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Abstract

Abstract

Naturally occurring cellulose can be used as awabk resource for the sustainable
production of platform chemicals such as itaconoid.a The biocatalytic conversion of
cellulose is a very promising approach due to igh tselectivity, mild conditions, and low
exergy loss. However, such biocatalytic processesstll seldom applied at the industrial
scale since the single conversion steps (pretredtrhgdrolysis, and fermentation) exhibit
low efficiencies or high costs. To allow a knowledgased optimization, each step was
analyzed in detail within this thesis. Thereby, nemtegrated) approaches and screening

technologies were also established.

To pretreat cellulose in an environmentally frignadhanner, the non-hydrolyzing protein
swollenin was applied. A new and efficient methodptoduce recombinant swollenin was
established by using the robust ye#&styveromyces lactis. During the pretreatment of
different cellulosic substrates, swollenin induagehgglomeration and decrystallization of
cellulose. As a result, swollenin caused a sigaificdecrease in particle size as well as in
crystallinity of the cellulosic substrates, therefiybstantially increasing their accessibility.
Moreover, pretreatment with swollenin — even in4saturating concentrations — significantly
accelerated the subsequent cellulose hydrolysisorfelation for hydrolysis rates based on
particle size and crystallinity illustrated the hgtysis-accelerating effect of swollenin. For
the first time, it was quantified and elucidated detail how swollenin affects relevant
physical properties of cellulosic substrates and hamproves their subsequent hydrolysis.

The efficiency of cellulose hydrolysis also deperas selecting optimal cellulases and
hydrolysis conditions. To screen for these optipelameters, practical cellulosic substrates
and sophisticated cellulase assays are essentiinwhis thesis, insoluble-cellulose was
found to be an excellent practical substrate teestiand characterize cellulase adsorption and
activity. At first, a reproducible purification nfeid was established to prepare the major
cellulases fronTrichoderma reesei with high purity. The adsorption isotherms andekics of
these cellulases were modeled and analyzed in tgtasinga-cellulose. The activities of all
purified cellulases were determined, and a semihamg@stic model was developed to
precisely predict the kinetics of cellulose hydsiy Moreover, optimal hydrolysis conditions
(pH, temperature, and hydrodynamics) were idewtiftéere, it was shown for the first time

how different hydrodynamic conditions affect cedls adsorption as well as the correlation
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between the adsorption and the activity of cellegasn particular, the complete suspension of

cellulose particles was ensured in order to optneellulase adsorption and activity.

Up to now, most cellulase assays are slow, tedioubased on artificial soluble substrates
that do not reflect real insoluble cellulose. Hetee first sophisticated cellulase assay was
developed which simultaneously combines high-thhpug, online analysis, and insoluble
cellulose in one simple system. This assay is basethe BioLector, which monitors the
scattered light intensities of cellulose susperssiona continuously shaken microtiter plate.
By using the BioLector, cellulase activities towadifferent insoluble cellulosic substrates
were quantified. At low cellulase/cellulose ratiofie determined Michaelis-Menten
parameters were mainly affected by cellulose chysitg; at high ratios, the cellulose particle
size was the key determining factor. Moreover,utefle adsorption and the non-hydrolytic
deagglomeration of cellulose were studied usingBiodector. In conclusion, the developed

assay will considerably simplify and acceleratedamental research on cellulase screening.

As yet, itaconic acid has solely been produceddpasate fermentations necessitating directly
fermentable carbon sources such as glucose. Herdirst integrated process was presented
to directly convert cellulose to itaconic acid v&multaneous saccharification and
fermentation (SSF). In just one SSF steyellulose was hydrolyzed by cellulases, and the
releasedjlucosewassimultaneouslyonvertedo itaconicacid by thefungusUstilago maydis.

It was shown that the enzymatic cellulose hydraslgsin be performed under SSF conditions.
Moreover, an inhibitory effect of itaconic acid tre cellulases could be disproved. The SSF
was comprehensively analyzed and compared with rdmary batch fermentation using
glucose as sole carbon source. During SSF, thelasl was almost completely hydrolyzed,

and the itaconic acid yield was comparable to ¢fighhe batch fermentation.

Within this thesis, a detailed understanding of bhecatalytic conversion of cellulose to
itaconicacidwasgenerated. Natnly all essentiatonversiorstepswereinvestigatedn detail,

but also novel (integrated) approaches as weléasnblogies were developed. In the future,
the conversion steps need to be further harmoneedl {n-situ) product recovery should be
implemented, as well as the recycling of waterlutates, microorganisms, and unconverted
cellulose. Moreover, cellulases and microorganisraed to be improved and adapted to
integrated process configuration such as SSF. melasion, the results presented within this
thesis are the fundamental basis for a further kedge-based improvement and pave the

way for an economically feasible production procassverting cellulose to itaconic acid.



Kurzfassung 11

Kurzfassung

Biokatalytische Umwandlung von Cellulose zu Itacons aure

Cellulose ist ein naturlicher, nachwachsender Rdhstler fir die nachhaltige Produktion
von Plattformchemikalien (z.B. Itaconsaure) verwainderden kann. Die biokatalytische
Umwandlung von Cellulose stellt dabei eine aul¥eidtzersprechende Prozessvariante dar,
die sowohl hohe Selektivitat, niedrige Exergievstduals auch milde Reaktionsbedingungen
vereinigt. Solche biokatalytischen Prozesse werdkendings selten industriell umgesetzt, da
die einzelnen Umwandlungschritte (Vorbehandlungdidlyse, Fermentation) eine geringe
Effizienz oder hohe Kosten aufweisen. Um diese Undhangschritte gezielt optimieren zu
konnen, wurde im Rahmen der vorliegenden Arbeiefjedieser drei Schritte ausfihrlich
untersucht. Des Weiteren wurden dabei neue (irggg)i Verfahren und
Screeningtechnologien entwickelt.

Um die Cellulose vorzubehandeln, wurde das niclirdlytische Protein Swollenin
eingesetzt. Das daftir benotigte Swollenin konnteHfife der HefeKluyveromyces lactis in
einem neuen und effizienten Expressionsverfahrkombinant hergestellt werden. Wahrend
der Vorbehandlung von verschiedenen celluloselgaltigubstraten induzierte Swollenin eine
Deagglomeration und Dekristallisation der Cellulddeerbei konnte sowohl eine signifikante
Reduktion der Partikelgrof3e und der Kristallinitds auch eine deutliche Steigerung der
Cellulosezuganglichkeit nachgewiesen werden. Auf$erdihrte die Vorbehandlung mit
Swollenin zu einer signifikanten Beschleunigung danschlielenden enzymatischen
Cellulosehydrolyse. Die gesteigerten Hydrolyser&gmten eindeutig auf die von Swollenin
induzierten Effekte zuriickgefuhrt werden, indem Higdrolyseraten mit der PartikelgréRe
und der Kristallinitdt von Cellulose korreliert vden. Folglich wurde somit zum ersten Mal
quantitativ nachgewiesen, wie Swollenin die phyisskhen Eigenschaften von Cellulose

beeinflusst und deren nachfolgende Hydrolyse stieige

Die Effizienz der enzymatischen Cellulosehydroliig@agt des Weiteren malf3geblich von der
Wabhl geeigneter Cellulasen und geeigneter Hydrbldimgungen ab. Um diese zu ermitteln,
missen sowohl praxisnahe cellulosehaltige Substrals auch fortschrittliche
Analyseverfahren eingesetzt werden. Innerhalb diesbeit konnte o-Cellulose als
hervorragendes praxisnahes Substrat identifizieetden, um die Adsorption und die

Aktivitat von gereinigten Cellulasen zu untersuchem zunachst gereinigte Cellulasen zu
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erhalten, wurde eine neue und reproduzierbare gRemgsmethode entwickelt. Mit Hilfe
dieser Methode konnten verschiedene Cellulasernal@ehydrolasen und Endoglucanasen)
von Trichoderma reesal isoliert werden. Anschlieliend wurden die Adsommieothermen
und Adsorptionskinetiken dieser Cellulasen modelliend ausfuhrlich analysiert. Die
Aktivitaten der Cellulasen wurden ebenfalls bestimmBasierend auf diesen Versuchen
konnte ein semi-mechanistisches Modell entwickelerden, um die Kinetik der
Cellulosehydrolyse prazise vorauszusagen. Des Ygritgurden die optimalen Bedingungen
(pH-Wert, Temperatur, Hydrodynamik) fiir die Hydred¢yvona-Cellulose ermittelt. Dabel
konnte zum ersten Mal gezeigt werden, wie vers@medydrodynamische Zustadnde sowohl
die Cellulaseadsorption als auch die Korrelation ¥asorption und Aktivitat beeinflussen.
Die vollstandige Suspension der Cellulosepartikesste insbesondere gewéhrleistet werden,

um eine optimale Cellulaseadsorption und -aktivatéerzielen.

Die meisten derzeit angewandten Analyseverfahren @e&llulasen sind langwierig,
arbeitsaufwendig oder basieren auf artifiziellensseltslichen Substraten, die die reale
unlésliche Cellulose nicht korrekt abbilden kénnkn.Rahmen dieser Arbeit wurde jedoch
das erste Analyseverfahren fir Cellulasen entwickeklches Hochdurchsatzscreening,
Online-Analytik und den Einsatz unléslicher Celkgoin einem einfach zu bedienenden
System vereinigt. Dieses Verfahren basiert auf dd&ioLector, mit dem die
Streulichtintensitdt von Cellulosesuspensionen imere kontinuierlich geschuttelten
Mikrotiterplatte gemessen werden kann. Mit Hilfe sdeBiolLectors konnten
Cellulaseaktivitaten gegeniber verschiedenen uahisi Cellulosevarianten quantifiziert
werden. Entsprechend des verwendeten Cellulasal@sdtVerhaltnisses, waren die
Cellulaseaktivitaten und abgeleiteten Michaelis-MerAParameter entweder durch die
Kristallinitat oder die Partikelgrof3e der Cellulodienitiert. Des Weiteren konnten die
Cellulaseadsorption und die nicht-hydrolytische giggameration von Cellulose im BioLector
untersucht werden. Schliel3lich weist das entwiek@halyseverfahren das Potential auf, um
die Charakterisierung und das Screening von Cshkuladeutlich zu vereinfachen und zu
beschleunigen.

Itaconsaure wurde bisher lediglich mit konventiterelFermentationen hergestellt, die auf
direkt fermentierbaren Kohlenstoffquellen wie Glsedbasieren. Im Rahmen dieser Arbeit
wurde jedoch der erste integrierte Prozess entWi¢&SF, ,simultaneous saccharification
and fermentation”), mit dem Cellulose direkt zuctiasdure umgewandelt werden kann.

Wahrend dieses SSF-Prozesses wurde die Cellulasé diellulasen hydrolysiert und die
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resultierende Glucose simultan von dem RI&ilago maydis zu ltaconsdure umgewandelt.
Hierbei wurde nachgewiesen, dass die enzymatisatikil@ehydrolyse auch unter den
Bedingungen eines SSF durchgefuhrt werden kanndimdCellulasen durch das Produkt
Itaconsaure nicht inhibiert werden. Der SSF-Versuthide umfassend analysiert und mit
einer konventionellen Batch-Fermentation auf Basis Glucose verglichen. Wahrend des
SSF wurde die Cellulose fast vollstandig hydrolgtsiend eine mit der konventionellen
Fermentation vergleichbare Itaconsaureausbeutelgrre

Im Rahmen dieser Dissertation wurde ein grundlegenderstandnis fiur die biokatalytische
Umwandlung von Cellulose zu ltaconsaure geneiBahei wurden nicht nur alle essentiellen
Umwandlungsschritte detailliert untersucht, sondaueh innovative (integrierte) Verfahren
und Technologien entwickelt. In zukilnftigen Arbaitenissen die Umwandlungsschritte
weiter aufeinander abgestimmt und die-gtu) Reinigung der Itaconsaure als finaler
Prozessschritt implementiert werden. Das Recyclingn Wasser, Cellulasen,
Mikroorganismen und restlicher Cellulose sollte rdbfls ein Schwerpunkt zukinftiger
Forschung sein. Um die Ausbeute und Produktivigg gesamten Prozesses zu erhdhen,
missen die Biokatalysatoren optimiert und an diedifBungen von integrierten
Prozessschritten (z.B. SSF) angepasst werden. maRahmen dieser Arbeit generierte
Verstandnis bildet schlie3lich die Grundlage, uniteve Verbesserung zu erzielen und einen
Okonomischen Prozess zur Umwandlung von Cellulose Ptattformchemikalien zu

etablieren.
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Nomenclature

Abbreviations

a.u.

AGU

BCA

BSA

CBH

CBP

CMC

DNS

DoE

DSMZ

EC

EG

FITC

FPU

HMF

HPLC

A

mAU

MBP

MTHF

NBT/BCIP

PAHBAH

arbitrary units

anhydroglucose units

bicinchoninic acid

bovine serum albumin

cellobiohydrolase

consolidated bioprocessing
carboxymethyl cellulose

dinitrosalicylic acid

U.S. Department of Energy

German collection of microorganisms and celtuwres
enzyme commission number
endoglucanase

fluorescein isothiocyanate

filter paper units

5-hydroxymethylfurfural
high-performance liquid chromatography
itaconic acid

milli-absorbance units

maltose-binding protein
methyltetrahydrofuran

nitro blue tetrazolium / 5-bromo-4-chle8eindolyl phosphate

p-hydroxybenzoic acid hydrazide
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Xl

PBST

nm

RAMOS

SDS

SHF

SHCF

SSF

SSCF

TMFB

XRD

YPGal

phosphate buffered saline containing Tween-20
rounds per minute

respiration activity monitoring system

sodium dodecyl sulfate

separate hydrolysis and fermentation

separate hydrolysis and co-fermentation
simultaneous saccharification and fermentation
simultaneous saccharification and co-fermiemntat
tailor-made fuels from biomass

X-ray diffraction

medium containing yeast extract, peptonegahaictose

Roman Symbols

Co

Crl

do

non-linear Gaussian cumulative function parameter-] |

adsorbed protein nMolproteir Jcellutosd ™
adsorbed protein at equilibrium uMolyroteir/ Ocellulosd ™
maximum protein adsorption uiOlyroteir/ Ocellulosd ™
pre-exponential factor [1/s]

non-linear Gaussian cumulative function parameter-] |

non-linear Gaussian cumulative function parameter-] |

cellulose concentration [g/L]
initial cellulose concentration [g/L]
crystallinity index [%]

non-linear Gaussian cumulative function parameter-] [

shaking diameter [mm]
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X

dp
DP
DPy

Di

Ead

Eadeo

Ea

loo2
[Am

Kad

kcat,app
Ka
Ka

Kb

KM,app

Nerit

OTR

geometric mean particle size [um]

degree of polymerization [AGU]
weight-average apparent degree of polymerizationAGU]
inner tube diameter [mm]

non-linear Gaussian cumulative function parameter-] |

free protein concentration uinolproteirf L1*
initial protein concentration umolyroteirf L1*
adsorbed protein concentration unfolproteirf L1*
adsorbed protein concentration at equilibrium uMPlproteir/ L1*
activation energy [kJ/mol]

non-linear Gaussian cumulative function parameter-] |

non-linear Gaussian cumulative function parameter-] |

maximum intensity of crystalline plane reflection [1/s]

XRD scattering at 18° (amorphous) in cellulose-I [1/s]
pseudo-first-order adsorption rate constant 1[1/s
apparent turnover number [1/s]

acid dissociation constant [mol/L]
association constant fholprotein*
dissociation constant pinolyroteid L]*
inhibition constant [o/L]
apparent Michaelis constant [g/L]
shaking frequency [rpm]
critical shaking frequency for liquid mixing imd

oxygen transfer rate [mmol/(L-h)]

probability for significant scores (protein mataijin [-]
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pPKa negative logarithm of acid dissociation constant 1 [-

P reducing sugar concentration [g/L]

Pglucose glucose concentration [g/L]

R ideal gas constant [J/(mol-K)]

R coefficient of determination [-]

T temperature [°C] or [K]

t time [S]

Vv cellulase activity [g/(L-h)]

A total filling volume [mL]

Vinaxapp apparent maximum cellulase activity [g/(L-h)]

Vo, optimal cellulase activity at optimal pH value [g/(L-h)]

Ypis product yield of itaconic acid I Yglucosd
Or [gia/Geelluiosd

* Instead of molar amounts, mass units can be applibd correlation is based on the

molecular masses of the respective proteins.

Greek Symbols

0 diffraction angle [°]

y) wavelength [A] or [nm]
L liquid density [ka/L]

o surface tension [N/m]
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1 Introduction

1.1 Lignocellulose: Production Rates and Structure

Plants use solar energy to convert carbon dioxideveater into carbohydrate building blocks
(CH20), and oxygen (Huber et al., 2006; Kaltschmitt et 2009). This process — known as
photosynthesis — allows the (photo-)autotrophicagioof plants. The production rates of dry
plant biomass are about 150 billion tons/year (fbhe#? and Wagner, 2006; Graziani and
Fornasiero, 2006; Zhang et al., 2006), and the digplant biomass is about 2000 billion
tons (Graziani and Fornasiero, 2006). Since ligholose is the main component of dry plant
biomass, it is the most abundant and renewablenmrgasource on earth (Bhat and Bhat,
1997; Zhang and Lynd, 2004). Lignocellulose canfimend within plant cell walls and
generally consists of cellulose, hemicellulose, &gdin (Lynd et al., 2002). Although the
composition of lignocellulose strongly depends ba type and origin of the particular plant
biomass, the average proportions are as followgédhsen et al., 2007; Kumar et al., 2009;
Lynd et al.,, 2002): 35-50% (w/w) cellulose, 20-35%wv/w) hemicellulose, and
5-30% (w/w) lignin.

Cellulose — the main component of lignocelluloseis—a linear polymer or chain of
D-anhydroglucose molecules linked togetherpby,4-glycosidic bonds (Figure 1-1A). The
D-anhydroglucose (§:00s) molecules result from condensation reactions egllizose
(CsH120g). Each cellulose chain has a reducing end andnaredtucing end (Figure 1-1A)
(Klemm et al., 2005). At the reducing end, the teahhemiacetal is in equilibrium with the
open-ring form, thereby revealing the reducing layadie group (Klemm et al., 2005). At the
non-reducing end, the ring opening is preventat;esthe C1-OH group in the hemiacetal is
involved in theB-1,4-glycosidic bond (Mosier et al., 1999). Sincgaaent D-anhydroglucose
molecules are rotated by 180° to their neighbolgaf and Lynd, 2004), anhydrocellobiose
Is the structural repeating unit of cellulose (Fegd-1A). As a consequence of this rotation,
each side of the cellulose chain has the same nuofieydroxyl groups, thereby leading to a
symmetrical and linear structure (Zhang and Lyr@)4). Based on this structure, hydrogen
bonds and van der Waal's forces can be formed leetwadividual cellulose chains (Zhang
and Lynd, 2004). Around 30 parallel cellulose cka@me assembled into larger units called
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elementary fibrils or protofibrils (Figure 1-1B) yhd et al., 2002). These elementary fibrils
are further arranged into microfibrils (Figure 1)1Cynd et al., 2002; Somerville et al.,

2004). Here, the parallel alignment and the extensiumber of intra- and intermolecular
hydrogen bonds lead to a highly organized and altys¢ structure (Mansfield et al., 1999;
Zhang and Lynd, 2004). Within this structure, thalwose is tightly packed, and the
penetration of enzymes or even smaller moleculgsh(as water) is prevented (Lynd et al.,
2002). In most cases, however, cellulose does oatroin a completely crystalline form.

Thus, microfibrils consist of crystalline and amoops regions (Figure 1-1C) (Lynd et al.,
2002; Mansfield et al., 1999). Moreover, cellulasgcrofibrils are further arranged into

macrofibrils (fibers) (Figure 1-1D) (Lynd et al.0@2). To stabilize this final supramolecular
structure, the smaller microfibrils are embeddedaimatrix of hemicellulose and lignin

(Bidlack et al., 1992; Ganan et al., 2008; Lynalet2002; Mansfield et al., 1999; Somerville
et al., 2004).

Cellulose chain Elementary fibril (protofibril) B

Cellulose
%% %;\, # }’Y&\p L
Non- redUCfng H_/H_J Reducmg

D-anhydro- D-anhydro- end
\glucose glucose W,

V‘
Anhydroceliobiose

Microfibril C Macrofibril (fiber) D

Elementary Microfibril
fibril

H—/ Amorphous

Crystalline region
region
Hemicellulose LIgnm
Figure 1-1: Structure of cellulose and its association with lefiulose and lignin (lignocellulose).

