1.00 0.90
GCG 0.06 0.00 0.17 ARG CGT 0.16 0.00 0.00
GLY GGT 0.44 0.86 0.10 CGC 0.05 0.00 0.37
GGC 0.14 0.00 0.67 CGA 0.10 0.00 0.00
GGA 0.33 0.14 0.06 CGG 0.05 0.00 0.25
GGG 0.10 0.00 0.16 AGA 0.48 1.00 0.00
PRO CCT 0.35 0.04 0.17 AGG 0.16 0.00 0.37
CcC 0.15 0.00 0.54 STOP TAA 0.50 na** na**
CCA 0.42 0.92 0.04 TGA 0.19 na** na**
CCG 0.09 0.04 0.25 TAG 0.31 na*¥* na**
THR ACT 0.40 0.96 0.15 *:frequencies of individual codons are shown for
ACC 0.26 0.02 044 each corresponding amino acid.
**: not applicable since during cloning pPiczaA
ACA 0.24 0.02 0.09 vector Start and Stop codons used before a-factor
ACG 0.11 0.00 0.33 secretion signal and after 6X-His tag and myc
epitope, so these sequences are not taken into
consideration.
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2000 bp

Figure 28: Colony PCR for subcloned
eglls (lanes 2-4) anagll (lanes 6 and

7) genes using 5’ and 3' AOX primers.
1: Gene Ruler High Range and Low
Range DNA Ladder (mixed,

Fermentas), 2: Colony 1(Colony PCR
+), 3. Colony 2(Colony PCR -), 4:

2000 bp

Figure 29: Colony PCR foeglls and
egll expression cassettes transformed
into Pichia pastoris KM71H using 5’
and 3 AOX primers. 1 and 18:
GeneRuler Ladder Mix (Fermentas), 2-
17: pPiczaAeglls transformants (5 is
Colony PCR +), 19-21: pPiczaagll

Colony 3(Colony PCR -), 5: GeneRuler transformants (9 is Colony PCR +).

Ladder Mix(Fermentas), 6: Colony
4(Colony PCR +), 7: Colony 5(Colony
PCR +).

To evaluate enzyme production rates, EGIs clone &i@ EGI clone C5 were
grown in shake flasks at 30 °C in BMM. It was fduthat the average rates of
production of enzymes were similar in both cloned aet cell weight calculations
indicated that the growth rates of the clones vatse similar (Figure 30). It was also
observed that due to pH fluctuations, uneven methanaporation, and relatively
uncontrollable growth conditions, the rates of eneyproduction vary with each batch.
In order to alleviate this problem and to providenare controllable, stable growth
conditions, these clones were grown in a 5L ferment Batch and fed-batch

fermentations were applied.
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~120kDa
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Figure 30: Zymogram analysis of expressed EGIsE@d in shake flasks against 4-
MUC. 1:Prestained Size marker (PageRuler Plus, &etas). 2: EGI at Oh, 3. EGI at
24h, 4: EGI at 48h, 5:EGI at 72h, 6: EGIs at OHEGls at 24h, 8: EGIs at 48h, 9: EGIs
at 72h.

During batch fermentations both enzymes were fotode produced actively.
Zymogram analysis of the culture supernatants tedethat enzymes were active and
that their expression levels were similar (Figui@. uantitative enzyme assays of the
culture supernatants against 4-MUC indicated tlalisEvas expressed as a more active

protein throughout the batch fermentations than @jure 32).

1 2 3 4 56 7 8 91011 12

EGI andEGIs "-EDkDa
0kDa

activity

Figure 31: Zymogram analysis of expressed EGIs B@d as batch fermentation
products against 4-MUC. 1-7: Size Marker, PageRudelder Mix (Fermentas). 2: EGI
at Oh, 3: EGI at 24h, 4: EGI at 48h, 5: EGI at /2hEGI at 96h, 8: EGIs at Oh, 9: EGls
at 24h, 10: EGIs at 48h, 11: EGIs at 72h, 12: EBGB6h.
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Figure 32: Activities of EGIs and EGI against 4-MUl@oughout batch fermentation.
Activities were expressed as 4MU produced from 4@Apker minute divided by cell
dry weight. Only samples after methanol inducticarevshown.

Although total protein produced from batch ferméntaof EGIs is less than EGI’s,
EGls specific activity against 4-MUC is higher thBGI| starting from 30 hours to 60
hours of fermentation time. Both EGIs and EGI eibib similar specific activities
against 4-MUC after 60 hours of fermentation tifeeazyme productivity calculations
showed that both EGIs and EGI total protein progitgtdecreased with time during
batch fermentation from the start. EGI total protproductivity decreased to a lesser
extent. Despite the fact that both EGls and EGhéartation products were degraded
during batch production, recombinant EGl and EGlsrenresistant to proteolytic
degradation by Pichia proteases which makes thesal idandidates for enzyme
production inP. pastoris. EGIs and EGI enzyme activity per g total proternduced
were increased to 53.77 RFU/min/g and 43.23 RFUfmnespectively. This indicates a
1.24 fold increase in enzyme activity per total tpno produced. On the overall,
although EGI total protein productivity was fourml le more than EGIs on the total

protein production level, EGIs was produced as eemotive protein product.

Both EGIs clone E12 and EGI clone C5 were subjetdef@d-batch fermentation.
Fermentation products were collected at differemhet points throughout the
fermentation process. Activity analysis of fermeiota products collected at different
time points and SDS-PAGE of fermentation producés sbhown in Figure 33 and 34
Growth rates of the clones were followed by measuand calculating cell dry weights
(CDW) for each sample collected at different tim@nps. For each sample, activity
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against 4-MUC was evaluated according to the rafe fmmation of 4-
Methylumbelliferyl (4-MU) per minute at 30 °C. Mwnol concentration at each time
point of fermentation was monitored using a specifiethanol probe inside the
fermenter. Growth rates and expression profilesevieund to be very similar for EGI
and EGIs during fed-batch fermentations. Enzymivigc and enzyme production
were found to be increased with the increase irharail concentration. Although in fed
batch fermentations both enzymes have exhibitedasimrofiles, we can not directly
compare their enzyme production rates since thethanol feed rates did not follow

the same pattern due to manual adjustments.

35
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Figure 33: Activities of EGIs and EGI against 4-MUtbroughout fed batch
fermentation. Methanol concentrations throughoutmémntations measured with
methanol detection probe were also shown. Glyckret rates were kept as 18.15
ml/h/L initial fermentation volume Methanol feedea were kept between 1-12 ml/h/L
fermentation volume. Activities were expressed BHJ4produced per minute divided
by cell dry weight.

— | 200kDa
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Figure 34 : SDS-PAGE of affinity batch purified EEGEnd EGI (12 % SDS-PAGE gel).
Expected molecular weight range for EGI and EGIs 8@ to 70 kDa. 1: EGI
fermentation product, 2: purified EGI, 3: PageRWeotein Ladder Mix (Fermentas), 4:
EGls fermentation product, 5: purified EGIs.
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4.2.2. Purification of Recombinant Proteins

Both enzymes were purified to homogeneity after step rapid batch affinity
purification with RAC. Only one protein band arour@d kDa was purified with RAC
(Figure 34).

4.2.3. Activity and Zymogram Analysis

Activity of the produced recombinant enzymes wenitored qualitatively using
a zymogram gel analysis. 4-MUC was used as thetratddor the analysis. EGIs
produced recombinantly iR. pastoris was found to have more than one protein band
with activity against 4-MUC. These were thoughbwdifferent glycosylation (50, 70
kDa) and/or dimerization products (100 kDa) (Fig@feand 31). Expected molecular
weight for EGI and EGIs is around 50 to 70 kDa @4.Penttila, et al., 1987) which
changes according to the glycosylation patternthefhost organism. EGI exhibited
lower activity against 4-MUC in the zymogram an&yslIt was also found to have
more than one enzymatically active component, ~KI¥a product being the
predominant one, and a probable glycosylation prbdaround 70 kDa. Both forms
were proved to be active against 4-MUC. RAC pulifieGl and EGIs were found to
exhibit activities of 73.9 and 83.9 RFU/min/ug yme against 4-MUC. EGIs was
shown to be more active against 4-MUC. Moreo¥sls was found to exhibit a
temperature optimum between 35-55 °C (Figure 3Bad a pH optimum around 5
(Figure 35b) against CMC. Nakazawa et al. cloned é&®alytic domain irk. coli and
found that the thermal stability of the recombin&@I catalytic domain was reduced
to less than 80 % after 60 minutes incubation atG0Our recombinant enzyme was
found to retain almost 96 % of its activity upoacubation at pH 4.8 at 50 °C for 5, 24
and 48 hours and 80 % of its activity after 72 Isodrhis more prolonged stability

might be due to the glycosylation of the recombirezyme byP. pastoris.
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Figure 35: a) Effect of temperature on recombiria@t activity against CMC. Activity
is shown as % activity. Maximum activity was takes 100%. b) Effect of pH on
recombinant EGI activity against CMC. Activity i©iavn as % activity. Maximum
activity was taken as 100%. All CMC activity measuents were done as triplicates
and all standard deviations were below 10 %.

4.3. Cloning and Production of Recombinant Enzymes and Mutants
4.3.1. Production of EGI_BC

egll bc gene is obtained by four rounds of overlap PCRresiten and with gel
purification of the gene (Figure 36). After tlegll BC gene production via overlap
PCR extension method, the gene was inserted intczg@® plasmid and then
transformed intd®. pastoris. Colony PCR was performed on zeocin positive mel®
(Figure 37). Best clones expressing the recombieanyme EGI_BC were selected on
BMM-agar plates containing Azo-CMC as the substr&&I|_BC clone F8 was utilized
for fermentation due to its higher activity agaiAgo-CMC on BMM-agar plates.

30006p
~2570bp
1500 bp

1000 bp

100bp

Figure 36: Overlap extension PCR results for tradpction ofegll bc gene. Primers
in Table 2 are used to produce partegil gene. 1: Gene Ruler High Range and Low
Range DNA Ladder (mixed, Fermentas), 2. AD1 gene catalytic domain (~1151 bp
with overlap extension sequences), 3: CE: linkgrare (~88 bp with overlap extension
sequences), 4: CD; AD+ CE overlap extension PCRIymb (~1250 bp with overlap
extension sequences), 5: Big|1 gene (~1328 bp with overlap extension sequen6ées),
6: GeneRuler Ladder Mix (Fermentas), 7: Gbl;1 bc gene (~2570 bp).
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1000 by

Figure 37: Colony PCR foegll_bc expression cassette transformed iRtchia
pastoris KM71H using 5’ and 3’ AOX primers. 1. GeneRulerdder Mix (Fermentas),
2: pPiczaAegll _bc transformant (Colony PCR +) (~3150-Bp88 bp AOX region+
2570 bpegll _bc gene).

EGI_BC subjected to three different fed-batch fartagons at pH 5, 29C; at pH
7, 29°C and at pH 5, 28C. Fermentation products were collected at diffeteme
points throughout the fermentation process. Graowaths of the clones were followed
by measuring and calculating cell dry weights (CDif) each sample collected at
different time points. For each sample, activityaiast 4-MUC was evaluated
according to the rate of formation of 4-MU per ntmwper ml at 45 °C. Methanol
concentration at each time point of fermentations waonitored using a specific
methanol probe inside the fermenter. Fermentataia dnalysis for EGl_BC producing
clone at under three different conditions are shawnFigure 38, 39 and 40,
respectively. Growth rates and expression profiese found to be very similar for
EGI_BC in comparison to EGI fermentation during-fetch fermentations at pH 5 and
29 °C. Enzyme activity and enzyme production was fotmdye increased with the
increase in methanol concentration. There was agnea production in glycerol batch
and glycerol fed-batch phases in both fermentatasnexpected. EGI_BC started to be
produced after methanol induction of the AOX proenoDuring methanol fed-batch
phase cell growth was minimal under all three coows. Fed batch fermentation at pH
7 resulted in a much lower activity compared to pt® °C and pH5, 25°C
fermentations (Figure 39). Moreover, EGI_BC enzymmeduced at pH5, 25C was
found to have a lower activity with respect to dmeyme produced at pH5, 29, but a
higher activity with respect to the enzyme produ@dpH7, 29°C (Figure 40).
Fermentation data analysis have shown an additideatease in the activity of the

enzyme towards the end of the fermentation perfdratgpH7, 29C and pH 5, 25C.
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As the zymogram analysis indicates all three fetat@n conditions produced
degraded enzyme products and highly glycosylategraas which are still very active
against 4-MUC (Figure 41 and 42). Zymogram analysas shown that EGI_BC
produced byP. pastoris have a 50 kDa component, probably formed asdtresthe

degradation of the enzyme by Pichia proteases &8 component and several
enzymes that have molecular weights between 1@8@dkDa, most likely formed as a
result of overglycosylation by Pichia as the smeasuggests. Only EGI_BC 50 kDa
component could be purified with RAC affinity chratography (Figure 43). The
purified enzyme was found to be active against 4aVvEGI_BC has shown its

optimum activity against CMC at pH 5 and 45 (Figure 44 a and b).
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Figure 38: Fermentation data analysis for EGI_B@-datch fermentation (pH 5, 29
°C). 0-17h glycerol batch phase, 17h-25h glycerdtdatch phase, 25h-65h methanol
fed batch phase. CDW: Cell Dry Weight. Activity aga 4-MUC is calculated from
4MU (mM) produced per min).
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Figure 39: Fermentation data analysis for EGI_BG@-datch fermentation (pH 7, 29

°C). 0-21h glycerol batch phase, 21h-26h glycerdidatch phase, 26h-69h methanol
fed batch phase. CDW: Cell Dry Weight. Activityaagst 4-MUC is calculated from

4AMU (mM) produced per min/ml).
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Figure 40: Fermentation data analysis for EGI_B@-datch fermentation (pH 5, 25

°C). 0-17h glycerol batch phase, 17h-20h glycerdidatch phase, 20h-43h methanol
fed batch phase. CDW: Cell Dry Weight. Activityaagst 4-MUC is calculated from

4MU (mM) produced per min/ml).
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Figure 41: SDS-PAGE and zymogram analysis of egaectsEGI_BC as fed-batch
fermentation products against 4-MUC at pH 5, 22 1. Size Marker, PageRuler
Protein Marker (Fermentas). 2: EGI_BC at Oh, 3: E&& at 17h, 4: EGI_BC at 18h, 5:
EGI_BC at 19h, 6: EGI_BC at 20h, 7: EGI_BC at 28hEGI_BC at 22h, 9: EGI_BC
at 23h,10: EGI_BC at 25h, 11: EGI_BC at 41h, 121 B& at 43h, 13: EGI_BC at
45h, 14: EGI_BC at 47h, 15: EGI_BC at 49h, 16: B at 65h.
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Figure 42: Zymogram analysis of expressed EGI_BCfabkbatch fermentation
products against 4-MUC at pH 7, 20 (top picture), at pH 5, 2% (bottom picture). 1:
EGI_BC at Oh, 2: EGI_BC at 21h, 3: EGI_BC at 2@8h EGI_BC at 28h, 5: EGI_BC at
46h, 6: EGI_BC at 49h, 7: EGI_BC at 52h, 8: EGI_BC69h , 9: Kaledeiscope
Prestained Protein Standart (at pH 7,°€9; 1: EGI_BC at Oh, 2: EGI_BC at 17h, 3:
EGI_BC at 19h , 4: EGI_BC at 20h, 5: EGI_BC at 3®hEGI_BC at 41h, 7: EGI_BC
at 43h, 8: empty well, 9: Size Marker, PageRuletéin Marker (Fermentas) (at pH 5,

25°0);

74



100kDa

S0kDa

2

Figure 43 : SDS-PAGE of affinity batch purified EGIC (12 % SDS-PAGE gel).
Expected molecular weight range for EGI_BC was®020 kDa. 1: PageRuler Protein
Ladder Mix (Fermentas), 2: EGI_BC fermentation prcid 3: purified EGI_BC (~85
kDa and ~50 kDa products).
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Figure 44. a) Effect of temperature on recombina@l_ BC activity against CMC.
Activity is shown as % activity. Maximum activityag taken as 100%. b) Effect of pH
on recombinant EGI_BC activity against CMC. Actwits shown as % activity.
Maximum activity was taken as 100%. All CMC actyviheasurements were done as
triplicates and all standard deviations were bel@wo.
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4.3.2. Production of EGIII

egl3 cDNA is obtained using RT-PCR on RNA isolated frdmreesei QM9414
strain. After theegl3 gene production, the gene was inserted into pRigdasmid and
then transformed intB. pastoris. A plasmid map showing pPieA_egl3 was shown in
Figure 45. Colony PCR was performed on zeocin pesitolonies (Figure 46). Best
clones expressing the recombinant enzyme EGIII wgetected on BMM-agar plates
containing Azo-CMC as the substrate (Figure 47)IIEGone C13 was utilized for
fermentation due to its higher activity against A2ZBIC on BMM-agar plates and
during shake flask experiments.