Structural classificationgy B, C, D) are described in Chapter 1.1.

Hemicellulose is an amorphous polysaccharide cbngi®f pentoses (usually xylose and
arabinose) and hexoses (usually galactose, gluemsemannose) (Hamelinck et al., 2005;
Huber et al., 2006; Mosier et al., 2005; Shallord &moham, 2003; van Zyl et al., 2007). It
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forms hydrogen bonds with cellulose and surrouhdsiridividual microfibrils (Figure 1-1D)
(Bidlack et al., 1992; Mosier et al., 2005; Shallamd Shoham, 2003; Somerville et al.,
2004). By contrast, lignin is a highly branchedyaosbmatic compound consisting mainly of
paracoumaryl, coniferyl, and sinapyl alcohols (Hubg al., 2006). It covalently bonds to
hemicellulose and, thereby, connects the individe@hplexes, made of microfibrils and
hemicellulose, with each other (Figure 1-1D) (Bakat al., 1992; Lynd et al., 2002; Shallom
and Shoham, 2003; Zhang and Lynd, 2004). Finatlg, tight packing of cellulose and its
association with hemicellulose and lignin lead e tmechanical stability of lignocellulose
(and plant cells) and hinder its degradation viegncicals, enzymes, or plant pathogens
(Bidlack et al., 1992; Bresinsky et al., 2008; Weind Nover, 2008).

To describe the structure of (ligno-)cellulose,esaV physical properties have been defined.
Aside from the amount of hemicellulose and ligrilrese properties, in particular, are (Lynd
et al., 2002; Zhang and Lynd, 2004; Zhang et #062. degree of polymerizatiorDP),
accessibility, and crystallinity. The degree ofymoerization describes the average length of
the cellulose chains and is given by the numbeepéating D-anhydroglucose units (AGU)
(Zzhang and Lynd, 2004). Accessibility reflects tutal surface area available for direct
physical contact between cellulose and other sobsg It is generally determined by
cellulose patrticle size (external surface area) thedporosity of cellulose (internal surface
area) (Chandra et al., 2007; Chandra et al., 200&xhermore, crystallinity is a relevant
physical property describing the percentage oftalyse regions. Here, it should be noted
that crystallinity may also affect cellulose acdedity (Arantes and Saddler, 2011; Chandra
et al., 2007; Park et al., 2010). Up to now, howetlgeir relationship has not been clearly
elucidated (Chandra et al., 2007; Ramos et al.3Y199

1.2 Platform Chemicals from Lignocellulose

Because of its high availability and sustainabi{i@hapter 1.1), lignocellulose is a promising
resource for the sustainable production of platfeimamicals (Himmel et al., 1999; Himmel
et al., 2007; Himmel and Bayer, 2009; Huber et241Q6; Kaltschmitt et al., 2009; Lynd et al.,
1999; Marquardt et al., 2010; Peralta-Yahya andsKeg, 2010). These platform chemicals
can be converted to valuable products such ascfieenicals, polymers, or fuels (Werpy and
Petersen, 2004). In 2004, the U.S. Department efdn(DoE) published a study about the
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top value-added platform chemicals from starcHutade, and hemicellulose — lignin was not
initially included (Werpy and Petersen, 2004). &tarfrom a list of more than 300 platform
chemicals, the DoE screened for those candidatestimgethe following criteria: (1)
economical production from starch, cellulose, omieellulose via biological or chemical
reaction steps, and (2) large potential for furt@mversion to valuable products. By using an
iterative review process based on raw material sgoptocessing costs, complexity of
processing pathways, selling prices, market patntchemical functionalities, and potential
uses, the top twelve value-added platform chemigatse finally chosen (Table 1-1).
Moreover, it should be noted that the DoE publishadadditional study about the potential
chemicals from lignin (Bozell et al., 2007). Howevéhese chemicals are not addressed
within this section, since there is no consensgarding the use of lignin at industrial scale

(burning or conversion) (Bozell et al., 2007).

Table 1-1: Top twelve value-added platform chemicals fromatacellulose, and hemicellulose.
Number of carbon atoms [-] Platform chemicals®
3 glycerol, 3-hydroxy propionic acid
4 aspartic acid, 1,4-dicarboxylic acids"®, 3-hydroxybutyrolactone
5 glutamic acid, itaconic acid, levulinic acid, xylitol/arabinitol®
6 glucaric acid, sorbitol, 2,5-furan dicarboxylic acid

& According to Werpy and Petersen (2004).
® This term includes succinic acid, malic acid, &ngaric acid.

¢ These molecules have been grouped because obtinatinl synergy related to their structures.

As shown in Table 1-1, platform chemicals with thte six carbon atoms were selected. This
can be explained by the sugar focus of the DoEystinreby limiting the opportunities for
value-added chemicals with more than six carbormatdWerpy and Petersen, 2004).
Moreover, platform chemicals with multiple functedngroups were chosen, since these
substances have a much larger potential for furtb@wversion into useful derivatives than
substances with one functional group (Werpy an@meh, 2004). Consequently, compounds
with two carbon atoms, such as acetic acid or ethavere not considered because of their
low chemical functionality. According to Table 1-8ome platform chemicals have been
grouped together because of the potential synezigyed to their structures. These candidate

groups are xylitol/arbinitol and the 1,4-dicarbagyhcids (succinic acid, malic acid, and
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fumaric acid). For each of the twelve platform cleatfs, different pathways for further
conversion and a number of potential derivateshmifound in the DoE study (Werpy and
Petersen, 2004).

In particular, a promising platform chemical iscitaic acid (methylene butanedioic acid) —
a white crystalline unsaturated dicarboxylic adidg(re 1-2) (Willke and Vorlop, 2001).
Because of its high number of functional groupstfiylene, carboxyl, and hydroxyl groups),
a significant market opportunity for the productiof established or novel products from
itaconic acid exists (Werpy and Petersen, 2004) eikample, itaconic acid can be applied as
an additional monomer in styrene-butadiene hetdyopars (synthetic rubber) which are used
in detergents and emulsion paints as well as infither, pharmaceutical, and herbicide
industries (Bressler and Braun, 2000; Werpy an@érBeh, 2004). Furthermore, itaconic acid
can be transformed to the potential biofuel 3-migdimahydrofuran (3-MTHF) (Geilen et al.,

2010; Marquardt et al., 2010).
0
OH

0]

Figure 1-2: Structural formula of itaconic acid £8¢0,).

Although the DoE included starch as a possible wmesofor the production of platform
chemicals (Werpy and Petersen, 2004), it shoulddied that the use of starch (as well as
sucrose) comprises serious disadvantages (Pala&tirals 2007; Pfennig, 2007; Somerville et
al., 2010): (1) depletion of edible resources (cetitipn with the food chain), and (2)
conversion of only a small fraction of the plantteral (in particular for wheat or corn). In
the future, lignocellulose should be used as aerrative resource for the production of
platform chemicals. Thereby, no interference with tood chain occurs, and the entire plant
can be used (Palatinus et al., 2007; Pfennig, 280ierville et al., 2010).

1.3 Non-selective / Selective Conversion of Lignoce  llulose

In order to convert lignocellulose to platform cheatfs, two different approaches can be
performed (Huber et al., 2006; Marquardt et al1®0 (1) non-selective conversion or (2)

selective conversion (Figure 1-3).
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In the case of the non-selective conversion, thghlhi functionalized lignocellulose is
completely degraded by gasification into C1 buidiocks such as CO and ¢Hrigure 1-3)
(Huber et al., 2006; Huber and Dumesic, 2006; Marduet al., 2010). Afterwards, these
building blocks are reassembled into the desiratfgrin chemicals by, for example, Fischer-
Tropsch synthesis. This non-selective approach mamcess different kinds of biomass
simultaneously (such as lignocellulose, oil, aratdt) (Marquardt et al., 2010). However, it
requires capital-intensive large-scale plants amgh-temperature treatments (greater than
500 °C). Moreover, it annihilates nature’s synthggwer and, therefore, leads to high losses

of exergy which has been initially stored withie thomass (Marquardt et al., 2010).

10000 - Lignocellulose

AN

Selective
conversion
R

Non-selective
conversion
Platform

chemicals

-
o
1

C-atoms [-]

1qeg. CO, CH,

Processing steps [-]

Figure 1-3: Approaches for the non-selective and selective emion of lignocellulose to platform

chemicals.

For the selective approach, lignocellulose is delely depolymerized to its monomers
without significant degradation (Figure 1-3). Afterds, the resulting monomers are
refunctionalized into the desired platform chenscdh contrast to the conventional non-
selective approach, conversion reactions are pedgdrunder mild conditions, and nature’s
synthesis power is preserved to a maximum extenb¢H et al., 2006; Marquardt et al.,
2010). Therefore, the selective approach offersctiance to establish processes with higher
carbon efficiency and lower exergy loss. Since lyigielective catalysts need to be applied
during such processes, only one type of biomasdearonverted at one time (Huber et al.,

2006). Up to now, different types of catalysts haeen applied for the selective conversion
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(depolymerization and refunctionalization) of ligmtiulose: chemocatalysts (Michels and
Wagemann, 2010; Rinaldi et al., 2008; vom Steimalet 2010; vom Stein et al., 2011),
enzymes (Himmel et al., 2007; Zhang and Lynd, 20@4groorganisms (Stephanopoulos,
2007), or combinations of these (Rinaldi et al.1@0Yanase et al., 2010). However, this
work focuses on the selective and biocatalytic ession of lignocellulose by using enzymes

and microorganisms.
1.4 Biocatalytic Conversion of Lignocellulose
In general, the biocatalytic conversion of ligndaglelse to valuable products, such as platform

chemicals, consists of four major processing stefuder et al., 2006; Mosier et al., 2005;

Wyman, 2004): pretreatment, hydrolysis, fermentatand product recovery (Figure 1-4).

Energy / chemicals /

biocatalysts Enzymes Microorganisms
Ligno- —= Pretreatment = Hydrolysis Fermentation > [Fliars i —= Product
cellulose recovery
T Cellulose, I
i (hydrolyzed) Sugars Product i
¥ hemicellulose
Lignin Lignin Residuals
|:| Conversion step l:l Purification step
Figure 1-4: Scheme of the selective and biocatalytic conversifdignocellulose.

Pretreatment is required to open up the recaldisancture of lignocellulose (Chapter 1.1).
Hence, the carbohydrate fractions (cellulose amditedlulose) are more accessible, and their
subsequent hydrolysis to monomeric sugars can biewsx more rapidly and with greater
yields (Hamelinck et al., 2005; Mosier et al., 2D0Bepending on the applied pretreatment
technigue and its driving force/catalyst (enerdynicals, or biocatalysts), hemicellulose is
already hydrolyzed, and lignin can be removed (Fadl+4) (Hamelinck et al., 2005; Mosier
et al., 2005; Olofsson et al., 2008).

After pretreatment, hydrolysis is the processirgpghat converts the carbohydrate fractions
(cellulose and non-hydrolyzed hemicellulose) ink@it monomeric sugars (Figure 1-4).
According to the composition of cellulose and hestiidose (Chapter 1.1), hexoses (such as
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glucose, galactose, and mannose) and pentoses gsuxylose and arabinose) result from
hydrolysis. In general, the hydrolysis reaction bancatalyzed by enzymes or acids such as
sulfuric acid (Huber et al., 2006). In the case emizymatic hydrolysis, cellulose and
hemicellulose are hydrolyzed by cellulases and beliases, respectively (Lynd et al.,
2002; Mosier et al., 2005; Zhang and Lynd, 2004heW performing the chemical hydrolysis
of cellulose, undesired by-products including 5#toyymethylfurfural (HMF) and levulinic
acid result from acid-catalyzed sugar degradatwmch in turn can lead to glucose yields
less than 70% (Huber et al., 2006). By contrast gfizymatic hydrolysis can produce glucose
yields above 95% and is, thus, often superior eodble chemical hydrolysis (Huber et al.,
2006).

After hydrolysis, the resulting sugars are ferménte the desired product (Figure 1-4).
Because the cost-effectiveness of a lignocellubzssed process depends critically on the
yield of sugar conversion to the final product (Bt@nopoulos, 2007), all sugars (both
hexoses and pentoses) need to be converted (Lyad, 2002; Mosier et al., 2005). For
example Aspergillus terreus or Ustilago maydis utilize both hexoses and pentoses (Kautola et
al., 1985; Kurz and Ericson, 1962; Matsushima ahajK1958), and they are able to produce
itaconic acid (Guevarra and Tabuchi, 1990; Kaudblal., 1985; Kobayashi, 1978; Willke and
Vorlop, 2001). In addition, the applied microorgami must tolerate potentially inhibitory
compounds generated during pretreatment (Lynd.e2@02). Such compounds arise from
the release of additional substances present int @ddomass (e.g. organic acids and
extractives), degradation of carbohydrates to unelbsby-products (e.g. furfurals), or
corrosion leading to the release of inorganic iynd et al., 2002). Here, the actual amount
of generated inhibitors depends greatly on the typelant biomass and the pretreatment

conditions.

Whereas molecular structures were changed durgtggatment, hydrolysis, and fermentation
(conversion steps), the last processing step aongedover the final product from the

fermentation broth (Figure 1-4). Depending on thedpct and the impurities of the

fermentation broth, one of the following unit opeyas can be generally applied (Chmiel et
al., 2011): adsorption, chromatography, distillatioextraction, membrane separation,
precipitation/crystallization, or combinations dfese. For example, itaconic acid can be
purified via extraction, crystallization, or membeaseparation (electrodialysis) (Wasewar et

al., 2011; Willke and Vorlop, 2001). Residuals -€fstas enzymes, microorganisms, non-
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hydrolyzed cellulose, and non-hydrolyzed hemicelel — end up during product recovery
(Figure 1-4) (Mosier et al., 2005). Moreover, ligns an additional residual accumulating
during product recovery or pretreatment (Huber.e2806). If the energy demand for drying
these residuals is relatively low, they can be bdrto power the process (Mosier et al.,
2005). Alternatively, some of these residuals cadnverted to valuable co-products (Bozell
et al., 2007; Mosier et al., 2005). In the casbgwiin, no efficient biocatalytic conversion has
been developed so far (Marquardt et al., 2010). éd@n several researches have screened
and characterized first enzymes capable of depalging lignin (Arora et al., 2002;
Dashtban et al., 2010; Ruiz-Duenas and Martine@9p0Although product recovery is an
essential part for the biocatalytic conversion @fndcellulose, this work focuses on
pretreatment, hydrolysis, and fermentation. Inftiibwing chapters, these conversion steps

will be further discussed.

1.4.1 Pretreatment

As described in Chapter 1.4, the general task efrgatment is to open up the recalcitrant
structure of lignocellulose (Chapter 1.1) and tkeneellulose as well as hemicellulose more
accessible. Thus, enzymes can effectively peneinadethe carbohydrate network, and both
carbohydrates are hydrolyzed more rapidly and wgitater yields (Hamelinck et al., 2005;
Mosier et al., 2005). In general, the optimal matment technique should have the following
effects (Alvira et al., 2010; Chandra et al., 200handra et al., 2008; Hamelinck et al., 2005;
Kumar et al., 2009; Mosier et al., 2005): (1) dgragation of cellulose, hemicellulose, and
lignin, (2) prehydrolysis of hemicellulose, (3) rewal of lignin, (4) increase in cellulose
accessibility (total surface area) by decreasindulose particle size and increasing the
porosity of cellulose, (5) reduction in celluloggstallinity, and (6) reduction in the degree of
polymerization. Moreover, pretreatment should mketfollowing requirements (Chandra et
al., 2007; Kumar et al., 2009): (1) no degradatiotoss of carbohydrates, (2) no formation of
by-products that inhibit subsequent hydrolysisemnfentation, (3) low capital and operating
costs, and (4) applicability on a wide range ohdigellulosic materials. Up to now, no
pretreatment technique can provide all of the ddsaffects and meet all the aforementioned
requirements. Nevertheless, all developed pretreattbechniques disaggregate lignocellulose
and increase cellulose accessibility (Mosier ef a005). Moreover, most pretreatment
techniques already hydrolyze hemicellulose (Hanskliet al., 2005; Mosier et al., 2005;
Olofsson et al., 2008).
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Over time, different pretreatment techniques hasenbdeveloped which can be classified as
follows (Galbe and Zacchi, 2007; Kumar et al., 20Qghysical (e.g. milling, grinding),
physicochemical (e.g. steam explosion, ammoniar fdelosion), chemical (e.g. acid or
alkaline hydrolysis, organic solvents, ionic ligsiid biological, electrical methods, or
combinations of these methods. Unfortunately, somthese techniques require expensive
equipment, harsh conditions, and high energy iflkutnar et al., 2009). By contrast, in the
recent years, non-hydrolyzing proteins have beerestigated that pretreat cellulosic
substrates under mild conditions (Arantes and $ad@010; Hall et al., 2011). After the
regular pretreatment of lignocellulose, these ngarblyzing proteins can be added during
hydrolysis (Baker et al., 2000), or they can béagtil in a second pretreatment step in which
cellulose is the substrate (Hall et al., 2011)haligh, these non-hydrolyzing proteins offer a
promising pretreatment due to the mild conditiomsl dow energy input, there is no
systematic and quantitative analysis of the effe¢taon-hydrolyzing proteins on cellulosic
substrates and their subsequent hydrolysis.

1.4.2 Enzymatic Hydrolysis of Cellulose

As shown in Figure 1-4, the pretreatment of ligihlodbese is generally followed by the

hydrolysis of the pretreated carbohydrate fractioBsice most pretreatment techniques
already hydrolyze hemicellulose (Hamelinck et 2005; Mosier et al., 2005; Olofsson et al.,
2008), this section focuses on the enzymatic hydi®lof cellulose — the main component of

lignocellulose (Chapter 1.1).

1.4.2.1 Cellulases: Activities and Structure

The hydrolysis of cellulose to glucose necessittite=e different types of enzymes known as
cellulases (Himmel et al., 1999; Himmel et al., 200ynd et al., 2002; Mielenz, 2001; Zhang
and Lynd, 2004): endoglucanase (EG, EC 3.2.1.4pkiehydrolase (CBH, EC 3.2.1.91),
andp-glucosidase (EC 3.2.1.21). As shown in Figure &risloglucanases hydrolyze cellulose
chains at internal amorphous sites, generatingpolay polysaccharides of various lengths
and, therefore, new chain ends (Lynd et al.,, 2002¢llobiohydrolases, also called
exoglucanases, attack the ends of cellulose claidsact in a processive manner, thereby
releasing cellobiose (Lynd et al., 2002). Here, CBldnd CBH Il hydrolyze from the

reducing and non-reducing ends, respectively. Intrest to EGs, CBHs can hydrolyze
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amorphous as well as crystalline cellulose, preflynpeeling cellulose chains from the
crystalline structure (Himmel et al., 2007; Rouvinet al., 1990; Teeri, 1997). Finally,
B-glucosidases convert cellobiose to glucose (Lynédl.e 2002). This hydrolytic activity is
especially important, since CBHs and EGs are sivémbibited by cellobiose (Du et al.,
2010; Gruno et al., 2004; Holtzapple et al., 1990¢vertheless, glucose is also a weak
inhibitor for all cellulases and reduces the fipigld of cellulose hydrolysis (Holtzapple et al.,
1990; Olofsson et al., 2008; Wyman, 1994). In geheaellulase systems consisting of all
three cellulase types show a higher collectivevagtthan the sum of the individual activities
(Henrissat et al., 1985; Nidetzky et al., 1994d)isTsynergism can be explained as follows
(Gruno et al., 2004; Henrissat et al., 1985; Lynhdlg 2002; Teeri, 1997; Woodward, 1991):
(1) endo-exo synergy, since EGs produce new cshulthain ends for CBHs; (2) exo-exo
synergy between CBH | and CBH I, since one chaim loe attacked simultaneously from the
reducing and non-reducing end; and (3) synergy éetmB-glucosidase and the other
cellulases, sincp-glucosidase removes the strong inhibitor cellodios

B-Glucosidase

. [ ¥ Cellobio- Cellobio-
hydrolase Il hydrolase | [ %)
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reducing ®— i : , pry
ends ol L } 1
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1 1 Endo- | 1
! ! “ glucanase ! !
Crystalline Amorphous Crystalline
Figure 1-5: Scheme of the enzymatic hydrolysis of cellulose.

Since CBHs and EGs hydrolyze insoluble celluloke, adsorption of these cellulases onto
cellulose is a prerequisite for hydrolysis (Lyndaét 2002). Consequently, most CBHs and
EGs have a common structure and consist of a os#dbinding domain connected by a
linker region to a catalytic domain (Himmel et &007; Kubicek, 1992; Rouvinen et al.,
1990). Whereas the cellulose-binding domain fatdg the efficient adsorption onto

insoluble cellulose, the catalytic domain perfottims hydrolysis of glycosidic bonds.
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1.4.2.2 Limiting Factors for Cellulose Hydrolysis

In general, the hydrolysis of insoluble cellulosarfprmed by CBHs and EGs is the rate-
limiting step for the whole hydrolysis (Zhang et, &@006). This enzymatic step is primarily
hindered by the recalcitrant structure of cellulesel its physical properties (Chapter 1.1)
(Desai and Converse, 1997; Kumar and Wyman, 200&mg et al., 2006; Zhang et al.,
1999). Thereby, the degree of polymerization, agibdgy, and crystallinity — defined in
Chapter 1.1 — are the main limiting factors (Alvetal., 2010; Chandra et al., 2007; Hall et
al., 2011; Mansfield et al., 1999). Among thesdlutese accessibility is the most important
factor for hydrolysis (Arantes and Saddler, 201@amdes and Saddler, 2011; Chandra et al.,
2007; Dasari and Berson, 2007; Mansfield et al991%eh et al., 2010). It reflects the total
surface area available for direct physical contetween cellulase and cellulose and,
therefore, determines cellulase adsorption as wasllthe rates and vyields of cellulose
hydrolysis (Arantes and Saddler, 2011; Kim et &B88). Furthermore, crystallinity is a
relevant parameter affecting the reactivity of aded cellulases (Hall et al., 2010).
According to various authors (Hall et al., 2010;sBimna et al., 1983), crystallinity may also
influence cellulase adsorption and, thus, cellulaseessibility (Chapter 1.1) (Arantes and
Saddler, 2011; Chandra et al., 2007; Park et au0p To finally achieve high cellulose
hydrolysis rates and vyields, the prior pretreatn{@itapters 1.4 and 1.4.1) needs to increase
accessibility and to reduce crystallinity (Alvira &., 2010; Jeoh et al., 2007; Kumar and
Wyman, 2009c; Quiroz-Castaneda et al., 2011b; Retlial., 2011; Wyman, 2007).

1.4.2.3 Expression of Cellulases by Trichoderma reesei

The filamentous fungu3richoderma reesei (synonym:Hypocrea jecorina) is an efficient
cellulase producer achieving very high expressiewels (> 40 g/L) and yields (0.25 ¢
cellulase per g carbon source) of secreted cedal@Ssterbauer et al., 1991; Herpoel-Gimbert
et al.,, 2008; Lynd et al.,, 2002; Tolan and Food¥99). Although other eukaryotes and
bacteria express cellulasdsreesel has been the focus of cellulase research for @¥eears
(Lynd et al., 2002)T. reesal expresses two CBHs (CBH | and CBH Il), at lease fEGs
(EG I, EG Il, EG lll, EG IV, and EG V), and twp-glucosidasespfglucosidase | and
B-glucosidase II) (Goedegebuur et al., 2002; Her@iglbert et al., 2008; Karlsson et al.,
2001; Karlsson et al., 2002; Martinez et al., 2088gendran et al., 2009; Ouyang et al.,
2006; Rosgaard et al., 2007; Tolan and Foody, 1989 relative amounts of the individual
cellulases (g cellulase per g total cellulase) ase follows (Rosgaard et al., 2007):
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CBH | (40-60%), CBH Il (12-20%), EG | (5-10%), EG(LL-10%), EG Il (< 1-5%), EG IV
(< 1%), EG V (< 5%)pB-glucosidase | (1-2%), arftglucosidase Il (< 1%). Similar values of

relative cellulase levels have also been reportedsbedegebuur et al. (2002). Table 1-2

finally summarizes the molecular masses and istregmints of cellulases from. reesal.

Table 1-2: Molecular masses and isoelectric points of celkdasomTrichoderma reesei.
Cellulase Molecular mass Isoelectric point Reference
[kDa] [-]
Cellobiohydrolase | 61-63° - (Jeoh et al., 2008)
63 4.2 (Gama et al., 1998)
65 3.8-4.0° (Schiilein, 1988)
65 3.9 (Tomme et al., 1988)
66 4.2 (Shoemaker et al., 1983)
68 - (Henrissat et al., 1985)
47-63° 4.4-47°% (Herpoel-Gimbert et al., 2008)
Cellobiohydrolase I 55 - (Henrissat et al., 1985)
58 5.9 (Gama et al., 1998)
58 5.9 (Tomme et al., 1988)
30-59° 4.7-6.0° (Herpoel-Gimbert et al., 2008)
Endoglucanase | 46 5.0 (Gama et al., 1998)
50 - (Henrissat et al., 1985)
54 4.7 (Shoemaker et al., 1983)
55 4.6 (Herpoel-Gimbert et al., 2008)
60 4.0-5.0% (Schiilein, 1988)
Endoglucanase I 48 6.1 (Gama et al., 1998)
48 7.0 (Schiilein, 1988)
48 - (Henrissat et al., 1985)
43-50° 45-4.8% (Herpoel-Gimbert et al., 2008)
Endoglucanase Il 25 - (Karlsson et al., 2002)
25 7.5 (Ulker and Sprey, 1990)
25-26° 5.7 (Herpoel-Gimbert et al., 2008)
Endoglucanase IV a7 5.2 (Herpoel-Gimbert et al., 2008)
55 - (Karlsson et al., 2001)
56 - (Saloheimo et al., 1997)
Endoglucanase V 23 - (Karlsson et al., 2002)
B-glucosidase | 71 8.7 (Chen et al., 1992)
81 6.7 (Herpoel-Gimbert et al., 2008)
B-glucosidase Il 114 4.8 (Chen et al., 1992)
115 6.0 (Shoemaker et al., 1983)

% Different isoforms of the respective cellulase eveetected.
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1.4.2.4 Screening of Cellulase Activities

During the last years, cellulases have been engidegbrough directed evolution and rational
design approaches leading to a multitude of novemproved cellulases (Fukumura et al.,
1997; Kruus et al., 1995a; Liang et al., 2010; giah al., 2011; Morozova et al., 2010; Zhang
et al., 2006). In order to screen and charactehese variants, cellulase assays are essential
(Decker et al., 2009; Zhang et al., 2006). Figug dives an overview about cellulase assays
which have been established so far. These celldasays can be categorized into three
general approaches (Figure 1-6): (1) detectionubtsate, (2) detection of product, and (3)
detection of the physical properties of the substra

During hydrolysis, the decrease in cellulose cotregion can be detected by weighing or
chemical methods (Figure 1-6). When using smallamsof cellulose (e.g. 1 mg), weighing
is not suitable, since the low accuracy of a baaiecg. 0.1 mg) can lead to high coefficients
of variation (e.g. 10%) (Zhang et al., 2006). Ia tase of chemical methods, cellulose can be
directly quantified by th&,Cr,O;-H,SO, assay (Wood and Bhat, 1988) or, after liquefagtion
by total sugar assays such as the phen8kkl (Zhang and Lynd, 2005) and the anthrone-
H,SO, assay (Zhang et al., 2006).

The majority of cellulase assays are based on étection of hydrolysis products (Figure

1-6). The reducing sugar assays, in particulardingérosalicylic acid assay, are the most
common cellulase assays (Zhang et al., 2006). BXzad glycosides are also often applied
when determining initial cellulase activities ohibition constants (Tuohy et al., 2002; Zhang
et al., 2010). After the hydrolysis of these wageluble derivatized glycosides (such as
p-nitrophenyl glycosides or methylumbelliferyl glygides), the released chromophores or
fluorophores can be easily detected (Zhang e2@06). However, such hydrolysis data based
on soluble substrates are not pertinent to thestealhydrolysis of insoluble substrates

(Zhang et al., 2006), because the enzymatic hysilyvolves, aside from the catalytic

domain, also the cellulose-binding domain of celbels (Chapter 1.4.2.1) (Lynd et al., 2002;
Pristavka et al., 2000; Rabinovich et al., 1982tddshev et al., 1993).

Alternatively, cellulase activities can also be edstined by measuring changes in the
physical properties of the cellulose. These progerin particular, are: swollen factor, fiber

strength, structure collapse, viscosity, absorbanoe scattered light. For example,
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viscosimetric measurements have been frequently tiasdetermine the initial hydrolysis rate
of EGs while using soluble carboxymethyl celluld€®C) (Karlsson et al., 2001; Lee and
Kim, 1999; Miller et al., 1960).

A detailed description of all aforementioned celkd assays and their associated substrates
(Figure 1-6) is given in the review of Zhang et @006). Despite the high number of
substrates, cellulases are often screened withaictipal model substrates that do not reflect
the real cellulosic biomass in industrial procesdesparticular, the application of soluble
substrates should be avoided during screening emeets, because the adsorption of
cellulases onto the cellulose is ignored (Zhangakt 2006). Moreover, there is no
sophisticated cellulase assay simultaneously camdpimgh-throughput, online analysis, and
insoluble cellulosic substrates.

Cellulase assays

¥ L] v
Detection of substrate Detection of products Detection of physical properties
(decrease) (increase) of the substrate (changes)
, N I
Swollen Fiber
factor strength
Y Y A \ A Y Y ¥ ¥
Weighin Chemical Reducing Detection of Total sugar Derivatized Structure Viscasity
gning methods sugar assays single products assays glycosides collapse
L A |
Scattered
Absorbance light
v Y Y 4 4
Figure 1-6: Overview and classification of established cellalassays. A detailed description of the assays

can be found in the study of Zhang et al. (200&)breviations: dinitrosalicylic acid (DNS),
high-performance liquid chromatography (HPLCp-hydroxybenzoic acid hydrazide
(PAHBAH).
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1.4.3 Fermentation

As described in Chapter 1.4, hexoses and pentesalt from the hydrolysis of cellulose and
hemicellulose. During fermentation, these sugaesfiaally converted to the desired product
(Figure 1-4). Thereby, the production of cell massby-products should be minimized in
order to achieve high product yields (Hamelinckakt 2005). Whereas hexoses such as
glucose, galactose, and mannose are fermented iy imdustrially applied microorganisms,
the pentoses xylose and arabinose are fermentexilipya few native strains, and usually at
relatively low yields (Mosier et al., 2005). Howeygenetic modifications dEscherichia coli
(Ingram et al., 1998; Ingram et al., 1998accharomyces cerevisiae (Bengtsson et al., 2009;
Garcia-Sanchez et al., 2010; Runquist et al., 204119 Zymomonas mobilis (Zhang et al.,
1995) resulted in strains capable of co-fermenboth hexoses and pentoses to ethanol or
other chemicals (Mosier et al., 2005). In additidspergillus terreus or Ustilago maydis
utilize both hexoses and pentoses (Kautola el @85; Kurz and Ericson, 1962; Matsushima
and Klug, 1958), and they are well-known produadrgaconic acid (Guevarra and Tabuchi,
1990; Kautola et al., 1985; Kobayashi, 1978; Wilkel VVorlop, 2001).

In most of the former lignocellulose-based procesHiee simultaneous use of all sugars by
one microorganism (or a mixed-culture) was notqrenkd (Stephanopoulos, 2007). Instead,
hexoses and pentoses were sequentially converteliffeyent microorganisms incubated in
separate fermentation steps (Stephanopoulos, 2@0#)ng the last few years, however,
industrial S. cerevisiae strains were developed, which co-ferment both beg@and pentoses
(Garcia-Sanchez et al., 2010; Matsushika et aD92p In comparison to laboratory strains,
these industrial strains show higher productivitieed adequate inhibitor tolerance
(Matsushika et al., 2009b). Consequently, the itrgu®cuses on applying these strains for

lignocellulose-based processes.

1.4.4 Process Integration

When performing the biocatalytic conversion of bgellulose (Chapter 1.4) by using
enzymatic hydrolysis and fermentation, four biotadily mediated processing steps typically
occur (Lynd et al., 1999; Lynd et al., 2002): eneymroduction, hydrolysis, hexose
fermentation, and pentose fermentation. Procesdigtmations of these steps can be

categorized based on their level of process integréGeddes et al., 2011; Hamelinck et al.,
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2005; Lynd et al., 1999; Lynd et al., 2002; Olofssb al., 2008; Wyman, 1994). As presented
in Figure 1-7, separate hydrolysis and fermentat{®HF) involves four independent
processing steps and at least four different babgsils. If hexoses and pentoses are co-
fermented (Tian et al., 2010), the process conéditjoin is referred to as separate hydrolysis
and co-fermentation (SHCF). Simultaneous sacchatitin and fermentation (SSF) combine
hydrolysis and hexose fermentation, with enzymedpetion and fermentation of pentoses
occurring in separate processing steps. Simultansagcharification and co-fermentation
(SSCF) involves just two steps: enzyme productimhasecond step in which hydrolysis and
co-fermentation of both hexoses and pentoses arrped. Ultimately, consolidated
bioprocessing (CBP) accomplishes enzyme produchigdrolysis, and co-fermentation in a

single unit.

SHF SHCF SSF SSCF CBP
Cellulose, Cellulose, Cellulose, Cellulose, Cellulose,
(hydrolyzed) (hydrolyzed) (hydrolyzed) (hydrolyzed) (hydrolyzed)
hemicellulose hemicellulose hemicellulose hemicellulose hemicellulose

Y l
Enzyme Enzyme Enzyme Enzyme Enzyme
production production production production production
&
Y '
Hydrolysis Hydrolysis Hydrolysis Hydrolysis Hydrolysis
& & &
\J \

Fermentation Fermentation Fermentation Fermentation Fermentation
(hexose) (hexose) (hexose) (hexose) (hexose)
& &

Y -
Fermentation Fermentation Fermentation Fermentation Fermentation
(pentose) (pentose) (pentose) (pentose) (pentose)
Product Product Product Product Product
I:I Single process step I:I Integrated process step

Figure 1-7: Various (integrated) configurations of biologicallpediated processing steps during the

biocatalytic conversion of lignocellulose. Abbretidas according to the literature (Geddes et
al., 2011; Lynd et al.,, 1999; Wyman, 1994): sepataygdrolysis and fermentation (SHF),
separate hydrolysis and co-fermentation (SHCF), ukaneous saccharification and
fermentation (SSF), simultaneous saccharificatind eo-fermentation (SSCF), consolidated
bioprocessing (CBP). The thickness of the arrowdicates the relative amounts of cellulose

and (hydrolyzed) hemicellulose used for enzyme pectidn and hydrolysis.
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Lignocellulose processing technologies show a tretmdvards integrated process
configurations (Lynd et al., 2002). Three decadge, &SHF was the preferred process
configuration. Since the studies of Wright et 49¢8), SSF has been widely thought to be
advantageous over SHF. Main reasons are as fol{dWysnan, 1994): (1) SSF remarkably
reduces the investment costs; and (2) product itidnbof the cellulases (Chapter 1.4.2.1)
is prevented, since the released glucose is drremtihsumed by the microorganism.
Currently, SSCF and CBP are considered as an egoalbmattractive near-term goal for
process development (Stephanopoulos, 2007; Xu.eR@09). Despite the advantages of
integrated process configurations, it should beeddhat there is always a compromise
needed to find favorable conditions for all inteégoh processing steps (Hamelinck et al.,
2005; Olofsson et al., 2008). Consequently, sorsearehers suggest that cost reductions

should result from optimizing the separate proceggsteps (Hamelinck et al., 2005).

The aforementioned trend towards integrated procesfigurations is most evident in the
case of bioethanol production, but this trend kelli to be applicable to other chemicals as
well (Lynd et al., 2002). For example, SSF procedseve been applied to produce ethanol
(Olofsson et al., 2008), lactic acid (Abe and Takd§91; Romani et al., 2008; Wee et al.,
2006; Yéanez et al., 2003), acetic acid (Bordenlet2800), citric acid (Asenjo and Jew,
1983), and succinic acid (Chen et al., 2011). Updw, however, no SSF process has been

developed for the production of the platform cheahitaconic acid.

1.5 Interdisciplinary Collaboration (Cluster of Exc ellence)

In 2007, the cluster of excellence “tailor-madel$ufeom biomass” (TMFB) was started at the
RWTH Aachen University. This fundamental researalojgrt comprises the selective
conversion of lignocellulose to platform chemicglhapter 1.3), the catalytic transformation
of platform chemicals into new synthetic fuels (fagnthesis), and the development of novel
low-temperature combustion technologies (Figure).1k8 contrast to conventional diesel
fuels, the new fuel candidates should be tailocethé requirements of the novel combustion
engines with low soot and N@missions (Janssen et al., 2010). Within this dn@search

project, scientists from different disciplines (loigy, chemistry, chemical engineering,
combustion engineering, mathematics, and physiesgldp a C@neutral process chain,

ranging from lignocellulose down to the final comsban (Figure 1-8) (Janssen et al., 2010).
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Among several research activities, the TMFB projatso addresses the biocatalytic
conversion of lignocellulose to the platform cheahi¢aconic acid. Here, the long-term goal
is the complete conversion of cellulose as welhawmicellulose. Lignin should be burned to
power the process or converted to valuable co-mtsd(Bozell et al., 2007; Mosier et al.,
2005). In order to allow a fast and detailed analysf the essential conversion steps
(pretreatment, hydrolysis, and fermentation), ¢efle has been used as a model feedstock
during the initial phase of the TMFB project. Moveo, cellulose is the main component of
lignocellulose (Chapter 1.1) and, therefore, tHesieht conversion of cellulose is especially
important. Consequently, this thesis focuses onbibeatalytic conversion of cellulose to
itaconic acid. However, recent studies from the BMVproject have shown that pentoses
resulting from hemicellulose hydrolysis can be @dintly fermented to itaconic acid
(Klement et al., 2011). Finally, itaconic acid shibbe further converted to 3-MTHF (Geilen
et al., 2010; Marquardt et al., 2010). This potdritiel is proposed to allow a soot-free and
NOy-free combustion similar to 2-MTHF whose superiarrring properties have already

been validated (Janssen et al., 2010).
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conversion synthesis

Figure 1-8: CO,-cycle and research areas of the cluster of exwalétailor-made fuels from biomass”
(TMFB). Abbreviated from Pischinger (2009).
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1.6 Objectives and Overview

This thesis investigates the aforementioned bibgataconversion of cellulose to itaconic
acid (Chapter 1.5). According to Chapter 1.4, fhiscess comprises three major conversion
steps: pretreatment, hydrolysis, and fermentaMithin this thesis, each of the conversion
steps is investigated in detail (Figure 1-9), arelnapproaches and technologies are
developed. Rather than establishing the completeegs, an in-depth understanding of the
single conversion steps should be generated, aedptssibility of integrated process
configurations should be validated.

Cellulose
Pretreatment @ Pretreatment of Cellulose with Swollenin
@ Enzymatic Hydrolysis of Cellulose
Y
. \ @ Practical Screening and Characterization of Purified
Hydrolysis Cellobiohydrolases and Endoglucanases with a-Cellulose
@ Online Monitoring of the Enzymatic Hydrolysis of Insoluble Cellulose by
Using High-Throughput Scattered Light Detection
@ Simultaneous Saccharification and Fermentation for Itaconic Acid Production
|
J
Itaconic acid
Figure 1-9: Objectives and overview of this work: “Biocatalyt@onversion of Cellulose towards Itaconic

Acid” via pretreatment, hydrolysis, and fermentatidtach number indicates one of the

following chapters.

Although non-hydrolyzing proteins offer a safe agmavironmentally friendly pretreatment
technique, there is no quantitative analysis of éffects of non-hydrolyzing proteins on
cellulosic substrates (Chapter 1.4.1). Thereforbeapfer 2 addresses the pretreatment of
cellulose by using the non-hydrolyzing protein demin. To yield sufficient swollenin for
industrial applications, Chapter 2 presents a ney of producing recombinant swollenin.

Furthermore, it is shown for the first time how #enin quantitatively affects relevant
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physical properties of cellulosic substrates ana hioaffects their subsequent enzymatic

hydrolysis.