EGIII was subjected fed-batch fermentation at pR2%;C. Fermentation products
were collected at different time points throughthg fermentation process. Growth
rates of the clones were followed by measuringa@aiculating cell dry weights (CDW)
for each sample collected at different time poirfar each sample, activity against 4-
MUC was evaluated according to the rate of forrmatb4-MU per minute per ml at 45
°C. Methanol concentration at each time point ofmientation was monitored using a
specific methanol probe inside the fermenter. Fetat®n data analysis for EGIII
producing clone was shown in Figure 48. Growthgard expression profiles were
found to be very similar for EGIII in comparison B85l fermentation during fed-batch
fermentations at pH 5 and 28. Enzyme activity and enzyme production was fotand
be increased with the increase in methanol coragotr There was no enzyme
production in glycerol batch and glycerol fed-bagases in both fermentations as
expected. EGIII was found to be produced afterhamdl induction of the AOX
promoter. During methanol fed-batch phase cell ¢nowas minimal under all three
conditions. The activity of recombinant enzyme aga¥-MUC was much lower than
EGI activity (Figure 48). The zymogram analysisicades that the enzyme produced
as a single product. No overglycosylation was olekr(Figure 49). Zymogram
analysis has shown that EGIIl produced Rypastoris is a ~27 kDa protein. EGIII
enzyme produced could not be purified using RA@rasaffinity resin. The enzyme was
found to be active against 4-MUC and CMC. EGIIl s®wn its optimum activity
against CMC at pH 5 and 7€& (Figure 50). After 73C, at 85°C and 95C the enzyme

activity sharply decrased to O.
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AOX1 promoter

puUC origin p—
Apall(3947)
CYC1 transcription terminator P _ApalL1(623)
Apal.1(3277)
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.. alpha-factor primer
\Aval(1185)

Ned (2930 EcaRI(1209)

EM7 promoter

“Avdl (1595)

TEF1 promoter
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Figure 45: pPicaA-egl3 plasmid map (drawn with VectorNTI).

3000bp

1000 bp

Figure 46: Colony PCR amplification pPiczaA _egl3 harboringP. pastoris (KM71H)
clones with AOX primers. 1: DNA Ladder Mix (Fermag}, 2: Colony PCR (+) clone
(~1300 bp), 3: Colony PCR(+) clone (~1300 bp).

Figure 47: Azo-CMC activity of differerRichia pastoris clones producing EGIIIl. C13:
Initial clone, Clones 1-16:"2round clones (Z series).
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Figure 48: Fermentation data analysis for EGIIinelaC13 fed-batch fermentation. O-
20h glycerol batch phase, 20h-23h glycerol fedibgibase, 23h-73h methanol fed
batch phase. CDW: Dry Cell Weight. Specific a¢yivi([4MU] produced per min) /ug
of produced protein (mM/min* pg)).
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Figure 49: SDS-PAGE and Zymogram analysis of exe@sEGIIl as fed-batch
fermentation products against 4-MUC. 1: Size Mark&ledeiscope Prestained Ladder
(Biorad). 2: EGIII at Oh, 3: EGIII at 20h, 4. EGEit 22h, 5: EGIII at 23h, 6: EGIII at
25h, 7: EGIII at 44h, 8: EGIII at 48h, 9: EGIII @Bh.

78



100
90
80
70
60
50
40
30
20
10

% Activity Against CMC

0] 20 40 60 80 100

Temperature (°C)

Figure 50: Effect of temperature on recombinant H&l activity against CMC.
Activity is shown as % activity. Maximum activityas taken as 100%.

4.3.3. Production of CBHI

cbhl cDNA is obtained using RT-PCR on RNA isolated frdmreese QM9414
strain. After thecbhl gene production, the gene was inserted into pBigdasmid and
then transformed intd®. pastoris. Colony PCR was performed on zeocin positive
colonies (Figure 51). Best clones expressing tlemmbinant enzyme CBHI were
selected according to small scale cultivationshiake flasks. CBHI clones were unable
to utilize azo-CMC in BMM-agar plates effectively{CBHI clone X3 was utilized for

fermentation due to its higher activity during sbdlask experiments.

CBHI was subjected fed-batch fermentation at pl2%;C. Fermentation products
were collected at different time points throughthg fermentation process. Growth
rates of the clones were followed by measuringa@aidulating cell dry weights (CDW)
for each sample collected at different time poinEar each sample, activity against 4-
MUC was evaluated according to the rate of forrmatb4-MU per minute per ml at 45
°C. Methanol concentration at each time point ofmentation was monitored using a
specific methanol probe inside the fermenter. Ghonates and expression profiles were
found to be very similar for CBHI in comparisonE&l fermentation during fed-batch
fermentations at pH 5 and 28. Enzyme activity and enzyme production was fotand
be increased with the increase in methanol coragotr There was no enzyme
production in glycerol batch and glycerol fed-bafaases in both fermentations as
expected. CBHI was found to be produced after nmethanduction of the AOX
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promoter. During methanol fed-batch phase cell ¢fnowas minimal under all three
conditions. The recombinant enzyme did not show aatyity against 4-MUC, it has
shown activity towards 4-MUL (Figure 52a). But thetivity was very low so no
activity could be detected in zymogram gels. Th&&SEAGE analysis indicates that the
enzyme is not produced as a single product (Figate). SDS-PAGE analysis has
shown that CBHI produced bk. pastoris is a ~50-70 kDa protein. CBHI enzyme
produced could not be purified using RAC as amaéffiresin. The enzyme was found
to be active against 4-MUL and CMC. CBHI has shatgnoptimum activity against
CMC at pH 6 and at 75C (Figure 53). After 73C, at 85°C and 95°C almost 80 % of

the activity was dound to be intact.

3000 bp
2000 bp

Figure 51:Colony PCR amplification gbPiczaB_cbhl harboringP. pastoris (KM71H)
clones with AOX primers. 1: DNA Ladder Mix (Fermanj, 2: Colony PCR(+)
clone(~2050 bp (1487 bgbhl gene + 558 bp AOX region )), 3: Colony PCR(+) éon
(~2050 bp).
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Figure 52: a) Fermentation data analysis for CBldhe Y2 fed-batch fermentation. O-
20h glycerol batch phase, 20h-24h glycerol fedibgibase, 24h-49h methanol fed
batch phase. CDW: Dry Cell Weight. Specific a¢$i([4MU] produced per min) /ug

of produced protein (mM/min* pg)). b) SDS-PAGE aisad of expressed CBHI as fed-
batch fermentation products against 4-MUC. 1. $tzeker, PageRuler Protein Ladder
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Mix (Fermentas), 2: CBHI at Oh, 3: CBHI at 18h,GBHI at 22h, 5: CBHI at 32h, 6:
CBHI at 35h, 7: CBHI at 40h, 8: CBHI at 56h, 9: CBai 58h, 10: CBHI at 63h.
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Figure 53: a) Effect of temperature on recombin@®HI activity against CMC.
Activity is shown as % activity. Maximum activityas taken as 100%. b) Effect of pH
on recombinant CBHI activity against CMC. Activig/shown as % activity. Maximum
activity was taken as 100%. All CMC activity measmuents were done as triplicates
and all standard deviations were below 10 %.
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4.4. CLEA

Crosslinked enzyme aggregates were prepared foommercial cellulase solution
GEMPIL 4L containing endoglucanases, cellobiohiales and most probably beta-
glucosidases ofT. reesai. T. reesel cellulases are known to exhibit their activity and
acidic pH ranges, around pH 5. In all experimeatsivity screenings were performed
at pH 5 and 55 °C. Effect the precipitant solutmnenzyme activity was analyzed by
preparing aggregates of Gempil 4L in t-butanol,t@we and ammonium sulfate.
enzymes precipitated with t-butanol and acetonee rehown similar activities and
enzyme precipitated with ammonium sulfate has shtower activity. Acetone was
selected as the most suitable precipitant duestanharmful effect on the activity of
the enzyme to be modified, the cheaper pricing avallability in comparison to t-
butanol. It was found that crosslinking pH doesmave a great impact on the activity
of the of the enzyme (Figure 54). At pH 4 and fecypitated Gempil 4L particles
exhibited almost the same activity and the actidiécreased by 20 % at pH8. Since
enzyme activity is not affected much by pH and@atdr pH values glutaraldehyde
oligomerization might be affected, pH 7.3 was delédor CLEA preparation (Sheldon
et al. used pH 7.3 for CLEA preparation).
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Figure 54: Effect of pH on Gempil 4L activity aftgrecipitation.

82



90,00
80,00
70,00
60,00
50,00
£ 40,00
30,00 -

% Remaining Activity
Against CMC

20,00
10,00 -

0,00 !
10 20 30 40 S50 60 75 100 150 200

[Glutaraldehyde] (mM)

Figure 55: Effect of glutaraldehyde concentrationGLEA activity against CMC after
crosslinking.