Besides the application of pretreatment technigthes,enzymatic cellulose hydrolysis can
also be optimized by adjusting hydrolysis condisioRor this purpose, cellulases have to be
characterized, and a better understanding of thdrohysis mechanism needs to be
established. However, CBHs and EGs are often cteaiaed with soluble impractical model
substrates that do not reflect the real celluldsmmass in industrial processes (Chapter
1.4.2.4). In Chapter 3.1, insoluble-cellulose is proposed as a practical substrate to
characterize CBHs and EGs. In this context, a n@ueification method is presented to
prepare the major CBHs and EGs frdmreesei. Moreover, the adsorption and activity of
these cellulases is modeled and analyzed. Heremareechanistic model is developed to
predict the kinetics odi-cellulose hydrolysis. In addition, the influencevarious hydrolysis
conditions (such as pH, temperature, and hydrodiggns elucidated. Here, Chapter 3.1
investigates and correlates in detail the adsarpdiod the activity of cellulases at different

hydrodynamic conditions.

Despite the high number of cellulase assays, nmektlase assays are slow, tedious, or based
on soluble cellulosic substrates (Chapter 1.4.246wever, Chapter 3.2 presents the first
sophisticated cellulase assay that simultaneoustybmes high-throughput, online analysis,
and insoluble cellulosic substrates. It is basetherBioLector technique, which monitors the
scattered light intensities of cellulose susperssiona continuously shaken microtiter plate.
By monitoring the enzymatic hydrolysis of differemsoluble cellulosic substrates in the
BioLector, cellulase activities are quantitativetietermined. Moreover, scattered light
measurements are applied to analyze cellulase @asoas well as the non-hydrolytic effect

of cellulases or swollenin on insoluble cellulose.

Up to now, itaconic acid has solely been manufactuvia separate fermentations
necessitating a previous step (such as cellulodeolygis) to produce directly fermentable
carbon sources (such as glucose). However, th@gratten of cellulose hydrolysis and
fermentation into one processing step offers séverdvantages (Chapter 1.4.4).
Consequently, Chapter 4 deals with a new integratd process to directly convert cellulose
to itaconic acid. In just one step;cellulose should be hydrolyzed by cellulases, trel

resulting glucose should be simultaneously condetteitaconic acid byJ. maydis. In this
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context, the separate enzymatic hydrolysis of tmdkiis investigated under SSF conditions
and compared with conventional hydrolysis condgiddoreover, a SSF process is analyzed

in detail and compared with a batch cultivatiomgsjlucose as sole carbon source.
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2 Pretreatment of Cellulose with Swollenin

2.1 Introduction

As shown in Chapter 1, naturally occurring lignddelse is a promising starting material for
the sustainable production of platform chemicald fuels (Fukuda et al., 2009; Huber et al.,
2006; Klosowski et al., 2010; Okano et al., 2010stBvka et al., 2000; Quiroz-Castaneda et
al., 2011b). For the selective and biocatalyticvassion of lignocellulose, three conversion
steps are necessary (Figures 1-4 and 1-9): (l)eptatent, (2) hydrolysis, and (3)
fermentation. The general aim of pretreatment isatter or remove structural and
compositional barriers of lignocellulose so that tiydrolysis of the carbohydrate fraction
(cellulose and hemicellulose) to fermentable sugars be achieved more rapidly and with
greater yields (Chapter 1.4.1) (Chandra et al.,/28@mar et al., 2009; Mosier et al., 2005).
Since cellulose is the main fraction of lignocedksg (Chapter 1.1), the hydrolysis of cellulose

IS most important.

As shown in Chapter 1.4.2, the hydrolysis of cela to glucose necessitates a cellulase
system consisting of cellobiohydrolase (CBH, E.C2.B91), endoglucanase (EG, E.C.
3.2.1.4), and3-glucosidase (E.C. 3.2.1.21) (Himmel et al., 20Quiroz-Castaneda et al.,
2009; Schréter et al., 2001). Besides enzyme-igelédetors (e.g. enzyme inactivation and
product inhibition) (Zhang and Lynd, 2004), the ynatic hydrolysis of cellulose is limited
by its physical properties (Desai and Converse,718@mar and Wyman, 2009c; Wang et
al., 2006; Zhang et al., 1999). As described inpgidral.4.2.2, these properties, in particular,
are: degree of polymerization, accessibility, angst@llinity (Alvira et al., 2010; Chandra et
al., 2007; Hall et al., 2011; Mansfield et al., 299 Cellulose accessibility, which is
determined by cellulose particle size (externafeg# area) and porosity (internal surface
area), is the most important factor for hydroly&santes and Saddler, 2010; Arantes and
Saddler, 2011; Chandra et al., 2007; Chandra,&2@08; Dasari and Berson, 2007; Mansfield
et al., 1999; Yeh et al., 2010). Cellulose accdssibeflects the total surface area available
for direct physical contact between cellulase agltilose and, therefore, influences cellulase
adsorption as well as the rate and extent of @dkihydrolysis (Arantes and Saddler, 2011,
Kim et al., 1988). Furthermore, crystallinity iselevant factor for cellulose hydrolysis, since
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it influences the reactivity of adsorbed cellulafidall et al., 2010). Here, it should be noted
that crystallinity may also affect cellulase adsanp (Hall et al., 2010; Ooshima et al., 1983)
and, therefore, cellulose accessibility (Aranted Saddler, 2011; Chandra et al., 2007; Park
et al., 2010). Up to now, however, the relationdtgpveen crystallinity and accessibility has
not been clearly understood (Chandra et al., 26@&mos et al., 1993). For high cellulose
hydrolysis rates and yields, cellulose accessjbilteds to be increased and, conversely, its
crystallinity reduced (Jeoh et al., 2007; Rollinagét 2011). To achieve this and accordingly
improve subsequent hydrolysis, pretreatment tectasicare essential (Alvira et al., 2010;
Kumar and Wyman, 2009c; Quiroz-Castaneda et al120Wyman, 2007).

Since pretreatment can be expensive, there isnaepmotivation to screen and improve it
(Decker et al., 2009; Galbe and Zacchi, 2007; Kuetad., 2009; Mosier et al., 2005; Selig et
al.,, 2010). Over time, many pretreatment technelgnhave been developed: physical,
physicochemical, chemical, biological, electricaéthods or combinations of these methods
(Galbe and Zacchi, 2007; Kumar et al., 2009). A endetailed description of pretreatment
techniques is given in Chapter 1.4.1. Some of theseniques entail expensive equipment,
harsh conditions, and high energy input (Kumarlgt2909). By contrast, non-hydrolyzing
proteins have been found to pretreat cellulose undiel conditions (Arantes and Saddler,
2010; Hall et al., 2011). After the regular pretreent of lignocellulose, these non-
hydrolyzing proteins can be added during cellulbgdrolysis (Baker et al., 2000), or they
can be applied in a second pretreatment step ichntellulose is the substrate (Hall et al.,
2011).

During this second pretreatment step, cellulosaasbated under mild conditions with non-
hydrolyzing proteins that bind to the cellulose. @sesult, cellulose microfibrils (Figure 1-1;
diameter: ca. 10 nm; Paiva et al., 2007; Somenealieal., 2004; Zhao et al., 2007) are
dispersed, and the thicker cellulose macrofibrils fibers (Figure 1-1; diameter: ca.
0.5-10um, consisting of microfibrils; Lynd et al., 2002aiRa et al., 2007; Zhao et al., 2007)
swell, thereby decreasing crystallinity and incnegsaccessibility (Arantes and Saddler,
2010; Coughlan, 1985; Klyosov, 1990; Rabinovichaét 1982). This phenomenon was
named amorphogenesis (Arantes and Saddler, 201@htam, 1985). Furthermore, cellulose-
binding proteins can lead to deagglomeration dittede agglomerates (diameter: > 0.1 mm,
consisting of cellulose fibers) (Chen et al., 20D0n et al., 1991), thereby separating

cellulose fibers from each other and additionaligreasing cellulose accessibility. Ultimately,
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amorphogenesis as well as deagglomeration promeitalase hydrolysis (Arantes and
Saddler, 2010).

Various authors have described hydrolysis-promogffigcts when pretreating cellulose with
single cellulose-binding domains (Hall et al., 2D¥kpansins from plants (Baker et al., 2000;
Cosgrove, 2000; Han and Chen, 2007; Wei et al.pR0dr expansin-related proteins from
Trichoderma reesei (Saloheimo et al., 2002Bacillus subtilis (Kim et al., 2009)Bjerkandera
adusta (Quiroz-Castaneda et al., 2011a), Aspergillus fumigatus (Chen et al., 2010). A
prominent expansin-related protein is swolleninnfrthe fungusT. reesei. In contrast to
cellulases, the expression levels of swolleninTinreesei are relatively low (1 mg/L)
(Saloheimo et al., 2002). Thus, swollenin frdnreesel has been heterologously expressed in
Saccharomyces cerevisiae (Saloheimo et al., 2002)Aspergillus niger (Saloheimo et al.,
2002), andAspergillus oryzae (Wang et al., 2010). The expression levelsSircerevisae,
however, are also low (2hg/L) (Saloheimo et al., 2002), and ondy oryzae produces
swollenin in higher concentrations (50 mg/L) (Waetal., 2010). According to Saloheimo et
al. (2002), swollenin can disrupt the structurecofton fiber or the cell wall of the algae
Valonia macrophysa. Since swollenin shows a high sequence simildatyplant expansins
(Saloheimo et al., 2002), it may have a similarction and lead to the disruption of cellulosic
networks within plant cell walls (Arantes and SaidP010). Thus, swollenin may have an
important role in the enzymatic degradation of ¢igellulose byT. reesel (Banerjee et al.,
2010). Up to now, however, there is no systematit guantitative analysis of the effects of
swollenin on cellulosic substrates and their hygbisl.

First, Chapter 2 presents an alternative way oflpcing recombinant swollenin in order to
generate sufficient swollenin for industrial apptions. Second, the main objective is to show
how recombinant swollenin quantitatively affectsevant physical properties of different
cellulosic substrates and how it affects their sgbgnt hydrolysis.
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2.2 Materials and Methods

2.2.1 Cellulosic Substrates

The cellulosic substrates Whatman filter paper NaZkellulose, Avicel PH101, and
Sigmacell 101 were purchased from Sigma-Aldrich (8tis, USA). The physical properties
of filter paper were summarized by Zhang and Ly2@0@). Physical properties (solubility;
purity; crystallinity index,Crl; weight-average degree of polymerizati®®,,; geometric
mean particle sizedp) and product information of the other applied welsic substrates are
given in Chapter 3.1.2.1. Agglomerates of Whatmker fpaper No.1 were prepared by using
a hole-punch and quartering the resulting filtepgradiscs. The final filter paper agglomerates
had an average diameter of approximately 3 mm.

2.2.2 Cellulase Preparation

The commercial cellulase preparation Cellu€last5L (Novozymes, Bagsveerd, DK) — a
filtrated culture supernatant @fichoderma reesel (Henrissat et al., 1985) — was used for the
hydrolysis of the pretreated cellulosic substraBslluclas? consists of cellulases, xylanases,
and a small amount of other proteins (Gama et1898; Henrissat et al., 1985; Herpoel-
Gimbert et al., 2008). With respect to cellulagébgpter 1.4.2.3)T. reesel expresses at least
two cellobiohydrolases (CBH | and CBH Il), five exmglucanases (EG I, EG Il, EG IlI,
EG IV, and EG V), and twop-glucosidases pfglucosidase | and3-glucosidase 1)
(Goedegebuur et al., 2002; Herpoel-Gimbert et28lQ8; Karlsson et al., 2001; Karlsson et
al., 2002; Martinez et al., 2008; Nagendran et241Q9; Ouyang et al., 2006; Rosgaard et al.,
2007; Tolan and Foody, 1999). Molecular massesso®lectric points of the cellulases from
Trichoderma reesel are summarized in Table 1-2. According to thelatree protein amount
(Chapter 1.4.2.3), the main cellulases are CBHBIHGI, EG |, and EG Il (Goedegebuur et
al., 2002; Nagendran et al., 2009; Rosgaard €2@07; Tolan and Foody, 1999).

To remove salts, sugars, and other interfering @orapts, Cellucla&t was previously
rebuffered using column chromatography, with an aAlBPLC (GE Healthcare, Little
Chalfont, UK). For rebuffering, Cellucl&swas loaded on Sephadex G-25 Fine (2.6 cm x
10 cm, GE Healthcare, Little Chalfont, UK), and®N sodium acetate (pH 4.8) was used as
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a running buffer at 110 cm/h. Sephadex G-25 Firtl@bets an exclusion limit of 1-5 kDa
which is comparable to the molecular mass cut-dffdalysis membranes for protein
desalting. Since cellulases have a molecular massa3 kDa (Table 1-2), the mixture of
cellulases was not changed during rebuffering. @latography was conducted at room
temperature, and the automatically collected foasti were directly cooled at 4°C. To
determine specific filter paper activities, diffatalilutions of Cellucla$t and the rebuffered
Celluclas? — applied for all hydrolysis experiments — werstéd according to Ghose (1987).
Here, the following specific filter paper activgigper g protein) were measured: 201 U/g
(Celluclas?) and 279 U/g (rebuffered Cellucl&t

2.2.3 Genetic Engineering for Recombinant Swollenin

The below-mentioned cloning procedure was desigftegdsecreted protein expression
according to th&. lactis Protein Expression Kit (New England Biolabs, IpdwiUSA). The
cDNA of the swollenin-coding region was synthesidsdreverse-transcription PCR using
MRNA isolated fromT. reesei QM9414 (NCBI no. [swol gene]: AJ245918, NCBI no.
[protein sequence]: CAB92328) and reverse transge (from moloney murine leukemia
virus; Promega, Fitchburg, USA) according to thenafacturer’'s protocol. Specific primers
were applied to synthesize a cDNA starting from 188 codon of the swollenin-coding
region and, therefore, missing the secretion sigeguence oT. reesel (Saloheimo et al.,
2002). By using these primers, Sall and Spel @g&in sites were added upstream and
downstream of the swollenin-coding region, respetyi The amplified cDNA was cloned
into the pCR2.1-TOPO vector (Invitrogen, Carlsbd&A) according to the manufacturer’s
protocol. After DNA sequencing and isolation of@rect clone, the DNA was excised from
pCR2.1-TOPO and cloned into the pKLAC1-H vectorngsiXhol and Spel restriction
enzymes (New England Biolabs, Ipswich, USA) acaggdio the manufacturer’s protocol.
The pKLAC1-H is a modified version of the integvati pKLAC1 vector (New England
Biolabs, Ipswich, USA; NCBI no. AY968582). The pKCA — developed by Colussi and
Taron (2005) — exhibits the-mating factor signal sequence and can be usedhi®r
expression and secretion of recombinant proteirt§. liactis (Colussi and Taron, 2005). The
pKLAC1-H was constructed by including an additioSalel restriction site directly followed
by a His-tag coding sequence (6 x His) betweenXhel and Avrll restriction sites of
pKLAC1. The final amino acid sequence of recombinamollenin (without thex-mating

factor signal sequence) is given in Figure 2-2Ce TINA sequence and samples of the final
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pKLAC1-H construct (containing the DNA coding fa@aombinant swollenin) were stored at
the Institute of Molecular Biotechnology (RWTH Aach University, Aachen, DE). The
cloning procedure was performed in cooperation whitichele Girfoglio from the

aforementioned institute.

2.2.4 Expression and Purification of Swollenin

All below-mentioned transformation, selection, gmdcultivation procedures — developed by
Colussi and Taron (2005) — were performed accordmghe manufacturer’'s protocol
(K. lactis Protein Expression Kit, New England Biolabs, Ipdwi USA). After cloning,
K. lactis GG799 cells were transformed with pKLAC1-H (contag the DNA coding for
recombinant swollenin), and transformed clones vgetected (acetamide selection). Figure
2-1 shows a light microscopic picture of transfodnke lactis GG799 cells in YPGal (yeast

extract, peptone, and galactose) medium.
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Figure 2-1: Light microscopic picture oKluyveromyces lactis GG799 in YPGal medium during the
stationary growth phase; microscope: Eclipse E60Kon, Tokyo, JP).

One transformed clone was precultivated in YPGatliora, consisting of 20 g/L galactose,
20 g/L peptone, and 10 g/L yeast extract — all medimponents were purchased from Carl
Roth (Karlsruhe, DE). After inoculation with 2.5 ndf the preculture, the main culture was
cultivated in triplicates in 2 L Erlenmeyer flasiksth YPGal medium under the following
constant conditions: temperatufe = 30°C, total filling volumeV_. = 250 mL, shaking

diameterd, = 50 mm, shaking frequenay = 200 rpm. Additionally, a non-transformed
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K. lactis wild type was cultivated as a reference. Afteulpation for 72 h, the main cultures
were centrifuged (6000 g, 20 min, 4°C), and thelgmcupernatants of the triplicates were
treated with endoglycosidase By using 20 U pepg protein for 12 h (Saloheimo et al.,
2002) according to the manufacturer’s protocol wuthdenaturation (New England Biolabs,
Ipswich, USA). Afterwards, the protein solution wesncentrated 100-fold at 4°C using a
Vivacell 100 ultrafiltration system with a moleculaass cut-off of 10 kDa (Sartorius Stedim
Biotech, Goéttingen, DE). For affinity chromatogrgphthe recombinant swollenin was
previously rebuffered using Sephadex G-25 Fine (26x 10 cm, GE Healthcare, Little
Chalfont, UK) at 110 cm/h with a running buffer (pH4) consisting of 0.05 M sodium
dihydrogen phosphate, 0.3 M sodium chloride, a®d 04 imidazole. The rebuffered sample
was loaded on Ni Sepharose 6 Fast Flow (1.6 cm 8m,0GE Healthcare, Little Chalfont,
UK) at 120 cm/h. The bound swollenin was elutechwiiie aforementioned running buffer,

containing 0.25 M imidazole.

2.2.5 SDS-Polyacrylamide Gel Electrophoresis of Swo  llenin

SDS-polyacrylamide gel electrophoresis (SDS, soddmdecyl sulfate) was applied to
analyze the molecular mass and purity of the redoamv swollenin. NoveX 12%
polyacrylamide Tris-Glycine gels (Invitrogen, Céawisl, USA) and samples were prepared
according to the manufacturer’s protocol. The Fhuestained Protein Ladder (Fermentas,
Burlington, CA) was used as a molecular mass mapkppendix B). Electrophoresis was
performed according to the manufacturer’s protd¢tolitrogen, Carlsbad, USA). Finally, the
proteins were stained with Coomassie Brilliant B{\éilson, 1983) by using SimplyBlue
SafeStain (Invitrogen, Carlsbad, USA) and analydedsitometrically (Tan et al., 2007) by
using the scanner Perfection V700 (Epson, Suwa, i) molecular mass and purity of
swollenin was determined using the software TotallBL100 (Nonlinear Dynamics,

Newcastle, UK).

2.2.6  Western Blot Analysis of Swollenin

Western blot analysis was performed to identify teeombinant swollenin. Therefore,
SDS-polyacrylamide gels were blotted onto a nitlotesse membrane (Whatman,
Springfield Mill, UK) according to the manufactueprotocol (Invitrogen, Carlsbad, USA).

The membranes were blocked at room temperature S@thg/L skim milk dissolved in
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phosphate buffered saline containing 0.5 g/L Tw2@nPBST) for 30 min. To detect the
recombinant swollenin, the membranes were incubatedom temperature for 1.5 h with a
rabbit polyclonal antibody against His-tag (DianoWamburg, DE) diluted 1:10,000 in
PBST. After the membrane was washed thrice with RBSwas incubated with alkaline
phosphatase conjugated goat anti-rabbit IgG (Diand¥amburg, DE) diluted 1:5,000 in
PBST at room temperature for 1 h. Finally, bountibaxlies were visualized by incubating
the membrane for 5 min with NBT/BCIP (nitro bluérézolium / 5-bromo-4-chloro-3-indolyl
phosphate) diluted 1:100 in phosphatase buffer (@00 Tris-HCI, 100 mM NaCl, 5 mM
MgCl,, pH 9.6).

2.2.7 Measurement of Protein Concentration

Protein concentrations were analyzed with the blwaminic acid (BCA) assay (Smith et al.,
1985) using the BCA Protein Assay Kit (Thermo Fislseientific, Waltham, USA) and

bovine serum albumin (BSA) as a standard. Dependimghe protein concentration of the
samples, the standard procedure (working range-2.Q/L) or the enhanced procedure
(working range: 0.005-0.25 g/L) was performed adeay to the manufacturer's protocol.
The absorbance at 562 nm was measured with a SydAengjcrotiter plate reader (BioTek

Instruments, Winooski, USA).