CLEA activity did not show a decreasing trend vilik increase in glutaraldehyde
concentration (Figure 55). Rather, it has showmged trend most probably due to
small scale preparation problems. Almost 80 %hef activity retained after CLEA
preparation with 40 mM glutaraldehyde. This valgs the highest activity reached
among all glutaraldehyde concentrations. After GémMp CLEA preparation size
fractionation of the CLEA particles was performeceivaluate the impact of CLEA size
on enzyme activity (Figure 56). After fractionatjoGempil 4L CLEA with 7 different
sizes was obtained. These fractions were: B: 250hEA size>10um, C: 33um
>CLEA size>25um, D: 45um >CLEA size>33um, E: 77u@LEA size>45um, F:
154pm >CLEA size>77um, G: 288um >CLEA size>154pm, 1980um >CLEA
size>288um. Evaluation of the activity of thesetiplas against CMC has indicated
that all fractions had exhibited almost the satitvity against CMC (Figure 56). But
there was a slight increase in the activity of géarsized fractions, E, F and G in

comparison to B, C and D.
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Figure 56: Effect of CLEA size on CLEA activity. €A sizes: Gempil 4L: ~10 nm, B:
25um >CLEA size>10um, C: 33um >CLEA size>25um, Badh >CLEA size>33um,
E: 77um >CLEA size>45um, F. 154um >CLEA size>77u@&), 288um >CLEA

size>154pum, H: 1980um >CLEA size>288um.
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CLEA particles prepared from recombinant enzymegeveptimized according
to CLEA prepared from Gempil 4L but since the eneyoncentrations were lower for
recombinant enzymes, lower glutaraldehyde conceoriawere used. Crosslinking pH
was kept at pH 7.3. EGlI CLEA kept 65 % of its atyivat mM glutaraldehyde
concentration and EGI_L5 CLEA kept almost 50 % tefactivity intact at 0,33 mM
Glutaraldehyde concentration. At higher glutaralagishconcentrations EGI_L5 CLEA
activity against 4-MUC has rapidly diminished (Figuwb7). EGI CLEA and EGI_L5
CLEA patrticles have exhibited a catalytic activitly2.2 CMC units/ml and 2.08 CMC
units/ml per mg CLEA patrticle after crosslinkingdére 58).
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Figure 57: Effect of glutaraldehyde concentration @LEA prepared from EGI and
EGI_LS5.
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Figure 58: Effect of crosslinking on enzyme actiat pH 5, 55C.
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45. Fabric Tests

Effect of crosslinked and recombinant enzymes oscoge biopolishing was
evaluated by analyzing pilling values and fabricrsbtng strength after enzyme
application. Effect of enzyme dosage on pilling dalric strength was analyzed by
applying different amounts of Gempil 4L (G) and GeiidL CLEA (C) particles on the
fabrics. It was found that for the first trials, 8Bpil 4L dosage has not improved the
pilling rates but fabric strength was reduced \lith increase in the enzyme amount. On
the other hand CLEA application improved the pglimotes when applied in 1X and 2X
concentrations (G1X=180l Gempil 4L/ g fabric. C1X= mg CLEA equivalent 180
ul Gempil 4L/ g fabric, 2X is two times the necegsamount/g fabric and so on) (Table
7). The bursting strength of the fabrics was fotmtde optimal when 1X concentration
of the enzyme is applied for 50 minutes or 2 holile increase in enzyme dosage of
Gempil 4L CLEA decreased the bursting strength eslaf the viscose knitted fabrics
to a much lesser extent at all enzyme concentsatioan Gempil 4L. The biopolishing
experiments were repeated for 1X and 2X enzymeg#oaad effect of process times
were evaluated for Gempil 4L CLEA (Table 8). It vamown that best pilling result was
obtained by application of 2X CLEA for 2 hours a@lLEA particles without
fractionation results in nonhomogenous distributadrthe enzymes on the fabric and
uneven biopolishing results that cannot be repeafggplication of recombinant
enzymes EGI, EGI_L5 and EGI_BC improved the falpiling notes and strength of
the fabric has not reduced by the action of theyees (Table 8). EGIII did not seem
to exhibit any effect on fabric pilling rates andr&ting strengths. Application of
EGI_BC in combination with Gempil 4L did not caumey improvements in the pilling
rates, instead it has caused a decrease in thie &length. Preliminary experiments
with CLEA of EGI and EGI_L5 have shown that thgiphcation did not improve the

pilling notes but prevented tensile strength loss.

Impact of the recombinant enzymes, Gempil 4L andh@k4L CLEA on fabric
appearance was evaluated by taking digital phopdgrafter biopolishing (Figure 59
and 60). The effect of all enzymes on the fabriasmes could not be distinguished with
visual inspection. The microfibrils that cause fidimation were present in all fabrics.
CLEA particles remained on the surface of the ereguring biopolishing as indicated
by Figure 60.
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Table 7: Pilling test results for viscose knitfadrics treated with Gempil 4L (G) and
Gempil 4L-CLEA (C) or recombinant enzymes. G1X=180Gempil 4L/ g fabric.
C1X= mg CLEA equivalent to 180l Gempil 4L/ g fabric, 2X is two times the
necessary amount/g fabric and so on.

PILLIMNG BURSTING STRENGTH
Sample Treatment 125 S00 1000 1500 2000 Pressure Distensi Time
EPM EPM EPM EPM EPM (kPa) on (mm) (sec)

GOSN Fabric treated with 1,5 1,5 1,5 1,5 1,5 520,0 13,0 20,0
0,53 Gemml 4L

G1X Fabric treated with 1,5 1,5 1,5 1,5 1,5 542,0 13,0 21,0
1 Gempil 4L for 50
minutes

GIX Fabric treated with 1,5 1,5 1,5 1,5 1,5 473,0 12,0 13,0
1X Gempil 4L for 2
hours

G2X Fabric treated with 1,5 1,5 1,5 1,5 1,5 454.0 12,0 17,0
2 Gempil 4L for 2
hours

G4X Fabric treated with 1,5 1,5 1,5 1,5 1,5 456,0 12,0 17,0
4% Gempil 41 for 2
hours

G 8X Fabric treated with 1,5 1,5 1,5 1,5 1,5 455.0 13,0 17,0
X Cempil 4L for 2
hours

COSY Fahric treated with 1,5 1,5 1,5 1,5 1,5 563,0 13,0 22,0
0,53 CLEA for 2
hours

C1X Fabric treated with 2,5 1,5 1,5 1,5 1,5 611,0 14,0 24.0
1X CLEA for 50
minutes

1N Fabric treated with 2 2 1,5 1,5 1,5 581,0 13,0 22,0
1X CLEA for 2 hours

21X Fabric treated with 2 2 2 2 2 472.0 12,0 18,0
2X CLEA for 2 hours

4N Fabric treated with 1,5 1,5 1,5 1,5 1,5 538,0 13,0 21,0
4¥X CLEA

C8X Fabric treated with 1,5 1,5 1,5 1,5 1,5 542,0 13,0 21,0
SX CLEA

Table 8: Pilling and bursting strength test residtsviscose knitted fabrics treated with
Gempil 4L (G) and Gempil 4L-CLEA (C) with differetreatment times or recombinant
enzymes G1X=18@l Gempil 4L/ g fabric. C1X= mg CLEA equivalent ta8Q pl
Gempil 4L/ g fabric.

PILLING BURSTING STRENGTH
Sample Treatment 125 500 1000 1500 2000 Pressure Distension Time
RPM RPM RPIM RPM RPM (kPa) {mm) {sec)

Fabric Ho treatment 1.5 1.5 1.5 1.5 1,5 563 11.2 341

Fabric Buffer treatment 15 1,5 1,5 1.5 1,5 559 12,9 344

Clx Fabric treated with 1X CLEA 1.5 1.5 15 1.5 1.5 521 135 3.6
for 20minutes

C1X Fabric treated with 1X CLEA 15 15 1,5 1.5 1,5 500 143 303
for1 hour

C1X Fabric treated with 1X CLEA 1.5 1.5 15 1.5 1.5 485 135 29,4
for 2 hours

c2zx Fabric treated with 2X CLEA 15 15 1,5 1,5 1,5 526 13,9 32
for 30 minutes

c2x Fabric treated with 2X CLEA 1.5 1.5 1.5 1.5 1.5 485 13 30
for 1 hour

Cc2X Fabric treated with 2X CLEA 2 15 1.5 1.5 1,5 475 123 238
for 2 hours

EGI Treatment with EGI 2.5 1.5 15 1.5 15 534 12 324

EGI_L5 Treatmentwith EGI_LS 25 1,5 1,5 1.5 1,5 525 12,6 319

EGI_BC Treatment with EGI_BC 2 1.5 1.5 1.5 1.5 515 137 312
Treatmentwith EGII 15 15 1.5 1.5 1,5 545 14 33

EGI_BC Treatment xith 15 1.5 1.5 1.5 1.5 424 12 20

+Gempil 4L EGI_BC—Gempil 4L
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Figure 59: igital ight microscop photographisbos knitted fabrics under ~15X
and ~400X magnification.

Figure 60: Digital light microscope photographsvifcose knitted fabrics teated with
1X and 4X CLEA under ~15X and ~400X magnification.
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Effect of crosslinked and wild type (Gempil 4L) gnzes on viscose woven
fabric biopolishing was evaluated by analyzing ipgl values and fabric bursting
strength after enzyme application. Effect of enzydwsage on pilling and fabric
strength was analyzed by applying different amowohiSempil 4L (G) and Gempil 4L
CLEA (C) particles on the fabrics. It was foundtthath enzymes improved the pilling
values of the viscose woven fabric from 0.5X to ddsage (Table 9). Best effect on
pilling was obtained by application of Gempil 4.2 dosage and the bursting strength
of the fabric did not reduce much with respect tdfdr treated fabric (Table 10).
Application of Gempil CLEA at 0.5X dosage has givast results for pilling and the
bursting strength value of the fabric was bettantGempil 4L treated fabric (Table 9
and 10).