To quantify swollenin in the culture supernatankKofactis, the bicinchoninic acid assay was
combined with the aforementioned SDS-polyacrylammie electrophoresis (including
densitometric analysis). Here, total protein com@ions were determined and multiplied

with the ratio of swollenin to total protein (puwit

2.2.8 Mass Spectrometry and Glycosylation Analysis of Swollenin

Mass spectrometry was applied to identify the esg@d and purified recombinant swollenin.
The protein band (~80 kDa) was excised from the -pblgacrylamide gel, washed in water,
incubated with dithiothreitol, alkylated with iodmtamide, and digested with trypsin
(Winters and Day, 2003). Peptide analysis was @arout using a nanoHPLC (Dionex,
Sunnyvale, USA) coupled to an ESI-QUAD-TOF-2 massctometer (Waters Micromass,
Eschborn, DE) as described by Tur et al. (2009) Thimass spectrometer was used in
cooperation with Michael Kipper from the Instituté Molecular Biotechnology (RWTH
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Aachen University, Aachen, DE). The Mascot algonittMatrix Science, London, UK) was
applied to correlate the mass spectrometry data amino acid sequences in the Swissprot
database. Thereby, the sequences of the analyptidgsecould be identified, and, ultimately,
protein matches could be determined. The Mascatdsalerived from the ions scores of the
detected peptides matching the peptides in thébdataand reflects a non-probabilistic basis
for ranking protein hits (Ramos-Fernandez et &1Q&). By using this database, the peptide
mass tolerance was set at £ 0.3 Da. Additionallg, following modifications to the amino
acids in brackets were allowed: carbamidomethylst@pe), carboxymethyl (cysteine),
oxidation (methionine), and propionamide (cysteindjoreover, potential areas for
N-glycosylation and O-glycosylation were identifidny using the NetNGlyc 1.0 and
NetOGlyc 3.1 servers (www.cbs.dtu.dk/services/)e@ius et al., 2005).

2.2.9 Qualitative Adsorption Study of Swollenin via Confocal

Laser Scanning Microscopy

Confocal laser scanning microscopy was applied ualigtively verify the adsorption of
swollenin onto filter paper. Therefore, purified @dlenin was labeled with fluorescein
isothiocyanate (FITC) by using the FITC Labeling KMerck, Darmstadt, DE), and FITC-
labeled swollenin was subsequently dialyzed to rerrexcessive FITC. Two different blanks
were labeled and dialyzed similarly: (1) withoutaddenin (= buffer) or (2) with BSA instead
of swollenin. The labeling and dialysis proceduraswperformed according to the
manufacturer's protocol. Afterwards, adsorption exkpents were performed in 0.05 M
sodium acetate buffer (pH 4.8) using 20 g/L unedafilter paper and 2 ¢/L labeled
swollenin. Solutions with filter paper and solutsowith labeled swollenin were preincubated
separately at 45°C for 10 min, and experiments g&ged by mixing both solutions. The
final mixtures were incubated in 2 mL Eppendorf @sbon a thermomixer MHR23
(simultaneous shaking and temperature control; HRiGtech, Bovenden, DE) under the
following constant conditions for 2 h: temperatiire 45°C, total filling volumev, = 1 mL,
shaking diameted, = 3 mm, shaking frequenay = 1000 rpm. The shaking frequency was
chosen to ensure the complete suspension of calydarticles (Kato et al., 2001). To verify a
specific adsorption of labeled swollenin, blankshaut swollenin (= buffer) or with labeled
BSA instead of labeled swollenin were incubatedilanty. After incubation, the samples

were put on ice and immediately analyzed.
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Confocal laser scanning microscopy was carriecbgutsing the Opera system (PerkinElmer,
Waltham, USA) — a fully automated confocal lasearnstng microscope with a 10 x air,
a 20 x water, and a 40 x air objective. The Opegsiesn was used in cooperation with
Stefano Di Fiore from the Fraunhofer Institute kdolecular Biology and Applied Ecology
(Aachen, DE). After the aforementioned labelingalybis, and incubation procedures, the
samples were transferred in a black 96-well miteofplate with transparent bottomQlear,
Greiner Bio-One, Frickenhausen, DE). Afterwardsages were taken at a focal height of
+ 3 mm with respect to the automatically selectszhf plane above the bottom of each well.
To obtain fluorescence microscopic pictures at B2l exposure times of 250-2000 ms were
chosen. Pseudo-coloring of the resulting grey-spaiires was carried out by using Adobe
Photoshop (Adobe Systems, San Jose, USA). To olighinmicroscopic pictures, the laser

was switched off, and a light-emitting diode waaaggld above the microtiter plate.

2.2.10 Quantitative Adsorption Experiments

Quantitative adsorption experiments were perfornmed0.05 M sodium acetate buffer
(pH 4.8) using 20 g/L untreated filter paper andiogs concentrations (0.05-1.25 g/L) of
purified swollenin. Solutions with filter paper asdlutions with swollenin were preincubated
separately at 45°C for 10 min, and experiments g&ged by mixing both solutions. The
final mixtures were incubated in 2 mL Eppendorfasiton a thermomixer MHR23 (HLC
Biotech, Bovenden, DE) under the following constaonditions for 2 h: temperature
T = 45°C, total filling volumeVv, = 1 mL, shaking diameteat; = 3 mm, shaking frequency
n = 1000 rpm. The shaking frequency was chosen surenthe complete suspension of
cellulose particles (Kato et al., 2001). Three atéht blanks were incubated similarly:
(1) without swollenin, (2) without filter paper, dB) without filter paper and without
swollenin. The incubation was stopped by centrifioga (8000 g, 1 min), and the
supernatants were immediately analyzed for unb@wallenin by using the bicinchoninic
acid assay. The adsorbed swollenin concentratios caéculated as the difference between
initial (blanks) and unbound swollenin concentratiddsorption isotherm parameters were
determined using the Langmuir isotherm (Bansal.e2809):
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Agq = (2-1)

whereAgq denotes the amount of adsorbed protein at equitibfpmolyrotei/Ocellulosds Amax,

the maximum protein adsorptionuiolyoteif/Oceuiosd, E, the free protein concentration
[umolyrotei/L], and Kp, the dissociation constaniiolyewei/L]. In the literature (Nidetzky et
al., 1994b), the association constlafL/umol] is sometimes used instead of the dissociation

constanKp.

To analyze the effect of swollenin pretreatmente (deelow) on subsequent cellulase
adsorption (Rabinovich et al., 1982; Yuldashev kf 4993), the maximum cellulase
adsorption was determined by incubating variouscentrations (0.7-2.5 g/L) of rebuffered
Celluclas? with 10 g/L pretreated cellulosic substrates. Haleincubations were conducted

under the aforementioned conditions for 1 h, 1.&nd 2 h.

2.2.11 Pretreatment with Swollenin

Pretreatment experiments were performed with 20 ggllulosic substrates and various
concentrations of swollenin in 0.05 M sodium acetatffer (pH 4.8). The mixtures were
incubated as triplicates in 2 mL Eppendorf tubesadhermomixer MHR23 (HLC Biotech,
Bovenden, DE) under the following constant condsiotemperaturd = 45 °C, total filling
volumeV, = 1 mL, shaking diametek = 3 mm, shaking frequenaey= 1000 rpm. To exclude

a sole mechanical effect on cellulosic substratestd shaking and to verify a specific effect
of swollenin, blanks without swollenin (= buffery with 0.4 g/L BSA instead of swollenin
were incubated similarly. To detect a possible biydic activity of recombinant swollenin,
the sensitivep-hydroxybenzoic acid hydrazide assay (Lever, 19%3d% applied by using
glucose as a standard. After incubation for 4&&,supernatants of the pretreatment solutions
were analyzed, and the absorbancies were measu44@ am in a Synergy 4 microtiter plate
reader. Subsequently, all cellulosic samples weashed to remove adsorbed proteins.
Therefore, the mixtures were centrifuged (1400Q £Gymin, 4°C), and the cellulosic pellets
were washed four times with 8QQ 0.05 M citrate buffer (pH 10) and once with 80D
distilled water (Zhu et al., 2009). Finally, theticates were pooled. According to Zhu et al.
(2009), citrate buffer (pH 10) is an appropriatesinag solution, and a single washing step
with 0.05 M citrate buffer (pH 10) leads to a dgdimn efficiency of 61% in case of fungal
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cellulases and Avicel. Since no acids or basesaaneed during the washing procedure, the
weak buffer capacity of citrate buffer at pH 10 d@neglected. In this study, the washing
procedure was conducted four times to ensure a kigborption of swollenin. The
measurements of protein concentration in the waslsnpernatants — by applying the
aforementioned bicinchoninic acid assay (Chapt&.72.working range starting from
0.005 g/L) — showed that swollenin desorbed almostpletely. Already after three washing

steps, a total swollenin desorption efficiency @09 was achieved.

2.2.12 Photography and Microscopy

Photography and microscopy were applied to visadhe effect of swollenin pretreatment on
filter paper. After pretreatment with buffer, BSAr swollenin, the different filter paper
solutions were transferred into petri dishes, tagigles were evenly distributed, and images
were taken with an Exilim EX-FH100 camera (Casiokylo, JP). Afterwards, the number of
filter paper agglomerates (> 0.5 mm) was determimgdmage analysis using the software
ImageTool 3.0 (UTHSCSA, San Antonio, USA) and @&ruas a reference. Light microscopic
pictures were taken with an Eclipse E600 (Nikonkylp JP). Additionally, scanning electron
microscopy was performed using a Hitachi S-550Qag¢ti, Tokyo, JP) and a field emission
of 5 kV. All washed filter paper samples were c@dewith a layer of carbon (3 nm) and,
subsequently, with a layer of PtPd (3 nm, 80%-20%)e images were taken by using
secondary electrons. Scanning electron microscopg werformed in cooperation with
Roberto Rinaldi from the “Max-Planck-Institut furoKlenforschung” (Mulheim an der Ruhr,
DE).

2.2.13 Laser Diffraction

The particle-size distributions of all pretreateslldosic substrates were measured by laser
diffraction (Bowen, 2002) using a LS13320 (Becknt@wulter, Brea, USA). The geometric
mean particle sizep was calculated using the software LS version $BHckman Coulter,
Brea, USA). In the case of filter paper, particheth an average diameter of > 0.75 mm were

manually removed before laser diffraction to exeladdisturbance of measurement signals.
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2.2.14 X-ray Diffraction

The crystallinity indexCrl of all pretreated cellulosic substrates was datexchbypowder
X-ray diffraction (XRD) — in cooperation with RolierRinaldi from the “Max-Planck-Institut
fur Kohlenforschung” (Mulheim an der Ruhr, DE). XRfatterns were obtained using a
STOE STADI P transmission diffractometer (STOE & @mbH, Darmstadt, DE) in Debye-
Scherrer geometry (®uw radiation,A = 1.54060 A) with a primary monochromator and a
position-sensitive detector. Thereby, XRD pattemese collected with a diffraction angl® 2
from 10 to 30 (increments of 0.0} and a counting time of 6 s per increment. Them@am
was adhered to a polyester foil (biaxially-orienteolyethylene terephthalate) by using a
diluted solution of adhesive. After drying the saenip open-air, the sample was covered with
a second polyester foil. This set was then fixed sample holder. To improve statistics and
level out sample orientation effects, the samples wetated at ca. 2 Hz during XRD
measurement. Th@rl [%] was calculated using the peak height methaab(énd Tan, 2005;
Park et al., 2010) and the corresponding equation:

Crl = looz = 1w (2-2)

002

wherelgo is the maximum intensity of the crystalline pld062) reflection (2 = 22.5) [1/s]

and lay is the intensity of the scattering for the amommha@omponent at about %
cellulose-1 [1/s] (Cao and Tan, 2005). Here, itidddoe noted that there are several methods
for calculatingCrl from XRD data, and these methods can provide fegnily different
results (Park et al., 2010; Sathitsuksanoh et28l11). Although the applied peak height
method produce€rl values that are higher than those of other methibds still the most
commonly used method and rar®d values in the same order as the other methodk @ar
al., 2010).

2.2.15 Hydrolysis of Swollenin-Pretreated Cellulose

Hydrolysis experiments with 10 g/L pretreated debic substrate and 1 g/L rebuffered
Celluclas? were conducted in 0.05 M sodium acetate buffer 48). The mixtures were
incubated as triplicates in 2 mL Eppendorf tubesadhermomixer MHR23 (HLC Biotech,
Bovenden, DE) under the following constant condgiotemperaturd = 45 °C, total filling
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volumeV, = 1 mL, shaking diametek = 3 mm, shaking frequenay= 1000 rpm. In general,
attention has to be paid to cellulase inactivatmch would reduce the final yield of
cellulose hydrolysis (Reese, 1980). In this currstuidy, however, a shaken system with
relatively low shear forces was applied. Accordittg Engel et al. (2010), rebuffered
Celluclas? is stable under the applied incubation conditisnsthat cellulase inactivation
could be neglected. The shaking frequency was chtusensure the complete suspension of
cellulose particles (Kato et al., 2001) and to edel mass transfer limitations. Three different
blanks were incubated similarly: (1) without cedisk, (2) without substrate, or (3) without
substrate and without cellulase. After defined timeervals, samples were taken, and the
hydrolysis was stopped by boiling (10 min, 100°Eipally, the amount of reducing sugars
was analyzed by applying the dinitrosalicylic aag$ay as described in Chapter 2.2.16.

Initial hydrolysis rates [g/(L-h)] were calculatbyg applying a linear fit to the reducing sugar
concentration data from 0-6 h. Moreover, the degffesaccharification was calculated using

the following equation:

ML

180 (2-3)

0

saccharifi cation =

with P denoting the detected reducing sugar concentrdgid], Co denoting the initial
cellulose concentration [g/L], and 162/180 denotithg correction coefficient between

molecular weights of glucan monomers and glucose.

2.2.16 Dinitrosalicylic Acid Assay

The dinitrosalicylic acid assay (Miller, 1959) wapplied to quantify the reducing sugars

released during cellulose hydrolysis. Thereby, catusugar concentrations were determined
by using glucose as a standard. Since the dinlicgia acid assay is not sensitive at low

reducing sugar concentrations (Wood and Bhat, 18B8ng et al., 2006), low concentrations

were accurately quantified by adding 1.25 g/L ghecto the samples according to Wood and
Bhat (1988). The absorbance was measured at 540 anSynergy 4 microtiter plate reader

(BioTek Instruments, Winooski, USA).
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Since the dinitrosalicylic acid assay exhibits avdo sensitivity towards cellobiose than
glucose, reducing sugar concentrations may be astierated when glucose is used as a
standard anf@-glucosidase is not in excess (Zhang et al., 2096)vever, under the applied
hydrolysis conditions (Chapter 2.2.15), cellobiak& not accumulate (highest cellobiose to
glucose ratio was measured in the case of Sigmadtdlt 10 h: 0.12). Therefore, this

underestimation was minimal, and the additiof-gfucosidase was not needed.

2.2.17 Computational Methods

Parameters (including standard deviations) of tbeogption model were calculated by
nonlinear, least squares regression analysis M&PHLAB R2010 (The MathWorks, Natick,

USA). TableCurve 3D 4.0 (Systat Software, Chicddg®A) was used to empirically correlate
crystallinity and mean particle size with initiaydrolysis rates via the non-linear Gaussian

cumulative function:

2=GCUMX (a,b,c) + GCUMY (d, e, f) + GCUMX (g,b,c) [GCUMY (Le, f) (2-4)

wherea, b, ¢, d, e f, andg denote the various fitting parameters of the noedr Gaussian

cumulative function [-].

2.3 Results and Discussion

2.3.1 Production and Analysis of Recombinant Swolle nin

Swollenin is a cellulase-related protein and cdssisf an N-terminal cellulose-binding
domain connected by a linker region to an expahemologous domain (Saloheimo et al.,
2002). The cDNA of the swollenin-coding region frdmreesei was used as a template to
clone a recombinant His-tagged swollenin (datasiatwn). After cloning, the recombinant
swollenin was heterologously expressed by using yibastK. lactis as expression host
(Colussi and Taron, 2005). In addition, a non-tfarmsedK. lactis wild type was cultivated

as a reference. As shown by SDS-polyacrylamide efgsttrophoresis (Figure 2-2A), the

supernatants of the wild type (lane 1) and thesftamed clone (lane 2) showed only a few
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differences in protein secretion pattern. Thesteihces could be explained by the influence
of heterologous protein expression on the nativeeseme ofK. lactis (Lodi et al., 2005).
However, an intense protein band at ~80 kDa coeldlbserved in the supernatant of the
transformed clone which corresponds to the sizgatif’e swollenin fronT. reesel (~75 kDa,

49 kDa based on the primary sequence) (Saloheinab,e2002). Furthermore, this protein
band was detected as a His-tagged protein by Welstet analysis (Figure 2-2B). In order to
quantify the putative swollenin in the supernatainki. lactis, the total protein concentration
was determined and a densitometric analysis ofSiD8-polyacrylamide gel (Figure 2-2A,
lane 2) was conducted. The expression level of lswiol was approximately 20-30 mg/L,
which is comparable with the results for other rebmant proteins expressed kn lactis
(Colussi and Taron, 2005; Lodi et al., 2005). Wehkpect to recombinant swollenin, lower or
comparable expression levels were achieved by Siogevisiae (25 pug/L) (Saloheimo et
al., 2002) orA. oryzae (50 mg/L) (Wang et al., 2010) as expression hésislly, this protein
was purified by immobilized metal ion affinity chmatography. According to Figure 2-2A-B,
the final fraction (lane 3) showed a protein banthwigh purity (~75%).

To clearly identify the protein band at ~80 kDagiie 2-2A-B), its amino acid sequence was
determined by using mass spectrometry (SchuchaditSackmann, 2007) and the Mascot
search engine (Grosse-Coosmann et al., 2005). dige2C shows the results of mass
spectrometry and the expected amino acid sequdrtbe ocecombinant swollenin. As shown
by a high Mascot score of 502, the protein at ~B@& Wwas clearly identified to be a variant of
swollenin fromT. reesei. Regarding the native swollenin sequence, a prateore of > 57
(homology threshold) indicates identity or extemsikomology | < 0.05). In addition,
potential N- and O-glycosylation sites were detgctyy using the NetNGlyc 1.0 and
NetOGlyc 3.1 servers (Julenius et al., 2005) (Feg2+#2C). Here, it should be noted that the
native swollenin contains almost no N-glycosylat{&aloheimo et al., 2002). Therefore, the
difference between the calculated molecular masi9dDa, based on the primary sequence
of swollenin, and the observed molecular mass df[38 (Figure 2-2A-B) may be explained
by O-glycosylation and other post-translational ifications. Proofs are given as follows:
(1) the linker region of cellulases or cellulaskted proteins is highly O-glycosylated (Stals
et al., 2004); (2) swollenin contains potential IPegsylation sites within the linker region
(linker: [40-232]; Figure 2-2C); (3) no peptidestbk linker region were identified by mass
spectrometry, since glycosylation alters the massfe ratio of the peptides (Figure 2-2C).
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A

- Match: Swollenin [Trichoderma reeseij, NCBI no.: CAB92328
- Score: 502 (57)

C

250 kDa —— [— - Identified amino acids (CAB92328 [19-493]): 119/475, 25.05%
130 kDa ——— | - Amino acid sequence of recombinant swollenin:
100 kDa —— e Y 10 20 30
70 kDa —— | ! : QQNCAALFGQ i CGGIGWSGTT - CCVAGAQCSF s
VNDWYSQCLA STGGNPPNGT TSSSLVSRTS
55 kDa —— W 70 80 90
SASSSVGSSS PGGNSPTGSA STYTTTDTAT
VAPHSQSPYP 190 slaasscesw 0 TLvDNvecps 120
35kDa —— |%§ Py YCANDDTSES 30 cseeaTeTTP 0 psaDcksGTM 120
YPEVHHVSSN '8 EswHYSRSTH '°  FalLTsceAcs 180
FGLYGLCTKG '®®  svTASWTDPM 2%  LcATCDAFCT 210
AYPLLCKDPT 22  GTTLRGNFAA 2  pNGDYYTQFW 24°
M 1 2 3 B SSLPGALDNY 20 |scGECIELI 2% QTKPDGTDYA 27°
250 kD3 VGEAGYTDPI 280 TLEIVDSCPC “%° sANskwccap3™°
130 KDa —— GADHCGEIDF *1®  kvGopipADs 3% HLDLSDIAM 30
100 kDg —— GRLQGNGSLT 30 NGVIPTRYRR 3% vacpPkveNAy 360
70 kDa —— b = IWLRNGGGPY 370  YFALTAVNTN 3%  GPGSVTKIEI 3%
55 kDa —— KGADTDNWVA “®°  LvHDPNYTSs *1°  RPQERYGSWV 42
IPQGSGPFNL 430 PVGIRLTSPT “4° GEQIVNEQAI 450
KTFTPPATGD 49  PNFYYIDIGY 47  QFSQNTSHHH 480
35 kDa —— HHH
Figure 2-2: SDS-polyacrylamide gel electrophoresis, Westerni, tdod mass spectrometry of swollenin

produced byKluyveromyces lactis. (A) SDS-polyacrylamide gel electrophoresis am) (
Western blot: (M) molecular mass marker, (1) fish culture supernatant & lactis wild
type, (2) filtrated culture supernatant &f. lactis expressing recombinant swollenin,
(3) recombinant swollenin purified by immobilizedetal affinity chromatography. 12%
polyacrylamide gel, the same volume of the samf(l®&suL) was loaded onto the particular
slots; C) mass spectrometric results and primary sequehgecombinant swollenin. The
protein band (~80 kDa) was analyzed using a masstgpneter and the Mascot database. The
detected peptides are underlined and written ilic itatters. The cellulose-binding domain
[6-39], expansinA domain [233-401], and His-tag §4483] are marked in grey. Potential
areas for N-glycosylation and O-glycosylation argtten in bold letters. The black arrows

enclose the primary sequence of the native swall@@AB92328) without leader peptide.