Table 9: Pilling test results for viscose wovenriebtreated with Gempil 4L (G) and
Gempil 4L-CLEA (C). G1X=18@l Gempil 4L/ g fabric. C1X= mg CLEA equivalent
to 180ul Gempil 4L/ g fabric.

Sample Treatment 125 S 1000 1500 204}
RPM  RPM  RPM  RPM RPM
E Fabric treated with Buffer 1.5 1.5 1.5 1.5 1.5
AGIX Fabiictreated with 13X GempidL 35 33 3.5 35 35
F:G2X Fabric treated with 2X GempildL 3 3 3.5 4 4.5
G GAX Fabric treated with 43 GempildL 4.5 4 35 3.5 3.5
H:C0.5X Fabric treated with 0.5X CLEA 2 3.5 4 4.5 4.5
B:CIX Fabuic treated with 1X CLEA 4 3.3 3.5 3 3
C:C2X Fabric treated with 2X CLEA 3 2.5 2,5 2,5 2,5
D:C4X Fabiictreated with 4X CLEA 3.5 3.3 3.5 ERe 3.5
I: C8X Fabric treated with 8X CLEA 1.5 1.5 1.5 1.5 1.5
J:C16X Fabiic treated with 16X CLEA 1.5 1.5 1.5 1.5 1.5

Table 10: Bursting strength test results for viecasven fabrics treated with Gempill
4L (G) and Gempil 4L-CLEA (C).

Sample  Trearment Bursting Tristensimm Time Note
Strength(kFPa) (Imin) {seC)
I IFabric treated with Buffer 656.0 7.1 20.7 nct
bursted
H Fabuic treated with 0 3% 54%.0 72 20.7 net
CLEA batacd
F Fabric treated with 2X 6140 9.4 15.5 bursted

Gempil 471,
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After size fractionation of CLEA particles, effeof CLEA size on viscose
knitted fabric pilling and strength was evaluatBaperiments were performed in two
different apparatus: in a hybridization chambetjgaor ratio of 1:9 was used with
constant rotation; in a special plastic containgh& embroidery hoop like apparatus.
This apparatus acted as a holder for the fabrikiguor ratio of 1:50 was used with the
apparatus and the container housing the apparaagspwt in a shaker incubator for
biopolishing under constant shaking. CLEA preparatifrom two batches were used
for biopolishing in hybridization chamber (B, C, B, G, H from first batch, F2, F3, F4,
F8 from second batch, CLEA sizes were shown in &4dll). Application of B, C, D
and E from batch one improved the pilling notesstbeffect was obtained by
application of fraction E, bursting strength valas better than Gempil 4L and all
other fractions from batch one (Table 11). Apglmaof F2, F3, F4 and F8 from batch
two, improved the pilling notes, best effect wasaaiied by application of fraction F8 in
terms of pilling and fabric strength, bursting sgth value was better than Gempil 4L
and all other fractions from batch one and two (@dld). Application of fractions F3,
F4, F8 and C in special apparatus for biopolishiiagnot result in any improvements in

pilling notes or strength of the fabrics (Table.12)

Table 11: Pilling and bursting strength test restiitr viscose knitted fabrics treated
with Gempil 4L (G) and Gempil 4L-CLEA (C) with défent sizes in hybridization
chamber G1X=18Qul Gempil 4L/ g fabric. C1X= mg CLEA equivalent t8Q ul
Gempil 4L/ g fabric.

PILLING BURSTING STRENGTH

Sample Treatment 125 500 1000 1500 2000 Pressure  Distension Time

RPM RPM RPM RPM RPM (kPa) {mm) {sec)
Fabhric Mo treatment 1,5 1,5 1,5 1,5 1,5 563 11,2 341
Fabric Buffer treatment 15 1,5 15 1,5 15 559 13,9 34,4
Gempil 4L Gempil 4L treatment 1,5 1.5 1,5 1,5 1.5 425 12 26
CLEA_B 25um >CLEA size>10pm 2,5 1,5 1,5 1,5 1,5 444 14 33
CLEA_C 330m > CLEA size=2 5um 2.5 1.5 1.5 15 1.5 432 13 33
CLEA_D  45um >CLEASsize=33pm 2,5 1,5 1,5 1,5 1,5 448 15 34
CLEA_E 7714 > CLEA size~4 5pum 2,5 1,5 1,5 1,5 1,5 455 13 35
CLEA_G  288pm >CLEA size>154pm 1,5 1,5 1,5 1,5 1,5 531 13 32
CLEA_H 19800m > CLEA size>288um 1.5 1,5 1.5 15 1.5 503 13 31
CLEA_FZ  1980um >CLEA size>288pm 2,5 1,5 1,5 1,5 1,5 421 14 33
CLEA_F3 288m =CLEA size> 154um 2.5 1.5 1.5 15 1.5 425 14 33
CLEA_F4  154pm >CLEA size>77pm 2,5 1,5 1,5 1,5 1,5 410 13 32
CLEA_F8  25pm >CLEA size~>101m 2,5 1.5 1,5 1,5 1,5 471 15 36
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Table 12: Pilling and bursting strength test res@ittr viscose knitted fabrics treated
with Gempil 4L (G) and Gempil 4L-CLEA (C) with défent sizes in special apparatus

G1X=180ul Gempil 4L/ g fabric. C1X= mg CLEA equivalent t@Qul Gempil 4L/ g
fabric.

PILLING BURSTING STRENGTH

Sample Treatment 125 500 1000 1500 2000 Pressure Distension Time

RPM RPM RPM RPM RPM (kPa) (mm) (sec)
Fabric MNotreatment 15 1,5 1,5 1,5 1,5 563 11,2 34,1
CLEA_F3 288um >CLEA size>154um 1.5 1.5 1.5 15 15 544 11 33
CLEA_F4 154pm =CLEA size»7 7 um 1,5 1,5 1,5 1,5 1,5 437 9 32
CLEA_F3B 25um >CLEA size>10um 1,5 1.5 1.5 1,5 1,5 459 9 34
CLEA_C 33un »>CLEA s ro=250um 1,5 1.5 1.5 1,5 1,5 391 10 30
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CHAPTER 5

5. DISCUSSION

5.1. Modelling and production of Trichoderma reesei endoglucanase 1 and its
mutant in Pichia pastoris

All the proposed loop insertions were placed awaynfthe active site in order not
to interfere with enzyme activity since enzyme \&etsite is located on an open cleft.
MD and MM simulations showed that among all loopeiried structures, EGI_L5 was
the only structure that behaved similar to theweastructure EGI in terms of RMSD
during the simulations. EGI_L5 exhibited betteogmrties than all other loop mutants
in the last 2000 ps of the simulations. MM simuatisupported the results of MD
simulations. Insertion of a ten aminoacid loopaeein 11¥ and 113 residues of EGI,
on the opposite side of the active site, did cedrease the overall stability of EGI.
Active site of the EGI became more rigid, thus metable with the addition of a
flexible loop.

Trichoderma reesei has been known to produce many endoglucanaseshé&i@) a
major one. EGI comprises 5-10 % of the proteirtseted byTrichoderma reesal (M.
Penttila, Nevalainen, Ratto, Salminen, & Knowleg87). Trichoderma reesei cellulase
system has been known to exhibit its maximum agtiaround pH 5 (Bommarius, et
al., 2008) and around 50 °C to 60 °C (our groumsublished results). Our expression
results of EGI and EGI_L5 irPichia pastoris were consistent with these data.
Heterelogous expression of the codon optimiegid gene and its mutant iRichia
pastoris produced glycosylated enzyme products. Severatlieg indicate a
heterogenous glycosylation @fichoderma reesei EGI (Eriksson, et al., 2004; Hui, et

al., 2002). Although glycosylation dfrichoderma reesei cellulases is a complex issue,
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our recombinant enzymes were found to be stillvactagainst both soluble and
insoluble substrates such as 4-MUC, CMC and viscose

Our recombinant enzymes, EGI and EGI_L5, exhibgiedilar pH activity profiles
and consistent temparature activity profiles to @duced byTrichoderma reesal.
Cloning of EGI and EGI_L5 irPichia pastoris indicated thatPichia pastoris system
can be used as a cloning host for endoglucanasd&dth EGI and EGI_L5 were
expressed and produced activelyRichia pastoris. Although different glycosylated
forms were present, after affinity purification,tb@nzymes were obtained as single 70
kDa protein bands. Batch affinity purification witRAC is a promising affinity
chromatography techniqgue. RAC is an ultra high capaadsorbent for cellulose
binding domains. It has larger surface area thasger binding surface for the cellulose
binding domains in comparison to Avicel. Becauséhaf technique’s relatively shorter
process times (~30 minutes), cheaper price, anel @agse and reproducibility, it has
come to be a frequently used research techniquédgourification of cellulose binding
domain tagged proteins (Hong, Wang, Ye, & Zhan@®80 We successfully used the
same approach to purify cellulases with cellulogeding domains in only one step.
Fermentation products were directly applied on Rai@out further processing. With
the loop mutation, we obtained an active and stabtibglucanase which can be used
for crosslinking and immobilization purposes. Lodpat are inserted with this study
had several Lysine residues which would create |ldugh affinity points for
crosslinking. Since the loop domain contains pasiy charged Lysine residues, it can
be hypothesized that the mutant enzyme could b&siinéed from the-amino groups
of those residues effectively. Moreover, the logpndin was positioned away from the
active site cleft, in order not to hinder the agtsite upon crosslinking.

5.2. Effect of codon optimization on the production of EGI in Pichia pastoris

Trichoderma reesei cellulase system has been known to exhibit its imam
activity around pH 5 (Bommarius, et al., 2008) amwund 50 °C to 60 °C (our group’s
unpublished results). Our expression results of B&l EGIs inP. pastoris were
consistent with these data. Moreover, EGI catalgtbmain expressed iB. coli has
exhibited its maximum activity at pH 5 and has shalmost no activity at pH3 and
pH7 (Nakazawa, et al., 2008). Heterelogous exmmessf the codon optimizedgll
gene and its native form I pastoris produced glycosylated enzyme products. Several
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studies indicated heterogenous glycosylatiomrthoderma reesei EGI (Eriksson, et
al., 2004; Hui, et al., 2002). Although glycoswatiof Trichoderma reesel cellulases is

a complex issue, our recombinant enzymes were fdontbe still active against
substrates such as 4-MUC and CMC. Moreover, endaghses were produced as
active and stable biocatalystsRnpastoris. Penttila et al. expressadichoderma reesel
endoglucanase 1 i cerevisiae (M. E. Penttila, et al., 1987) the recombinant girot
was also found to be larger than the native pngbedduced byl. reesei. This was due

to the differences between N-glycosylation pattefS cerevisiae andT. reesal.

Cloning of EGI and EGIs ifP. pastoris indicated thatP. pastoris system can be
used as a suitable cloning host for endoglucanaseBbth EGI and EGIs were
expressed and produced actively Rn pastoris. As a result of codon optimization,
recombinant endoglucanase 1 expressioR.ipastoris is improved to 1.24 fold. It is
known that increased GC-content prolongs mRNA Hdé#f and integrity in P.
pastoris(Outchkourov, Stiekema, & Jongsma, 2002; Woo, et al., 2002). However it is
also known that due to codon bias, there shoula leareful balance between codon
optimization and GC content optimization. In ouse&ggl1 GC content was higher than
the average GC content Bf pastoris andegl1l gene was containing negative cis acting
sites such as AT and GC-rich stretches etc. whial negatively influence expression.
Our synthetic gene was carefully optimized to owere these problems. GC content
was reduced to obtain a similar value afPopastoris average GC content. Codon
usage was biased B pastoris resulting in a high CAl value of 0.91. CAl index0.9
is accepted as good for expression. Codon optiioizeof egll gene improved

endoglucanase 1 productionRnpastoris.

Codon optimization of the gene did not affect theegsylation pattern as expected.
Moreover, batch productions indicated an increas&Gl| activity with time as the
productivity based on the total protein concentratdecreased. However the native
enzyme EGI did not exhibit exactly the same trefidtal protein productivity of EGI
clone has increased for the first 70 hours and tleemeased while the enzyme activity
has increased continuously. Our research indidai@dPichia system can also be used
for expression and production of other cellulasengonents ofTrichoderma reesai.
Moreover, one-step affinity purification using regeated amorphous cellulose can be

easily applied to other cellulase components clonéd pastoris.
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5.3. Cloning and Production of Recombinant Cellulasesin P. pastoris

Bicatalytic EGI was prepared by overlap PCR extamsn order to obtain an
enzyme with increased activity and increased dibe. recombinant enzyme produced
in P. pastoris actively. But zymogram analysis revealed that éheyme is degraded
into catalytically active two components. Glycosgthforms of the enzyme were also
present in zymogram gels. In order to alleviate degradation problem by Pichia
proteases fermentation conditions were changedcdtrgasing the pH and decreasing
the enzyme expression temperature. None of theiteomsl prevented the degradation
of the enzyme. The degradation is thought to bgearias a result of exposed linker
region which connects the second catalytic domaiB&| domain. It is known that the
linker region is o-glycosylated and this glycosiatreduces the affinity of proteases. If
the linker region is not properly glycosylated, #rezyme would be open to the attack
of Pichia proteases. Recombinant EGI_BC has exduhbitcreased activity against 4-

MUC and CMC since it has two catalytic domains.

EGIIl and CBHI enzymes ofl. reese were expresseth P. pastoris as active
enzyme products. Both enzymes have exhibited &cttewards CMC. Activity of
EGIIl enzyme was also lower than EGI as expectedesiEGIII does not have a
cellulose binding domain which helps the enzymedsorb to cellulosic substrates.
EGIII has exhibited its maximum activity at 76 and at pH 5 which is much higher
than the reported activity of the enzyme. Nakazatval. showed that EGIII stability
was decreased to almost 0 % upon incubation at r@D 7 °C for 15 minutes
(Nakazawa, et al., 2008). EGIIlI was expresse#.ooli. This thermostability of EGIII
expressed if. pastoris may be due to glycosylation by Pichia glycosylatinachinery
sinceE.coli is notcapable of glycosylation. It is known that glycadidn may confer
enzymes extra stability (Kim, Kim, Raines, & Le®02; Tang, et al., 2001).

CBHI activity is lower towards CMC since this enzgns known to exhibit lower
activity towards amorphous cellulose. Boer et apressedcbhl gene inP. pastoris
GS115 strain under the control of alcohol oxida&®X1) and the glyceraldehyde-3-
phosphate dehydrogenase (GAP) promoters and obtaiwer-glycosylated enzyme

products and part of the enzyme produced underctmrol of AOX1 were not
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correctly folded (Boer, Teeri, & Koivula, 2000). Mamver they have found out that
over-glycosylation of the enzyme did not affect titermal stability. Our results are
consistent with their data. CBHI enzyme has exbiiactivity towards CMC over a
broad range of temperatures (at°€5has shown its maximum activity). Even at higher
temperatures such as 85 and°’@5recombinant CBHI retained 75-80 % of its acyivit

It has shown optimum activity around pH 5 and pHGBHI produced byl. reesei and
CBHI produced byP. pastoris GS115 strairare known to show their maximum activity
at pH 5 and their maximum stability at 60 (Boer, et al., 2000). Our enzyme has

shown maximum activity at pH6 and 85 which are higher than the reported values.

5.4. CLEA and Biopolishing

Formation of pills on the surface of the fabric egvfabrics an aesthetic
appearance. Application of cellulases for the remhaf the pills on the surface is
widely used in the industrial processes. The entignmocess is very convenient for
the cotton fabrics but results in the loss of tieensirength in viscose fabrics. Another
problem arises from the fact that most of the conerak cellulases are unable to

increase pilling values of the viscose as otherid¢ab

Viscose knitted fabrics are more prone to pillihgrt any of the fabrics because of their
structure and fiber properties. The outer shethefviscose fiber consists of amorphous
cellulose separated by smaller ordered crystatiggons. Since the amorphous regions
are more, the viscose fibers are more prone txlatby cellulases. Degradation of
amorphous regions would provide easy access ddribgmes to the ordered crystalline
regions. Since the crystalline regions are maimgigponsible for the tensile strength
along the fiber axis, the tensile strength of théric drops upon cellulase action
because of the degradation of this highly ordemgdtalline regions. This study has
shown that CLEA of commercial cellulases and useeocbmbinant mono component
cellulases (EGI, EGI_L5, EGI_BC) can be used levate the problem of lost tensile

strength and can also be used to improve pillingsof the viscose knitted and viscose
woven fabrics. CLEA of commercial cellulases, EGIdaEGI L5 were found to

increase pilling values of the viscose fabric2By%. Preliminary studies have shown
that application of CLEA prepared from EGI and EKE _had not improved the pilling

notes of the fabrics most probably due to lossatifvily which might be caused by

factors such as steric occlusion, hydrophobic augons etc. More detailed
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experiments and increased quantities of EGI and E&&re needed to optimize CLEA

production from both recombinant enzymes.