2.3.2 Adsorption of Swollenin

As the adsorption of proteins is a prerequisite dororphogenesis (Arantes and Saddler,
2010), the adsorption of purified swollenin ontdtefi paper was qualitatively and

quantitatively analyzed.

For qualitative analysis, swollenin was labeledhvithe fluorophore FITC and subsequently
dialyzed to remove excessive FITC. Afterwards, lddeeled swollenin was incubated with
filter paper for 2 h. Finally, the filter paper pales were analyzed by confocal laser scanning
microscopy. As shown by Figure 2-3A, filter papeartcles were fluorescent after an

incubation with FITC-labeled swollenin. By contraditer paper incubated with FITC-
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labeled BSA or buffer (negative controls) showedflnorescent particles (data not shown).
Consequently, the fluorescence was not caused bgeagific protein adsorption or direct
labeling of filter paper by remaining FITC. Furthere, the reaction of FITC with amine and
sulthydryl groups of swollenin did not inhibit i@dsorption onto cellulose. As shown by
Figure 2-3A, the fluorescence was not homogenedushamay be explained by different and
partially inaccessible cellulose-binding sites (@ed and Linder, 1999; Linder and Teeri,
1997). These different types of cellulose-bindirtgssare caused by: (1) the inhomogeneous
structure of filter paper (Figure 2-3B), (2) amaopk and crystalline regions of filter paper
(Zzhang and Lynd, 2004), and (3) the generally psratructure of cellulose particles
(Grethlein, 1985; Zhang and Lynd, 2004).

Figure 2-3: Confocal laser scanning microscopy of filter papafter incubation with fluorescein
isothiocyanate (FITC)-labeled swollenirA)( Fluorescence microscopy at 521 niB) (ight
microscopy; labeling: FITC Labeling Kit (Merck, Dmastadt, DE) according to the
manufacturer’s protocol; incubation: 20 g/L Whatnidter paper No.1 in 0.05 M sodium
acetate buffer (pH 4.8), 2 g/L FITC-labeled swalteT = 45°C,V, = 1 mL,n = 1000 rpm,
dp = 3 mm, incubation time 2 h; microscope: OperdesygPerkinElmer, Waltham, USA).
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For quantitative analysis, the adsorption isothefrrpurified, non-labeled swollenin onto
filter paper was determined. Preliminary adsorptlonetics showed that an incubation
time of < 2 h was needed to reach equilibrium. Figure 2i4stilates that the adsorption
of swollenin was a characteristic function of frewollenin concentration. After a sharp
increase in adsorbed swollenin at low concentratican plateau was reached at higher
concentrations (> Sumol/L). As denatured swollenin, boiled for 20 mishowed no
adsorption, the adsorption was specific and reduaefunctional protein structure. The
Langmuir isotherm — Eq. 2-1 — provided a good Fig(re 2-4,R% = 0.91). Corresponding
parameters -Apax(swollenin), the maximum swollenin adsorption, a#ig(swollenin), the
dissociation constant of swollenin — are listedha legend of Figure 2-4. Similar values of
Amax andKp were found when analyzing the adsorption of pedifcellulases onto filter paper
(Nidetzky et al. (1994b), CBH I: 0.1#mol/g, 0.71umol/L; EG I: 0.17umol/g, 1.79umol/L).
This may be attributed to the fact that swollenthibits a cellulose-binding domain with high
homology to those of cellulases (Ouyang et al. 6208owever Anax Was lower for swollenin
than for purified cellulases. According to Lindeérag (1995), single amino acid substitutions
of cellulose-binding domains can lead to adsorptibfierences. Furthermore, catalytic
domains of cellulases specifically adsorb ontoutefle independently of cellulose-binding
domains (Lynd et al., 2002). In addition, the diffiece inA.x may be explained by the lower
molecular mass of CBHs and EGs (Table 1-2) andetbee, a better access to internal
binding sites as described for other proteins armterials (Hunter and Carta, 2002;
Oberholzer and Lenhoff, 1999).
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Figure 2-4: Adsorption isotherm of purified swollenin onto difttpaper. The predicted Langmuir isotherm,

according to Eq. 2-1, is shown as a solid li € 0.91), and corresponding parameters
(+ standard deviations) ar@y.x(swollenin) = 0.089 + 0.00@umol/g, Kp(swollenin) = 0.707 +
0.196umol/L. The initial swollenin concentration, addetdtlze start of the incubation, is also
shown for a better understanding of Figure 2-10uylration: 20 g/L Whatman filter paper No.1
in 0.05 M sodium acetate buffer (pH 4.8)= 45°C,V, =1 mL,n = 1000 rpmd, = 3 mm,

incubation time 2 h.

2.3.3 Pretreatment of Filter Paper with Swollenin

To verify a potential effect of recombinant swollewn cellulose, filter paper was pretreated
with buffer, bovine serum albumin (BSA), or recomdmt swollenin. Here, swollenin in an
initial concentration of 20 mg per g cellulose vaaplied (> 80% saturation, Figure 2-4). It
should be noted that all pretreatments were ieiiatith the same initial number (= 80) of
filter paper agglomerates (initial diameter: ~3 mmy shown in Figure 2-5A, swollenin
caused a deagglomeration of filter paper agglorasrétonsisting of cellulose fibers, Figure
1-1). Since the cellulose fibers of a single aggoate were separated by pretreatment with
swollenin (Figure 2-5B), the number of bigger aggévates obviously decreased (Figure
2-5A). This decrease in the number of bigger aggiates (> 0.5 mm) was also quantified
using image analysis. During pretreatment, a shakstem with relatively low shear forces
was applied. However, to exclude a sole mechawritatt on cellulose agglomerates due to
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shaking and to verify a specific effect of swollgnfilter paper was accordingly pretreated
with buffer or the protein BSA (references). By tast, the pretreatments with buffer or
BSA showed much less deagglomeration (Figure ZZBnsequently, the deagglomeration
was specifically caused by swollenin. As no redgcsugars were detected by using the
sensitivep-hydroxybenzoic acid hydrazide assay after an iattabh with swollenin for 48 h,

the reduction in the number of large agglomeratestiributed to the aforementioned

adsorption of swollenin onto filter paper (Chap®8.2) and the so-called non-hydrolytic

deagglomeration (Arantes and Saddler, 2010).

Swollenin

Number of agglomerates Number of agglomerates Number of agglomerates
(diameter > 0.5 mm): 80 (diameter > 0.5 mm): 74 (diameter > 0.5 mm): 26

Figure 2-5: Photography and light microscopy of filter papeteafpretreatment with swollenin A}
Macroscopic pictures of pretreated filter papepétri dishes and number of agglomerates. All
pretreatments were initiated with the same initiainber (= 80) of filter paper agglomerates
(initial diameter: ~3 mm). The number of agglomesat> 0.5 mm) was measured by image
analysis; B) light microscopyof pretreated filter paper; pretreatment: 20 g/llubese in
0.05 M sodium acetate buffer (pH 4.8), 0.4 g/L B&& umol/L) or swollenin (~5umol/L),

T =45°C,V, =1 mL,n = 1000 rpmd, = 3 mm, incubation time 48 h; microscope: Eclipse
E600 (Nikon, Tokyo, JP).
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As described by Saloheimo et al. (2002), swollasialso able to disrupt and swell cotton
fibers. This phenomenon results from the dispersiorellulose microfibrils (Figure 1-1) and

is called amorphogenesis (Arantes and Saddler,;ZDa0ghlan, 1985). In this current study,
however, the swelling of cellulose fibers was netedted when Whatman filter paper No.1 —
a different substrate — was used (Figure 2-5B) sBesfor this may be the different structure
of filter paper than that of cotton used by Saloteet al. (2002) or the low resolution of light
microscopy. Therefore, scanning electron microscapg applied to visualize the effect of
swollenin on cellulose microfibrils (Figure 2-6)ftér pretreatments with buffer or BSA, the
microfibrils were not dispersed, thereby resultinga smooth and uniform surface of the
whole fiber. By contrast, swollenin caused the ofibrils to disperse, thereby creating a
rough and amorphic surface on the cellulose fib@tber authors found similar results via
scanning electron microscopy after treating ceflalavith cellulose-binding domains of

cellulases (Din et al., 1991; Gao et al., 2001;l ldakl., 2011). However, the results of this
study indicate that recombinant swollenin frdfn lactis may induce amorphogenesis of

cellulosic substrates.

Buffer

Swollenin

£

Figure 2-6: Scanning electron microscopy of filter paper afiegtreatment with swollenin. Pictures were
taken at two different magnification8,(B): see scale markers; pretreatment: 20 g/L cekulos
in 0.05 M sodium acetate buffer (pH 4.8), 0.4 g/&£M(~6 umol/L) or swollenin (~5umol/L),

T =45°C,V, =1 mL,n =1000 rpmd, = 3 mm, incubation time 48 h; microscope: Hitachi
S-5500 (Hitachi, Tokyo, JP).
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The non-hydrolytic deagglomeration (Figure 2-5pororphogenesis (Figure 2-6) of cellulose
was also described for single cellulose-binding dims of cellulases (Din et al., 1991; Gao et
al., 2001; Hall et al., 2011) and for other expasnsiated proteins frorBacillus subtilis (Kim
et al., 2009),Aspergillus fumigatus (Chen et al., 2010), oBjerkandera adusta (Quiroz-
Castaneda et al., 2011a). However, there is nolet@and quantitative analysis of different
cellulosic substrates after pretreatment with ngdrblyzing proteins, especially with regard

to swollenin.

2.3.4 Effect of Swollenin on the Physical Propertie s of Cellulose

To analyze in detail the effect of recombinant $armh on cellulose, different cellulosic
substrates were pretreated with buffer, BSA, oom#@mnant swollenin. After pretreatment
and removal of bound proteins, the physical progemf the pretreated cellulosic substrates
were analyzed by laser diffraction, cellulase apson studies, and crystallinity

measurements.

2.3.4.1 Effect of Swollenin on the Particle Size of Cellulose

As seen in Figure 2-7A-D, the cellulosic substrasb®wed broad and inhomogeneous
particle-size distributions. Upon considering tlaeng cellulosic substrate, the pretreatments
with buffer or BSA led to no differences in paréigdize distributions and in the resulting
geometric mean particle sizes (Figure 2-7E-H). A#ieollenin pretreatment, however, the
particle-size distributions shifted to lower valuesd large cellulose agglomerates were
predominantly deagglomerated to smaller particlé®e bigger the initial particle size of the
corresponding cellulosic substrate was, the greheetotal reduction in mean particle size by
swollenin pretreatment was (filter papenseellulose > Avicel). In the case of Sigmacell, all
particle-size distributions were identical (Figut€/D), and the mean particle sizes did not
change significantly by pretreatment with swolle(fingure 2-7H). This may be explained by
the small initial particle size of Sigmacell ane thibsence of cellulose agglomerates.
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Figure 2-7: Particle size of cellulosic substrates after pegtreent with swollenin.A, B, C, D) Volumetric

particle-size distribution of pretreated cellulosidstratestA) Whatman filter paper No.1B)
a-cellulose, C) Avicel PH101, D) Sigmacell 101; K, F, G, H) geometric mean particle size
of pretreated cellulosic substratél) Whatman filter paper No.XF) a-cellulose, G) Avicel
PH101, H) Sigmacell 101. Errors are given as standard tewis pretreatment: 20 g/L
cellulose in 0.05 M sodium acetate buffer (pH 4@% g/L BSA (~6umol/L) or 0.4 g/L
swollenin (~5umol/L), T = 45°C,V, = 1 mL,n = 1000 rpmgd, = 3 mm, incubation time 48 h;
particles (< 2 mm) were analyzed using the parscte analyzer LS13320 (Beckman Coulter,
Brea, USA).

2.3.4.2 Effect of Swollenin on the Accessibility of Cellulose

Since cellulosic particle sizes (external surfaceas) influence cellulose accessibility
(Chandra et al., 2007; Chandra et al., 2008), they affect the adsorption of cellulases (Kim
et al., 1988) and are an indication for the maxinoghtulase adsorption (Arantes and Saddler,
2011). To investigate if swollenin pretreatment Idoactually affect cellulose accessibility,
cellulase adsorption was analyzed after pretreatnvéh buffer or swollenin. According to
various authors, the adsorption of total cellulasigtures is not interpretable by simple
Langmuir isotherms due to multicomponent cellulasisorption (Beldman et al., 1987,
Zhang and Lynd, 2004). Consequently, only the maxrmm cellulase adsorption
Anax(cellulase) was determined by applying different incubatiomes and a total cellulase
mixture at high concentrations. Since no furtherease in cellulase adsorption was detected

after 1.5 h (data not shown), adsorption equilioriwvas verified. According to the literature,
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cellulase adsorption is rapid, and adsorption dguiim is usually reached within 0.5-1.5 h
(Lynd et al., 2002). Saturation of all applied aklkic substrates was reached when using the
following cellulase/cellulose ratiogz 100 mg/g (in the case of filter paper @«cellulose),

> 150 mg/g (Avicel)> 200 mg/g (Sigmacell).

Table 2-1 finally summarizes the maximum celluladsorption (= adsorption capacity) onto
all applied cellulosic substrates after pretreatmeith buffer or swollenin. In general, the
determinedAmax(cellulase) values are consistent with the adsorption datartegoin the
literature (Hong et al., 2007; Lynd et al., 200dhaBdg and Lynd, 2004). However, the
pretreatment with swollenin caused a significamreéase in maximum cellulase adsorption
except for Sigmacell. The relative increase inutatle adsorption between the pretreatment
with swollenin and the pretreatment with bufferlt¢ii paper >a-cellulose > Avicel >
Sigmacell) showed a similar series as the relagdeiction in mean particle size (filter paper
> Avicel > a-cellulose > Sigmacell, Figure 2-7). Consequeritiyg increase in adsorption
capacities of the swollenin-pretreated sampledtexsprimarily from the reduction in particle
size and the corresponding increase in cellulosesaibility. However, in the case of
a-cellulose, the increase in maximum cellulase gutswr was disproportionately higher. This
can be explained by the effect of swollenin on ptteysical properties of cellulose, such as
crystallinity, which may influence cellulase adsawp according to various authors (Hall et
al., 2010; Ooshima et al., 1983). Moreover, sinkeapplied cellulosic substrates do not
contain lignin, its influence on cellulose accesiyb(Rollin et al., 2011; Sathitsuksanoh et
al., 2011; Selig et al., 2007; Selig et al., 206®)Id be neglected.

Table 2-1: Maximum cellulase adsorption onto cellulosic sudtss after pretreatment with swollenin.
Pretreatment with buffer Pretreatment with swollenin
Substrate Amax(cellulase) Amax(cellulase)
[mgcellulaselgcellulose] [m gcellulaselgcellulose|
Whatman filter paper No. 1 16 31
a-Cellulose 21 35
Avicel PH101 52 73
Sigmacell 101 119 122

The coefficients of variation were below 7.5% fack value.

Amax(cellulase) denotes the maximum cellulase adsorption.
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2.3.4.3 Effect of Swollenin on the Crystallinity of Cellulose

To additionally determine the influence of swollemin the crystallinity of cellulose, tierl

of all pretreated cellulosic substrates was analymeX-ray diffraction (XRD) measurements
(Figure 2-8). A recrystallization of cellulose mcubation with aqueous solutions (Ouajai and
Shanks, 2006; Wormald et al., 1996) was not obsevecause the initialrl of untreated
substrates was higher than that of cellulosic satest treated with buffer (data not shown).
As illustrated by Figure 2-8, the pretreatment wbikffer or BSA caused no differences in
Crl; theCrl values were identical upon considering the sarfielagic substrate. By contrast,
swollenin pretreatment specifically reduced tlel as follows: filter paper (-10%),
a-cellulose (-22%), and Avicel (-13%). However, imetcase of Sigmacell, no effect of
swollenin pretreatment o@rl was detected (Figure 2-8D) which can be explamethe low
initial Crl and the amorphous structure of Sigmacell (Dourddal.e 1999). In the case of
a-cellulose (Figure 2-8B), the strongest reductiorCil was measured. Sineecellulose is
fibrous and can consist of up to 22% xylan (Guptc lkee, 2009), it may be more sensitive to
non-hydrolytic decrystallization (Whitney et alQ@). Moreover, the strong reduction in the
Crl of a-cellulose explains the disproportionate increasenaximum cellulase adsorption
ontoa-cellulose (Table 2-1), since cellulase adsorptian increase with decreasi@gl (Hall

et al., 2010). As reported in the literature, samniteductions in crystallinity were found by
using other non-hydrolyzing proteins: (rl of Avicel decreased by 9-12% after
pretreatment with single cellulose-binding domdidall et al., 2011); (2Crl of filter paper
decreased by 11.8% after pretreatment with Zea protein from postharvest corn stover
(Han and Chen, 2007). Up to now, however, the arfae of swollenin on thérl of different
cellulosic substrates has not been quantified. &fibez, Chapter 2.3.4 and its subchapters
provide the first proof that swollenin does indwEagglomeration of cellulose agglomerates

as well as amorphogenesis (decrystallization) (fesand Saddler, 2010; Coughlan, 1985).
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Figure 2-8: Crystallinity index of cellulosic substrates aftaretreatment with swolleninfA) Whatman

filter paper No.1(B) a-cellulose; C) Avicel PH101; D) Sigmacell 101. Errors are given as
standard deviations; pretreatment: 20 g/L celluios@.05 M sodium acetate buffer (pH 4.8),
0.4 g/L BSA (~6umol/L) or 0.4 g/L swollenin (~5umol/L), T = 45°C,V, = 1 mL,

n = 1000 rpmd, = 3 mm, incubation time 48 h; X-ray diffractomet&8TADI P transmission
diffractometer (STOE & Cie GmbH, Darmstadt, D).

2.3.5 Hydrolysis of Swollenin-Pretreated Cellulose

Upon using the same cellulase mixture, enzymatdrdiysis rates are especially affected by
the physical properties of the applied cellulosartiar and Wyman, 2009c; Zhang and Lynd,
2004). Since swollenin pretreatment affected cedlel particle size, maximum cellulase
adsorption as well as crystallinity, the resultiaffects on subsequent hydrolysis of all
pretreated cellulosic substrates were analyzedsiyguebuffered Celluclddt As shown in
Figure 2-9A-C, swollenin pretreatment significangigcelerated cellulose hydrolysis, and the
saccharification after 72 h was increased. In esttthe corresponding hydrolysis curves for
buffer and BSA were almost the same by comparimgstime cellulosic substrate. This is
attributed to the fact that pretreatment with buféed BSA had no significant effect on
particle size (Figure 2-7), maximum cellulase agson (Table 2-1) as well as @rl (Figure
2-8). In the case of filter paper (Figure 2-9A) thydrolysis-accelerating effect of swollenin
pretreatment was stronger than that desellulose (Figure 2-9B) and Avicel (Figure 2-9C).
This may be explained by the substantial decraaseeian particle size (Figure 2-7) and the
strong increase in maximum cellulase adsorptiorbl@&-1) for filter paper by swollenin
pretreatment. Figure 2-9D shows that the hydrolgsisves of Sigmacell were almost the
same, since swollenin pretreatment did not chang@hysical properties of Sigmacell.
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Figure 2-9:

Time [h]

Time [h]

Hydrolysis of cellulosic substrates after pretreatnwith swollenin. £) Whatman filter paper

No.1; B) a-cellulose; C) Avicel PH101; D) Sigmacell 101. Errors are given as standard

deviations; pretreatment: 20 g/L cellulose in OM5odium acetate buffer (pH 4.8), 0.4 g/L
BSA (~6 umol/L) or 0.4 g/L swollenin (~fumol/L), T = 45°C,V_ = 1 mL,n = 1000 rpm,
do = 3 mm, incubation time 48 h; hydrolysis: 10 g/tefpeated cellulose in 0.05 M sodium
acetate buffer (pH 4.8), 1 g/L rebuffered Celluflag = 45°C,V, = 1 mL,n = 1000 rpm,

do=3 mm.

Furthermore, the relationship between the hydrstgsicelerating effect and the amount of

swollenin applied during pretreatment was inveséida(Figure 2-10). Compared to the

aforementioned experiments (Figures 2-9 and 2-00mg swollenin per g cellulose), less

swollenin (5 mg per g cellulose) caused a less laated hydrolysis, and the final

concentration of reducing sugars was 0.85-fold EngFigure 2-10). However, when the

amount of swollenin was decreased merely from 2@rw15 mg/g, the same reducing sugar

concentration was detected after 72 h. Since maxirawollenin adsorption was reached at

higher initial swollenin concentrations (> 60 mdly 95% saturation, Figure 2-4), these

results show that even non-saturating swollenincentrations of 15-20 mg/g are sufficient
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for a maximum hydrolysis-accelerating effect. Thiay be explained as follows: (1) not all
accessible cellulose-binding sites must be occufoec maximum hydrolysis-accelerating
effect; (2) swollenin reversibly binds to cellulpsehereby performing further
deagglomeration and amorphogenesis at multipleulosk-binding sites. The reversible
adsorption onto cellulose-binding sites was alreadported for cellulases containing
cellulose-binding domains (Linder and Teeri, 1996).
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Figure 2-10:  Hydrolysis of filter paper after pretreatment witifferent swollenin concentrations. Errors are
given as standard deviations; pretreatment: 20 \Whatman filter paper No.1 in 0.05 M
sodium acetate buffer (pH 4.8), different concdiars of swollenin,T = 45°C,V,_ = 1 mL,
n = 1000 rpm,dy = 3 mm, incubation time 48 h; hydrolysis: 10 g/tefpeated cellulose in

0.05 M sodium acetate buffer (pH 4.8), 1 g/L rebrefl Cellucladt T = 45°C,V, = 1 mL,
n = 1000 rpmgdy = 3 mm.

2.3.6  Correlating Hydrolysis Rates with the Physica | Properties of
Cellulose

Finally, an empirical correlation for initial hydgsis rates based o@rl and mean particle
size was determined for the pretreated cellulosibssates (Figure 2-11). In this
investigation, the correlation showed that the smah-induced reduction i€rl and particle
size resulted in high cellulose hydrolysis rateartitermore, Figure 2-11 illustrates the
aforementioned differences in cellulose hydrolysites (Figure 2-9) for various substrates
and pretreatments. In addition, it confirms thdowing findings of other authors: (1) since

smaller cellulose particle sizes lead to increasellulase adsorption (Kim et al., 1988)
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(Chapter 2.3.4.2), hydrolysis rates increase watrelasing cellulose particle size (Dasari and

Berson, 2007; Yeh et al., 2010); (2) since a radocin Crl leads to increased cellulase
adsorption and higher reactivity of adsorbed ca#iak, hydrolysis rates correlate inversely
with the Crl of the applied cellulose (Hall et al.,, 2010). Hoee it should be noted that
Figure 2-11 shows an empirical correlation for ttwducted hydrolysis experiments. By
applying other concentrations or types of cellasend cellulosic substrates, different

physical properties of the substrate (e.g. porpsitiang et al., 2010) might predominate.
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Figure 2-11:  Influence of crystallinity and mean particle sizethe hydrolysis of cellulosic substrates. Data

points were obtained from Figure 2-7 (mean parsate), Figure 2-8 (crystallinity index), and
Figure 2-9 (initial hydrolysis rate from 0-6 h). AlaCurve 3D was used to determine an

empirical surface fitR? = 0.93) based on a non-linear Gaussian cumuléiivetion (Eq. 2-4).

2.4 Conclusions

Recombinant swollenin was easily produced withybastK. lactis and purified by affinity
chromatography. Additionally, the adsorption of #ain onto cellulose was quantified for
the first time, and its adsorption parametés.(, Kp) were comparable to those of individual

cellulases. The pretreatment with swollenin causeignificant decrease in particle size as
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well as in crystallinity of the cellulosic subseat thereby substantially increasing maximum
cellulase adsorption. Moreover, pretreatment of tedulosic substrates with swollenin
— even in non-saturating concentrations — sigmifiya accelerated the hydrolysis. By
correlating particle size and crystallinity withitial hydrolysis rates, it could be shown that
high initial hydrolysis rates resulted from the #iewin-induced reduction in particle size and
crystallinity. Consequently, Chapter 2 shows anciefit means to produce recombinant
swollenin with the robust yea#f. lactis. Moreover, it is shown that swollenin induces
deagglomeration of cellulose agglomerates as vgelinaorphogenesis (decrystallization). For
the first time, Chapter 2 quantifies and elucidatesletail how swollenin affects cellulosic
substrates and their subsequent hydrolysis. Sineeadard assays are missing for
deagglomeration, amorphogenesis, and the compaoisdifferent non-hydrolyzing proteins,

Chapter 2 may serve as an initial means to eskaslish assays.

A pretreatment of cellulosic substrates has be@&segmted which is simply based on the
incubation of recombinant swollenin under mild cibieds. Since the enzymatic hydrolysis of
cellulose is a rate-limiting processing step in réfimeries (Lynd et al., 2002), this

pretreatment could significantly improve hydrolysages. To finally understand the action of
swollenin on the cellulose surface, additional expents need to be performed by using the
single domains of swollenin (cellulose-binding damand expansin-homologous domain).
Thereby, it may be elucidated to what extend thglsidomains contribute to the swollenin-
induced deagglomeration and amorphogenesis ofl@gltusubstrates. With respect to the
action of swollenin, Saloheimo et al. (2002) alreddypothesized that the expansin-
homologous domain is able to stretch along theulose fiber. This ability may be important

for the action of swollenin and primarily lead te effects on cellulosic substrates.

To exclude possible side-effects between swollanith cellulase, swollenin pretreatment was
performed as a separate step within this studyerAgtetreatment, all cellulosic substrates
were washed to remove adsorbed swollenin. Fronm@ustrial point of view, this additional

desorption procedure may be too expensive. In éustudies, swollenin should be directly
added during cellulose hydrolysis. Here, possibide-sffects between swollenin and
cellulase, such as cooperative or competitive gdisor (Jeoh et al., 2002), need to be

investigated.
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3 Enzymatic Hydrolysis of Cellulose

As shown by the Figures 1-4 and 1-9, the pretreattnoé (ligno-)cellulose is generally
followed by the hydrolysis of cellulose. In Chapty it was quantitatively shown how
swollenin pretreatment affects relevant physicabprties of cellulosic substrates and how it
improves their subsequent hydrolysis. Besides pipdiaation of pretreatment techniques, the
enzymatic hydrolysis of cellulose can also be imptbby adjusting hydrolysis conditions or
applying novel cellulases. To allow a knowledgedobgnprovement, the enzymatic cellulose
hydrolysis needs to be characterized and a beatgratanding of its mechanism needs to be
established (Lynd et al., 2002; Zhang and Lynd 4200

When characterizing the enzymatic hydrolysis oflubese, practical insoluble cellulosic
substrates and sophisticated cellulase assaysseatal (Chapter 1.4.2.4). Therefore, within
Chapter 3.1, insoluble-cellulose is proposed as a practical celluloskistnate to characterize
cellulase adsorption and activity. Here, the inficee of various hydrolysis conditions (such as
hydrodynamics) is elucidated in detail. In Chaf@&, a new sophisticated cellulase assay is
presented which combines high-throughput, onlinalyais, and insoluble cellulosic

substrates.

3.1 Practical Screening and Characterization of Pur ified
Cellobiohydrolases and Endoglucanases with
a-Cellulose

3.1.1 Introduction

For the industrial use of lignocellulose, the hygss of its main component cellulose to
glucose is essential. As shown in Chapter 1.4&.1geast three different types of cellulases
are involved during the enzymatic hydrolysis ofdelkse (Himmel et al., 1999; Himmel et al.,
2007; Lynd et al., 2002; Mielenz, 2001): cellobidiglase (CBH, EC 3.2.1.91),
endoglucanase (EG, EC 3.2.1.4), afidjlucosidase (EC 3.2.1.21). As the cellulose
depolymerization performed by CBHs and EGs is thge-limiting step for the whole
hydrolysis (Zhang et al., 2006), screening for CBiisl EGs is important. However, CBHs
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and EGs are often characterized with different aopcal model substrates that do not mimic
the real biomass in biorefineries (Chapter 1.4.ZZang et al., 2006). Thus, screening
experiments need to be conducted with a more pedcubstrate such ascellulose so that

proper cellulases are selected which best hydrah&éiomass actually used in biorefineries.

a-Cellulose is a solid residue of lignocellulosesakxtraction with strong alkali (Adams and
Bishop, 1953; Green, 1963; Sjostrom and Alén, 189@) mainly consists of cellulose and a
small amount of hemicellulose (up to 22% (w/w) xyl&upta and Lee, 2009)-Cellulose
exhibits similar crystallinity and porosity to wodadomass (Zhang and Lynd, 2004) and
shows the natural structure of cellulose fibergyFe 3-1). Up to now, it has just been used
for assaying total cellulase activity (Zhang et &006). In contrast, conventional model
substrates, further processed framellulose, are more artificial (Sjostrom and Alé8999),
because they are dyed, derivatized, or water-selabtl show unnatural physical properties
(such as accessibility, crystallinity, degree oflypeerization) (Zhang et al., 2006). In
particular, hydrolysis data based on water-solshblestrates are not pertinent to the realistic
hydrolysis of insoluble substrates (Zhang et @06), because the adsorption of cellulases
onto the cellulosic substrate is ignored (Lyndlet2002; Pristavka et al., 2000; Rabinovich
et al., 1982; Yuldashev et al., 1993). Consequeitbiolublea-cellulose is more natural and
most similar to alkaline-pretreated cellulosic bass used in biorefineries (Zhang et al.,
2006).

Sincea-cellulose is insoluble, the adsorption of cellem®ntoa-cellulose is a prerequisite
for hydrolysis (Lynd et al., 2002; Tanaka et aB8&; Zhang and Lynd, 2004). Cellulase
adsorption is usually analyzed using the Langnaaithierm (Bansal et al., 2009). It assumes a
single, reversible adsorption step to uniform de#e-binding sites without interactions
among cellulases. However, according to varioubast the cellulase adsorption onto the
respective cellulose was found to be irreversildgriacou et al.,, 1989; Ma et al., 2008;
Palonen et al., 1999). In addition, cellulase @té&ons, cellulose heterogeneity, and porosity
were also cited (Beldman et al., 1987; Carrard lander, 1999; Grethlein, 1985; Jeoh et al.,
2002; Linder and Teeri, 1997). Consequently, sévaltarnative adsorption models were
developed (Linder and Teeri, 1996; Medve et al971%tahlberg et al., 1991; Woodward et
al., 1988). Nevertheless, the Langmuir isothernthies most common model for cellulase
adsorption and is easily interpretable (Hoshinalet1992; Kumar and Wyman, 2009b; Lynd
et al.,, 2002; Zhang and Lynd, 2004). Besides thpliegh cellulases and substrates,
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temperature is especially important as it affe@utase adsorption. Here, the amount of
adsorbed cellulase is decreased with increasingdeature (Kim et al., 1992; Kyriacou et al.,
1989; Medve et al., 1994; Ooshima et al., 1983).

A

Figure 3-1: Light microscopic pictures of the applied cellubbsiubstrates.A) Carboxymethyl cellulose
(water-soluble); B) Avicel PH101; C) Sigmacell 101; @) a-cellulose; 10 g/L cellulose in
0.1 M sodium acetate buffer at pH 4.8; microscdgipse E600 (Nikon, Tokyo, JP).

Few cellulase adsorption studies have been pertbraseng a-cellulose or other fibrous
substrates (Bansal et al., 2009), and these stutlieed complex cellulase systems (Gan et
al., 2003; Moon et al., 2001; Peri et al., 2007inSH al., 2006); as yet, no purified cellulases
have been analyzed withicellulose. As insoluble substrates are appliegnéion has to be
paid to hydrodynamics. Until now, cellulase adsorptand activity have not been
investigated systematically by considering liquitking and particle suspension.



Enzymatic Hydrolysis of Cellulose 57

Besides the investigation of cellulase adsorptionl activity, the kinetic modeling of
cellulose hydrolysis is a powerful tool to quarttitaly predict and understand the enzymatic
hydrolysis of cellulose (Bansal et al., 2009; Zhang Lynd, 2004). It allows the rapid study
of a proposed hydrolysis process through the simgéeof computational methods (Levine et
al., 2010). By understanding the kinetics and meismas of the enzymatic cellulose
hydrolysis, a rational design and optimization e tiydrolysis process can be achieved. Up
to now, a large number of models have been develtppredict the enzymatic hydrolysis of
cellulose (Bansal et al., 2009; Zhang and Lynd4200hese models can be divided into three
categories: (1) empirical models, (2) semi-mechienimodels, and (3) mechanistic models.
The development of fully mechanistic models isl stihngoing due to the complexity of
cellulose hydrolysis (Bansal et al., 2009; Engehlet 2011). However, empirical and semi-
mechanistic models have been successfully appbegredict initial hydrolysis rates and
hydrolysis kinetics (Bailey, 1989; Engel et al., 120 Zhang and Lynd, 2004). The semi-
mechanistic models are particularly useful, sincdy dew information are sufficient to

describe the applied hydrolysis system (Bansal..e2@09).

In Chapter 3.1, insoluble-cellulose is proposed and applied as a more pedubstrate to
screen and characterize purified CBHs and EGs.eftwe, the adsorption and activity of
these purified cellulases is analyzed in detail.rédoer, a semi-mechanistic model is
developed to predict the kinetics afcellulose hydrolysis. In addition, the influencé o
various hydrolysis conditions (such as pH, tempeeatand hydrodynamics) on the action of
purified cellulases is elucidated. Here, this sturdsestigates and correlates in detail cellulase

adsorption and activity under different hydrodynawconditions.

3.1.2 Materials and Methods

3.1.2.1 Cellulosic Substrates

The cellulosic substrates carboxymethyl celluldS®IC), Avicel PH101, Sigmacell 101, and
a-cellulose (Figure 3-1) were purchased from Signi@righ (St. Louis, USA). The physical
properties and product information are presentetainle 3-1. The crystallinity inde€rl of
the cellulosic substrates was determined by powdeay diffraction (XRD) as described in
Chapter 2.2.14. DifferenCrl values for Sigmacell 101 can be found in the difare
(Dourado et al.,, 1999; Pala et al., 2002). In Cha®.3.4.3, otherCrl values for
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Sigmacell 101 were also determined. This may bdagmgd by the varying quality of this
cellulose type depending on batches and produttimation (Park et al., 2010). Nevertheless,
Sigmacell 101 is typically chosen as a more amaspteellulose (Dourado et al., 1999). The
weight-average degree of polymerizatidR,, was determined for all cellulosic substrates by
gel permeation chromatography as described by Eetrad. (1989) — in cooperation with
Roberto Rinaldi from the “Max-Planck-Institut furoklenforschung” (Mulheim an der Ruhr,
DE). In addition, the geometric mean particle stgewas analyzed by laser diffraction
(Bowen, 2002) as described in Chapter 2.2.13.

Table 3-1: Physical properties and product information of &aptellulosic substrates.
Solubility . Crl DP,, d, Product
Substrate in water Impurities [%] [AGU] [um] Brand code
CMC Soluble® Pure® - 400° - Fluka® 21900
Avicel PH101  Insoluble® Pure® 82 200-240 43.82  Fluka® 11635

Sigmacell 101  Insoluble® Pure® Amorphous®  1590-1960 15.86 Sigma’ S6790

Impure:

a-Cellulose Insoluble®  22% (w/w) 64 2140-2420 68.77 Sigmad C8002
xylan

CMC, carboxymethyl celluloseCrl, crystallinity index;DP,, the weight-average degree of polymerization;

dp, geometric mean particle size.

# According to Zhang et al. (2006).

b According to Gupta and Lee (2009). The amountytdirx was verified for the-cellulose batch, applied within
this study, by complete enzymatic hydrolysiseefellulose and subsequent HPLC-analysis of gluaomd
xylose (data not shown).

¢ According to manufacture’s data.

¢ Fluka and Sigma are subsidiaries of Sigma-Aldrich.

® In the case of Sigmacell 101, no clearly resoitedhy diffraction profiles were detected. Insteadsmooth
peak was detected which is typical for amorphalbilose according to various authors (Bansal et28110;
Hall et al., 2010). Pala et al. (2002) found samilesults for Sigmacell 101.

3.1.2.2 Purification of Cellulases

The commercial cellulase preparation Celluflast5L (Novozymes, Bagsveerd, DK) was
applied to purify the cellulases CBH I, CBH Il, EG and EG 1l by using column
chromatography, with an Akta FPLC (GE HealthcarajcilBnghamshire, UK) which
automatically measures conductivity and ultravi@bsorbance at 280 nm. All the columns

were purchased from GE Healthcare. In additionorcitographic experiments were carried
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out at room temperature, and the automaticallyectéld fractions were directly cooled at
4°C. For anion exchange chromatography, 7.5 mLuCkl® was previously rebuffered
using 0.05 M Tris-HCI buffer (pH 7) and SephadeX®Fine (dimensions: 2.6 cm x 10 cm)
at 110 cm/h. The rebuffered sample was loaded oAE3&epharose (dimensions: 1.6 cm x
10 cm) at 60 cm/h using 0.05 M Tris-HCI (pH 7) asuaning buffer. The bound proteins
were eluted stepwise (35% v/v, 100% v/v) with 0.2sbtlium chloride in 0.05 M Tris-HCI
buffer (pH 7). Furthermore, hydrophobic interactidmromatography was performed with
1 M ammonium acetate buffer (pH 5.5) and phenylHaepse (dimensions: 1.6 cm x 2.5 cm)
at 30 cm/h. No additional salts had to be addednasionium effectively promotes ligand-
protein interactions in hydrophobic interaction anatography (Henrissat et al., 1985;
Melander and Horvath, 1977). After loading of autéred sample, the bound proteins were
eluted with 0.05 M ammonium acetate buffer (pH 5.B)oreover, cation exchange
chromatography was performed with 0.02 M sodiumtaeebuffer (pH 3.6) and SP-
Sepharose (dimensions: 1.6 cm x 2.5 cm) at 60 chivd.rebuffered sample was loaded, and
bound proteins were eluted stepwise (15% v/v, 10609 with 1 M sodium chloride in
0.02 M sodium acetate buffer (pH 3.6). Finally, whgze exclusion chromatography was
applied, a 0.6 mL sample was directly injected g$itD1 M sodium acetate buffer (pH 4.8)
and Sephacryl S-200 HR (dimensions: 1.6 cm x 60atri cm/h.

3.1.2.3 SDS-Polyacrylamide Gel Electrophoresis of C  ellulases

SDS-polyacrylamide gel electrophoresis (Laemmli,79 was applied to analyze the
molecular mass (identity) and purity of single aklses. The assay was performed as
described in Chapter 2.2.5. In contrast to Chapi2i5, the Prestained Protein Marker (New
England Biolabs, Ipswich, USA) was used as a mddecnass marker (Appendix B).

3.1.2.4 Measurement of Cellulase Concentration
After cellulase purification, the cellulase coneatibns of the final samples were analyzed by

the bicinchoninic acid assay (Smith et al., 1985)lascribed in Chapter 2.2.7.