One drawback of CLEA application for biopolishirsgthat, the CLEA particles
have different sizes and batch to batch variati@s wresent. This variation in size is
overcome by size fractionation of the cLEA partcland evaluating their effects
seperately. CLEA with different sizes were showinprove enzyme pilling notes and
tensile strength of the fabrics. CLEA preparearfieGl and loop mutant EGI_L5 were
found to be active against CMC and since they weoduced in lower amounts could
not be applied to fabric samples. However both B&d EGI_L5 have improved the

pilling notes of the viscose knitted fabrics.
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CHAPTER 6

6. CONCLUSION

This study has shown tha&. pastoris is an efficient host for production of
recombinant endoglucanase 1, endoglucanase 1 mutanidoglucanase 3 and
cellobiohyrolase 1 offrichoderma reesei. The recombinant enzymes are produced as
active and stable biocatalysts since tRe pastoris system provides the suitable
glycosylation patterns for stable and active praidacof T. reesei endoglucanases and
cellobiohydrolases. P. pastoris endoglucanase 1, endoglucanase 3 and
cellobiohydrolase 1 expression profiles are comgardao the ones reported in the
literature (Boer, et al., 2000; Nakazawa, et @0& M. E. Penttila, et al., 1987). The
recombinant enzymes exhibited similar activitievaods soluble substrates such as
CMC and 4-MUC. In addition to endoglucanase 1 eggion inP. pastoris, the effect
of codon optimization on the EGI expression waslistd. One step affinity purification
has proven to be a suitable and rapid method ferptlrification of cellulases with
cellulose binding domains. Moreover, the codonmed endoglucanase 1 geneTof
reesel expressed ifP. pastoris has improved the enzyme yield by 24 %. The chasge i
not significantly different. This is expected singwst of the codons existing in the
native gene are also frequently use®impastoris. Overall,P. pastoris has proven to be
an efficient host for the production dfreesal cellulases.

Use ofin silico molecular modelling methods with site directed rgetsesis for
creating a hotspot for directed crosslinking of E&way from the active site was
successful in terms of producing an active mutaayme. Moreover, after crosslinking
EGI_L5 has shown similar activity as EGI. Their GLEid not improve the pilling

values but did not cause a reduction in fabriongfite.

Preparation of crosslinked enzyme aggregates afnamercial cellulase and size
fractionation of the CLEA particles alleviated tpeoblem of pilling formation and
tensile strength loss in viscose knitted and visageven fabrics. This effect was more
pronounced in viscose woven fabrics. The pillinguea were increased by 20 % upon
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their application. Moreover, application of recomdmt EGI, EGI_L5 and EGI_BC also
improved the pilling notes of the viscose knittadrics.
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APPENDICES

APPENDIX A

EQUIPMENTS

Equipment

Brand Name/Model, Company

Autoclave

Certoclav, Table Top Autoclave CV-EL-12
AUSTRIA

Hirayama, Hiclave HV-110, JAPAN

Balance

Sartorius, BP211D, GERMANY

Sartorius, BP221S, GERMANY

L,

Sartorius, BP610, GERMANY

Schimadzu, Libror EB-3200 HU, JAPAN

Burette

Borucam, TURKEY

Centrifuge

Eppendorf, 5415C, GERMANY

Eppendorf, 5415D, GERMANY

Eppendorf, 5415R, GERMANY

Hitachi, Sorvall Discovery 100 SE, USA

Hitachi, Sorvall RC5C Plus, USA

Kendro Lab. Prod., Heraeus Multifug
3L,GERMANY

ye

Dialysis Membrane

Sigma,Cellusept

Distilled Water

Millipore, Elix-S, FRANCE

Millipore, MilliQ Academic, FRANCE

Electrophoresis

Biorad Inc., USA

Eppendorf tubes(1.5-2ml

Eppendorf

Falcon tubes(15-50ml)

TPP

Freezer

-70°C, Kendro Lab. Prod., Heraeus Hfu486 Basi

GERMANY

12}
o

-20°C, Bosch, TURKEY

Glasswares

Schott Duran, GERMANY
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Hybridization Oven

Model 1012, Biolab, TURKEY

Ice Machine Scotsman Inc., AF20, USA
Incubator Memmert, Modell 300, GERMANY

Memmert, Modell 600, GERMANY
Lyophilizer

Magnetic Stirrer

ARE Heating Magnetic Stirrer, VELStientifica,
ITALY

Microstirrer, VELP Scientifica, ITALY

Micropipette Eppendorf
Microscope Olympos
Microtiter Plates (96-well) TPP

Microtiterplate reader

Model 680, BioRad,

Microvave oven

Bosch, TURKEY

Multitube rotator Labline

pH-meter FisherBrand

Pipetteman Hirschman Laborgate,
Power Supply Biorad, PowerPac 300, USA

Wealtec, Elite 300, USA

Refrigerator (+4°C)

Bosch, TURKEY

SDS-PAGE Gel CastingBiorad
Apparatus
SEM Gemini 35 VP, Carl Zeiss, GERMANY
Shaker Forma Scientific, Orbital Shaker 4520, USA
C25HC Incubator shaker New Brunswick Scienti
USA
GFL, Shaker 3011, USA
New Brunswick Sci., Innova4330, USA
Spectrophotometers Schimadzu, UV-1208, JAPAN

Schimadzu, UV-3150, JAPAN

BioRad

Speed Vacuum

Savant, Speed VRtus Sc100A, USA

Savant, Refrigerated Vapor Trap RVT 400, USA

Tips

TPP

Thermal Heater

Bioblock Scientific

Thermomixer

Eppendorf

Water bath

Huber, Polystat ccl, GERMANY
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APPENDIX B

Protein Sequences of Loop Models

>P1; EQ

structureX 1EGL: 2 : A +370 : A undefi ned: undefined: -1. 00: -1. 00
QPGTSTPEVHPKLTTYKCTKSGGCVAQDT SVVL DWNYRWVHDANYNSCT
VNGGVNTTLCPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSG
GYSSVSPRLYLLDSDGEYVM._KLNGQEL SFDVDL SALPCGENGSL YLSQM

DENGGA- - -------- NQYNTAGANYGSGYCDAQCPVQTWRNGTLNTSHQ

GFCCNEMDI LEGNSRANAL TPHSCTATACDSAGCGFNPYGSGYKSYYGPG

DTVDTSKTFTI | TQFNTDNGSPSGNLVSI TRKYQQNGVDI PSAQPGGDTI
SSCPSASAYGGLATMGKAL SSGAWL VFSI WADNSQYMNW. DSGNAGPCSS

TEGNPSNI LANNPNTHVVFSNI RWGDI GSTT*

>P1; EGA _L1

sequence: 1EGlLoopl: 1 ::380 : endogl ucanaselLoopl: Tri choder ma
reesei nutant:::

QPGTSTPEVHPKLTTYKCTKSGGCVAQDT SVVL DVWNYRWVHDANYNSCT
VNGGVNTTLCPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSG
GYSSVSPRLYLLDSDGEYVM_KLNGQEL SFDVDL SAL PCGENGSL YLSQM
DENGGARKELEIENQYNT AGANY GSGYCDAQCPVQTVRNGT LNTSHQ
GFCCNEMDI LEGNSRANAL TPHSCTATACDSAGCGFNPYGSGYKSYYGPG
DTVDTSKTFTI | TQENTDNGSPSCGNLVSI TRKYQQONGVDI PSAQPGGDTI
SSCPSASAYGGELATMSEKAL SSGWLVFSI WADNSQYMNW.DSGNAGPCSS
TEGNPSNI LANNPNTHVVFSNI RWGDI GSTT*

>P1; EGQ L2
sequence: 1EGLL2: 1 ::380 : endogl ucanasel?2: Tri choder ma reesei
nutant:::

QPGTSTPEVHPKL TTYKCTKSGGCVAQDT SVWL DWKYRWHDANYNSCT
VNGGVNTTL CPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSG
GYSSVSPRL YL L DSDGEYVM. KL NGQEL SFDVDL SAL PCGENGSL YL SQM
DENGCAREERIESENQYNT AGANY GSGYCDAQCPVQTVRNGTLNTSHQ
GFCCNEMDI LEGNSRANAL TPHSCTATACDSAGCGFNPYGSGYKSYYGPG
DTVDTSKTFTI | TQENTDNGSPSGNLVSI TRKYQQNGVDI PSAQPGGDTI
SSCPSASAYGGELATMEKAL SSGWL VFSI WKDNSQYMWIL DSGNAGPCSS
TEGNPSNI LANNPNTHVVFSNI RWGDI GSTT*

>P1; EG _L3
sequence: 1EGLL3: 1 ::380 : endogl ucanasel3: Tri choder ma reesei
mutant: ::

QPGTSTPEVHPKL TTYKCTKSGGECVAQDTSVWL DWNYRWHDANYNSCT
VNGGVNTTL CPDEATCGKNCF| EGVDYAASGVTTSGSSL TMNQYMPSSSG
GYSSVSPRL YL L DSDGEYVM_KLNGQEL SFDVDL SAL PCGENGSL YL SQV
DENGGARREERRESENQYNT AGANY GSGYCDAQCPVQTRNGTLNTSHQ
GFCCNENMDI LEGNSRANAL TPHSCTATACDSAGCGENPYGSGYKSYYGPG
DTVDTSKTFTI | TQFNTDNGSPSGNLVSI TRKYQQNGVDI PSAQPGGDTI
SSCPSASAYGGL ATMEKAL SSGWL VFSI WADNSQYMNW. DSGNAGPCSS
TEGNPSNI LANNPNTHVWVFSNI RAGDI GSTT*

>P1; EG _L4
sequence: 1EGLL4: 1 ::380 : endogl ucanaselL4: Tri choder ma reesei
nutant:::

QPGTSTPEVHPKL TTYKCTKSGGCVAQDT SVWL DWNYRWWHDANYNSCT

VNGGVNTTL CPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSG
GYSSVSPRL YL L DSDGEYVM. KL NGQEL SFDVDL SAL PCGENGSL YL SQM
DENGCARERERERERENQYNT AGANY GSGYCDAQCPVQTWRNGTLNTSHQ
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GFCCNEMDI LEGNSRANAL TPHSCTATACDSAGCG-FNPYGSGYKSYYGPG
DTVDTSKTFTI | TQFNTDNGSPSGNLVSI TRKYQONGVDI PSAQPGGDTI
SSCPSASAYGCGLATMGEKAL SSGWLVFSI VWDNSQYMNW. DSGNAGPCSS
TEGNPSNI LANNPNTHVVFSNI RWGDI GSTT*

>P1; EQ _L5

sequence: 1EGLL5: 1 ::380 : endogl ucanasel5: Tri choder ma reesei
nutant:::

QPGTSTPEVHPKLTTYKCTKSGGCVAQDT SVVL DVWNYRWVHDANYNSCT
VNGGVNTTLCPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSG
GYSSVSPRL YL L D{KEIKEKE SDGE YVM. KL NGQEL SFDVDL SALPCG
ENGSL YL SQVDENGGANQYNTAGANYGSGY CDAQCPVQTVWRNGT LNTSHQ
GFCCNEMDI LEGNSRANAL TPHSCTATACDSAGCG-NPYGSGYKSYYGPG
DTVDTSKTFTI | TQENTDNGSPSCGNLVSI TRKYQQONGVDI PSAQPGGDTI
SSCPSASAYGGLATMSEKAL SSGWLVFSI WADNSQYMNW.DSGNAGPCSS
TEGNPSNI LANNPNTHVWVFSNI RWGDI GSTT*

>P1; EAQ _L6

sequence: 1EGLL6: 1 ::380 : endogl ucanasel6: Tri choder ma reesei
nutant:::

QPGTSTPEVHPKLTTYKCTKSGGCVAQDT SVVL DVWNYRWYHDANYNSCT
VNGGVNTTLCPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSG
GYSSVSPRL YL L DKEEIKEERTSDGE YVM. KL NGQEL SFDVDL SALPCG
ENGSL YL SQVDENGGANQYNTAGANYGSGYCDAQCPVQIMRNGTLNTSHQ
GFCCNEMDI LEGNSRANAL TPHSCTATACDSAGCGFNPYGSGYKSYYGPG
DTVDTSKTFTI | TQFNTDNGSPSGNLVSI TRKYQQONGVDI PSAQPGGDTI
SSCPSASAYGGLATMGKAL SSGWLVFSI WADNSQYMNW. DSGNAGPCSS
TEGNPSNI LANNPNTHVWFSNI RWGDI GSTT*

>P1; EQ _L7

sequence: 1EGLL7: 1 ::380 : endogl ucanaselL7: Tri choder ma reesei
nutant: ::

QPGTSTPEVHPKLTTYKCTKSGGCVAQDT SVVL DVWNYRWVHDANYNSCT
VNGGVNTTLCPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSG
GYSSVSPRL YL L DXEKERERERE SDCE YVM. KL NGQEL SFDVDL SALPCG
ENGSL YL SQVDENGGANQYNTAGANYGSGYCDAQCPVQTVWRNGT LNTSHQ
GFCCNEMDI LEGNSRANAL TPHSCTATACDSAGCGFNPYGSGYKSYYGPG
DTVDTSKTFTI | TQENTDNGSPSGNLVSI TRKYQQONGVDI PSAQPGGDTI
SSCPSASAYGGELATMSEKAL SSGWLVFSI WADNSQYMNW.DSGNAGPCSS
TEGNPSNI LANNPNTHVWEFSNI RWGDI GSTT*
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Protein Sequences of Cloned Genes

>Ed

MAPSVTLPLTTAI LAl ARLVAAQQPGTSTPEVHPKLTTYKCTKSGGCVAQDT SVVLDWNY
RWVHDANYNSCTVNGGVNT TLCPDEATCGKNCFI EGVDYAASGVT TSGSSL TMNQYMPSS
SGGYSSVSPRL YL LDSDGEYVM.KLNGQEL SFDVDL SAL PCGENGSL YL SQVDENGGANQ
YNTAGANYGSGYCDAQCPVQTWRNGT LNTSHQGFCCNEMDI LEGNSRANAL TPHSCTATA
CDSAGCGFNPYGSGYKSYYGPGDTVDTSKTFTI | TQFNTDNGSPSGNLVSI TRKYQONGY
DI PSAQPGGDT| SSCPSASAYGGLATMEKAL SSGWL VFSI WNDNSQYMNW.DSGNAGPC
SSTEGNPSNI LANNPNTHVVFSNI RAWGDI GSTTNSTAPPPPPASSTTFSTTRRSSTTSSS
PSCTQIHWGEQCGAE GYSGCKTCTSGT TCQYSNDYYSQCL

>CBHI

MYRKLAVI SAFLATARAQSACTLQSETHPPL TWKCSSGGTCTQQTGSVVI DANVRWIHA
TNSSTNCYDGNTWSESTL CPDNETCAKNCCL DGAAYASTYGVTTSGNSLSI GFVTQSAKN
VGARL YLMASDTTYQEFTLL GNEFSFDVDVSQLPCGLNGAL YFVSVDADGGVSKYPTNTA
GAKYGT GYCDSQCPRDLKFI NGQANVEGNEPSSNNANTG GGHGSCCSENMDI VWEANSI SE
ALTPHPCTTVGQEI CEGDGCGGT YSDNRYGGT CDPDGCDWNPYRLGNTSFYGPGSSFTLD
TTKKLTVVTQFETSGAI NRYYVONGVTFQQPNAEL GSYSGNEL NDDYCTAEEAEFGGSSF
SDKGGL TQFKKATSGGAWL VIVBLWDDYYANMLW.DSTYPTNETSSTPGAVRGSCSTSSGV
PAQVESQSPNAKVTFSNI KFGPI GSTANPSGGNPPGGNRGT TTTRRPATTTGSSPGPTQS
HYGQCGAE GYSGPTVCASGT TCQVLNPYYSQCL

>EG | |

MKFLQVLPALI PAAL AQT SCDQWATFTGNGYTVSNNL WGASAGSG-GCVTAVSL SGGASW
HADWOWEGGONNVKSYONSQ Al POKRTVNSI SSMPTTASWSYSGSNI RANVAYDLFTAA
NPNHVTYSGDYELM W.GKYGDI GPl GSSQGTVNVGGSWILYYGYNGAMQVYSFVAQTN
TTNYSGDVKNFFNYL RDNKGYNAAGQYVL SYQFGTEPFTGSGTLNVASWIASI N

>EG@ BC

QQPGTSTPEVHPKLTTYKCTKSGGCVAQDT SVVL DWNYRWVHDANYNSCTVNGGYNT T
L CPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSGGYSSVSPRLYLLDSDG
EYVM_.KLNGQEL SFDVDL SAL PCGENGSL YL SQVDENGGANQYNTAGANYGSGYCDAQ
CPVQIRNGTLNTSHQGFCCNENDI LEGNSRANAL TPHSCTATACDSAGCGFNPYGSG
YKSYYGPGDTVDTSKTFTI | TOFNTDNGSPSGNLVSI TRKYQONGVDI PSAQPGGDTI
SSCPSASAYGGLATMGKAL SSGWL VFSI WNDNSQYMNW. DSGNAGPCSSTEGNPSNI
LANNPNTHVVFSNI RWGDI GSTTNSTAPPPPPASSTTFSTTRRSSTTSSSPSCTQIHW
GQCGA GYSGCKTCTSGITCQYSNDYYSQCLPPPPPASSTTFSTTRRSSTTSSSPSCQ
QPGTSTPEVHPKLTTYKCTKSGGCVAQDT SVVL DWNYRWVHDANYNSCTVNGGVYNTTL
CPDEATCGKNCFI EGVDYAASGVTTSGSSL TMNQYMPSSSGGYSSVSPRL YL LDSDGE
YVMLKLNGQEL SFDVDL SAL PCGENGSL YL SQVDENGGANQYNTAGANYGSGYCDAQC
PVQTRNGTLNTSHQG-CCNENDI LEGNSRANAL TPHSCTATACDSAGCGFNPYGSGY
KSYYGPGDTVDTSKTFTI | TOFNTDNGSPSGNLVSI TRKYQONGVDI PSAQPGGDTI S
SCPSASAYGGLATMGEKAL SSGWL VFSI WADNSQYMNW. DSGNAGPCSSTEGNPSNI L
ANNPNTHVVFSNI RWGDI GSTTNSTA
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