3.1.2.5 Qualitative Adsorption Study of Cellulases via Confocal Laser
Scanning Microscopy

By applying confocal laser scanning microscopy, ddsorption of purified cellulases onto

a-cellulose was qualitatively verified. As descriiadChapter 2.2.9, purified cellulases were
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labeled with fluorescein isothiocyanate (FITC), ar€TC-labeled cellulases were
subsequently dialyzed to remove excessive FITC. @ifferent blanks were labeled and
dialyzed similarly: (1) without cellulase (= bufjesr (2) with BSA instead of cellulase. After
labeling and dialysis, adsorption experiments wengormed in 0.1 M sodium acetate buffer
(pH 4.8) using 10 g/lo-cellulose and 1 g/L labeled cellulase. Solutionth w-cellulose and
solutions with labeled cellulase were preincubaseparately at 45°C for 10 min, and
experiments were started by mixing both solutiofise final mixtures were incubated for
40 min as described in Chapter 2.2.9. To verifypec#ic adsorption of labeled cellulases,
blanks without cellulases (= buffer) or with lab®IBSA instead of labeled cellulases were
incubated similarly. After incubation, the samplesre put on ice and immediately analyzed

by confocal laser scanning microscopy as desciib€&hapter 2.2.9.

3.1.2.6 Quantitative Adsorption Experiments with Ce llulases

Quantitative adsorption experiments were performe@ll M sodium acetate buffer (pH 4.8)
using 10 g/La-cellulose and various amounts (see below) of #miqular cellulases CBH |
and EG I. Solutions witho-cellulose and solutions with cellulases were pmerated
separately at 45°C for 10 min, and experiments \g&ged by mixing both solutions. The
final mixtures were incubated as duplicates in 2 Bgpendorf tubes with a filling volume
VL = 1 mL on a thermomixer MHR23 (HLC Biotech, BovendDE) with a shaking diameter
do = 3 mm. Blanks, either without cellulase, neitlseibstrate nor cellulase, or without
substrate were incubated similarly. The incubatias stopped by centrifugation (8000 g,
1 min), and the supernatants were immediately aedlyfor unbound cellulase using the
bicinchoninic acid assay (Chapter 3.1.2.4). As Isiregllulases and short incubation times
were applied, only small amounts of reducing sugase produced and, therefore, cellulase
adsorption could be analyzed by the bicinchonimicl aassay (Kumar and Wyman, 2008).
The adsorbed cellulase concentration was calcuksetie difference between initial (blanks)

and unbound cellulase concentration.

In order to determine adsorption isotherms, thtulzsle concentrations were varied between
0.01 g/L and 1.25 g/L. Preliminary adsorption kicetshowed that an incubation time of
40 min was needed to reach equilibrium. The shakemguency was = 1000 rpm to exclude
mass transfer limitations. Adsorption isotherm pseters were determined using the
Langmuir isotherm (Chapter 2.2.10 and Eg. 2-1).
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In order to determine adsorption kinetics, the [ficellulase concentration was 0.9 g/L, and
the incubation time was varied between 0-100 minffe2nt shaking frequencies
n = 0-1000 rpm were chosen to analyze hydrodynarfiects. Parameters for adsorption

kinetics were determined using simple pseudo-brder kinetics (Copeland, 2000):

At) = A, (L - D) (3-1)

In Eq. 3-1,A(t) denotes the amount of adsorbed protgmdlproteifOcelluiosd at timet [s], Aeg,

the amount of adsorbed protein at equilibriumm@lyoteifGceluiosd: andkag, the pseudo-first-
order adsorption rate constant for approaching liequim [1/s]. To reach the complete
saturation ofi-cellulose, high cellulase concentrations wereiagpduring kinetic adsorption

studies. Consequentlydeq can be replaced byhe maximum protein adsorptioAmax

[uMOlproteird Ocellulosd-

A(t) = A, [L- ) (3-2)

3.1.2.7 Hydrolysis Experiments

Hydrolysis experiments with a final concentratidnl® g/L cellulose and 0.1 g/L cellulase
were performed in 0.1 M sodium acetate buffer (pBl).4The mixtures were incubated as
triplicates in 2 mL Eppendorf tubes with = 1 mL on a thermomixer MHR23 at 45°C,
n = 0-1000 rpm, andlh = 3 mm. Blanks, either without cellulase — neitlsebstrate nor

cellulase — or without substrate, were incubatedlarly.

In case of kinetic experiments, samples were tekiéer defined time intervals, and the
hydrolysis was stopped by boiling (10 min, 100°T9. determine initial cellulase activities,
incubation times were fixed depending on the agmgbstrate: 10 min for CMC, 120 min for
Avicel PH101, 30 min for Sigmacell 101, and 60 nfan a-cellulose. Here, preliminary
kinetic experiments showed that, during the fixedubation times, the reducing sugar
concentrations were linearly increasing, and irtmfi product concentrations were not

reached. In addition, low enzyme concentrationsveg@plied, so jamming of cellulases could
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be neglected (Bommarius et al., 2008). The cekutadivities on Avicel and CMC were used
to differentiate CBHs and EGs, respectively (Ghd887; Zhang et al., 2006).

Finally, reducing sugars were quantified by apaiyihe dinitrosalicylic acid assay (Chapter
3.1.2.8), and specific sugars (glucose, cellobiasd, cellotriose) were quantified via HPLC
(Chapter 3.1.2.9).

3.1.2.8 Dinitrosalicylic Acid Assay and the Definit  ion of Cellulase Activities

The amount of released reducing sugars was detednviith the dinitrosalicylic acid assay
(Miller, 1959) as described in Chapter 2.2.16. Bobdconcentrations were calculated using
glucose as a standard, and activities were exmtesse the unit U (defined as
UMOlgucose equivalenttnin). As CBHs and EGs show different product gesfi (Kim et al.,
1994b), cellulase activities may be underestimatben glucose is used as a standard in
reducing sugar assays (Zhang et al., 2006). Nealeds, glucose is often applied (Ghose,

1987) when analyzing relative changes in singliilzede activities.

3.1.2.9 HPLC-Analysis of Soluble Sugars

Glucose, cellobiose, and cellotriose concentratiomese measured with a Dionex HPLC
Ultimate 3000 (Dionex, Sunnyvale, USA) — equippdthvan organic acid-resin (300 mm x
8 mm, CS-Chromatographie, Langerwehe, DE) and @&hRI-101 detector (Showa Denko,
Tokyo, JP). Sulphuric acid in a concentration ghBl was used as solvent at a flow rate of

0.6 mL/min and a temperature of 60°C.

3.1.2.10 Effect of pH and Temperature on Cellulase  Activity

To analyze the influence of pH and temperature elulase activity, initial cellulase
activities were determined at various incubatiomdibtons while usinga-cellulose as a
substrate. Here, hydrolysis experiments were géngrarformed as described in Chapter
3.1.2.7. When analyzing the influence of pH, thdrbiysis experiments were conducted at a
constant temperature of 45°C and in 0.1 M phospbatter at different pH values ranging
from 2.1 to 8.6, adjusted with HCI and NaOH. Hehe, phosphate buffer was used instead of
sodium acetate buffer, since phosphate buffer @shd larger buffer capacity. However,
when analyzing the influence of temperature, thérblysis experiments were conducted at
different temperatures and in 0.1 M sodium acebatfer at a constant pH value of 4.8.
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Parameters describing the effect of the pH valueallase activity were determined using
the following Eq. 3-3 (Copeland, 2000):

VpHoptlmal
([H ]j ( azjﬂ (3-3)
[H"]

whereV denotes the cellulase activity [g/(L-h)] at a defl pH valueVpu opiimal, the cellulase

activity at optimal pH value [g/(L-h)], artt., andK4, refer to the acid dissociation constants

[mol/L] for the two hypothetical, relevant acid-leagroups of the cellulase.

To describe the effect of temperature on cellubadiity, the Arrhenius equation was applied
(Copeland, 2000):

_Ead
kcat,app = Abre EE( ® T] < In(kcat,app) =" G—?-_-+ In Apre (3-4)

Ea
R
In Eq. 3-4,Keaapp denotes the apparent turnover number [1/s] of cbltulase, Ay, the
pre-exponential factor [1/sEa, the activation energy of the reaction [kJ/mB|]the ideal gas
constant [8.314 J/(mol-K)], anfl the temperature [K]. At constant cellulase com@ion

and hydrolysis condition&caap Can be replaced by the apparent maximum cellseseity
Vimaxapp [9/(L-N)] (Copeland, 2000):

INVje) = %GTL nA, (3-5)

3.1.2.11 Determination of Hydrodynamics

In order to determine the hydrodynamics during thegious adsorption and activity
experiments, pictures of the liquid phase with imseda-cellulose particles were taken at
different shaking frequencies. A mixture of 10 gAcellulose in 0.1 M sodium acetate buffer
(pH 4.8) was shaken in a transparent 2 mL Eppentdré with an inner tube diameter
D; = 1 cm on an orbital shaking platform. The fillimglumeV,_ and the shaking diametds
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were constant a¥, = 1 mL anddy = 3 mm. A miniature charged-coupled device camera
XC-777AP (Sony, Tokyo, JP) was installed on theitatbshaking platform close to the
Eppendorf tube, and video images were recordedll Ahaking frequencies, a pause of 5 min
was given to allow the suspension to stabilizdfitsgfore the next shaking frequency was set.
The critical shaking frequenayi; [-] for liquid mixing, depending on the geomet(t, D;,

V1) and physical parameters (liquid density surface tensiow) of the applied reaction

system, was calculated according to Hermann ¢2603):

oD
n. = ¢ -
ort \/ ATY, Op, ©, (3-6)

The critical shaking frequenayi: is reached when the labor delivered by the centrifugal
force is equal to the surface tension of the liquid. Since sodiurataastcapillary-inactive

and cellulose loading was low, both their impacts were nefgigib

3.1.2.12 Modeling of Cellulose Hydrolysis

A semi-mechanistic model was used to predict the kinetics of@sdlinydrolysis. The model

was developed as described in Chapter 3.1.3.7.

3.1.2.13 Computational Methods

Parameters of the adsorption models (Chapter 3.1.2.6) and thdyanimiels (Chapter
3.1.2.10) were calculated by nonlinear, least squares regressiosignaing MATLAB
version R2008b (The MathWorks, Natick, USA). The kinetics efilutbse hydrolysis
(Chapter 3.1.2.12) was modeled with the software ModelMaker Versi@d BCherwell
Scientific Ltd, Oxford, UK). The model was solved with the Renkgitta method, and
parameter estimation was performed by minimizing the sum of leastresy using the
simplex algorithm.
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3.1.3 Results and Discussion

3.1.3.1 Purification of Cellulases

The enzyme mixture Cellucl&stconsisting of cellulolytic and xylanolytic enzymproduced

by Trichoderma reesel (Gama et al., 1998; Henrissat et al., 1985; Hdr@ambert et al.,
2008), was used as the source material to purdyirttividual cellulases. According to their
relative protein amount (Chapter 1.4.2.3), the neaitulases are CBH I, CBH II, EG I, and
EG Il (Goedegebuur et al., 2002; Nagendran et2809; Rosgaard et al., 2007; Tolan and
Foody, 1999). Figure 3-2 shows a flow diagram Fa &pplied chromatographic purification
of these various cellulases. After every purificatstep, the fractions were comprehensively
analyzed by SDS-polyacrylamide gel electrophoresid cellulase activity assays using
Avicel and CMC to differentiate CBHs and EGs, retpely. The chromatograms and
fraction analysis (including SDS-polyacrylamide gdéctrophoresis and cellulase activity

assay) of all purification steps are shown in Agper.

In order to determine the molecular mass and puwftythe individual cellulases, SDS-
polyacrylamide gel electrophoresis (Figure 3-3) andensitometric analysis (Tan et al.,
2007) were applied. By comparing the molecular masdth values reported in the literature
(summarized in Table 1-2) (Gama et al., 1998; Hyzati et al., 1985; Herpoel-Gimbert et al.,
2008; Jeoh et al., 2008; Schilein, 1988; Shoemekat., 1983; Tomme et al., 1988), the
following cellulases were identified: CBH | (61 kp&BH Il (54 kDa), EG | (55 kDa), and
EG Il (46 kDa). In addition, the amino acid sequent¢ each cellulase was determined by
mass spectrometry (Schuchardt and Sickmann, 2@dd)cellulase identities were checked
using the Mascot database (Grosse-Coosmann eP(dl5) (data not shown). The final
fractions showed cellulases with high purity@.99), which is better or comparable with the
results of other researchers (Ellouz et al., 138hrissat et al., 1985; Medve et al., 1998b;
Shoemaker et al., 1983). In other studies, only twthree of the major. reesel cellulases
could be purified (Medve et al., 1998b; Schilei@88; Shoemaker et al., 1983) or more

purification steps were necessary (Gama et al8)199
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Celluclast® 1.5L

'

Anion
exchange
chromatography
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Figure 3-2: Flow diagram for the applied chromatographic paafion of the individual cellulases. Roman
numbers indicate the different chromatographic fipation steps. After every purification
step, the fractions were analyzed by SDS-polyanrtigla gel electrophoresis and cellulase
activity assays using Avicel and carboxymethyl wdele (CMC) to differentiate
cellobiohydrolases (CBH) and endoglucanases (E€pectively. The chromatograms and
fraction analysis (including SDS-polyacrylamide gdéctrophoresis and cellulase activity

assay) of all purification steps are shown in Agper\.

M 1 2 3 4
175 kDa ———| s
83 kDA |
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: - | - —
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Figure 3-3: SDS-polyacrylamide gel electrophoresis of the peditellulases. (M) molecular mass marker,

(1) cellobiohydrolase (CBH) I, (2) CBH IlI, (3) englacanase (EG) I, (4) EG IlI; 12%
polyacrylamide gel, the same volume of the purifiedulase samples (418.) was loaded onto

the particular slots.



Enzymatic Hydrolysis of Cellulose 67

3.1.3.2 Qualitative Adsorption Study of Cellulases via Confocal Laser
Scanning Microscopy

Since the adsorption of cellulases is a prerequifor cellulose hydrolysis, qualitative
(Chapter 3.1.3.2) and quantitative adsorption ssgidiChapters 3.1.3.3 and 3.1.3.4) were
performed by the example of CBH | and EG |. Afteege were purified, their adsorption onto

a-cellulose as a practical cellulosic substrate areyzed.

For the initial qualitative analysis, CBH | and BE®vere labeled with the fluorophore FITC
and subsequently dialyzed to remove excessive FAT@rwards, the labeled cellulases were
separately incubated witdr-cellulose for 40 min. Finally, the resultingcellulose particles
were analyzed by confocal laser scanning microscémure 3-4A shows thai-cellulose
was fluorescent after incubation with FITC-label€®8H | and FITC-labeled EG |. By
contrast, after incubation with FITC-labeled BSAbarffer (negative controls), no fluorescent
a-cellulose particles could be detected (data nows. Therefore, the fluorescence was not
caused by unspecific protein adsorption or dirabeling ofa-cellulose by remaining FITC.
Moreover, the reaction of FITC with amine and sytftyl groups of cellulases did not inhibit
their adsorption onto cellulose. In accordance wita adsorption study of FITC-labeled
swollenin onto filter paper (Figure 2-3A, Chapter3.2), the fluorescence was not
homogeneously distributed among a singleellulose particle (Figure 3-4A). Moreover, the
fluorescence intensity varied between differentipi@s. Here, the-cellulose particles with a
rough surface (black arrows, Figure 3-4) showedightty higher fluorescence than those
particles with a smooth surface (white arrows, Fegd-4). As already described in Chapter
2.3.2, this inhomogeneity may again be explaineddifferent and partially inaccessible
a-cellulose-binding sites (Carrard and Linder, 1906@der and Teeri, 1997) resulting from:
(1) the inhomogeneous structureostellulose (Figure 3-4B), (2) amorphous and cryisial
regions of a-cellulose (Table 3-1), and (3) the general poyosif cellulose particles
(Grethlein, 1985; Zhang and Lynd, 2004).
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Cellobiohydrolase | Endoglucanase |

Figure 3-4: Confocal laser scanning microscopy ofcellulose after incubation with fluorescein
isothiocyanate (FITC)-labeled cellobiohydrolase KBl or endoglucanase (EG) IA)
Fluorescence microscopy at 521 nB) (ight microscopy. Rough particle surfaces and atino
particle surfaces are indicated with black arromd @hite arrows, respectively; labeling: FITC
Labeling Kit (Merck, Darmstadt, DE) according tcetmanufacturer’s protocol; incubation:
10 g/L o-cellulose in 0.1 M sodium acetate buffer (pH 418y/L FITC-labeled CBH | or 1 g/L
EG I, T=45°C,V. =1 mL,n = 1000 rpmd, = 3 mm, incubation time 40 min; microscope:
Opera system (PerkinElmer, Waltham, USA).

3.1.3.3 Adsorption Isotherms of Cellulases

After qualitatively verifying the adsorption of CBHand EG I, the adsorption isotherms of
these purified cellulases were determined by usingellulose. Preliminary adsorption
kinetics showed that an incubation of 40 min wasdeel to reach equilibrium. As seen in
Figure 3-5, isotherms of CBH | and EG | showedatsorption to be a characteristic function
of free cellulase concentration. After a sharp @ase in adsorbed cellulase at low cellulase
concentrations, a plateau was reached at highereotmations (> 1Gumol/L). In addition,
denatured CBH | and EG |, boiled for 10 min, showex adsorption (data not shown).

Therefore, cellulase adsorption was specific agdired functional protein structures.
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Figure 3-5: Adsorption isotherms of the purified cellulasesoomtcellulose. @) Cellobiohydrolase (CBH)
I, (0) endoglucanase (EG) I. Predicted Langmuir isotlsgeancording to Eq. 2-1, are shown as
solid lines, and corresponding parameters arallistd able 3-2; incubation: 10 gk-cellulose
in 0.1 M sodium acetate buffer (pH 4.9),= 45°C,V_ = 1 mL,n = 1000 rpm,dy = 3 mm,

reaction time 40 min.

In this investigation, the Langmuir isotherm (Egl)2provided a good fit (Figure 3-5, Table
3-2). The dissociation consta, as a reciprocal value for adsorption affinity,swewer for
CBH I than for EG I. Different values fé&p have to be derived from differences in cellulose-
binding domains or catalytic domains. Accordind-tader et al. (1995), the cellulose-binding
domains of CBH | and EG | show single amino acitdssitutions leading to differences in
binding affinity. In addition, catalytic domains oéllulases are known to specifically adsorb
to cellulose-binding sites independently of celddédbinding domains (Lynd et al., 2002). The
maximum cellulase adsorptioh.x was higher for EG | than for CBH |, indicating reor
accessible cellulose-binding sites for EG |, whighs also observed by other researchers
(Beldman et al., 1987; Nidetzky et al., 1994b). iBes the aforementioned differences in
cellulase structure and binding affinity, these mmaxn adsorption differences could be
explained by the lower molecular mass of EG | (Gba@.1.3.1) and, therefore, a better
access to internal binding sites as described foeroproteins and materials (Hunter and
Carta, 2002; Oberholzer and Lenhoff, 1999). Nidetzkal. (1994b) found similar values of
Ko andAmax by using filter paper as cellulosic substrate (CBI.71 umol/L, 0.17 umol/g;

EG I: 1.79 umol/L, 0.17 umol/g). Filter paper shows simila€rl and DP,, values as
a-cellulose (Kongruang et al., 2004; Zhang and Ly2@04; Zhang et al., 2006) and is used
for the measurement of total cellulase activity ¢&d 1987; Wood and Bhat, 1988).
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However, the filter paper assay requires consideretfort and is error-prone (Coward-Kelly

et al., 2003; Decker et al., 2003). Furthermorenynadsorption studies were performed at
low temperatures (2-5°C) to prevent cellulose hiydie and, thus, cellulase desorption (Lee
et al., 1982; Lu et al., 2002; Medve et al., 19itletzky and Steiner, 1993; Reinikainen et
al., 1995; Srisodsuk et al., 1993). In this stualynore practical temperature of 45°C was
selected similar to those temperatures in cellulpgolysis. Here, no decrease in adsorbed

cellulase was observed.

Table 3-2: Langmuir adsorption parameters of purified cellekaby usingi-cellulose ah = 1000 rpm.

Langmuir adsorption parameters®

Cellulase Amax KD R2
[umol/g] [umol/L] [-]

CBH | 0.155 +0.003 0.433 £0.039 0.93

EG I 0.212 £0.010 2.146 £0.216 0.90

Errors are given as standard deviations.

CBH, cellobiohydrolase; EG, endoglucanahg;, maximum cellulase adsorptiolp, dissociation constan&?,
coefficient of determination.

# According to Eq. 2-1.

3.1.3.4 Adsorption Kinetics of Cellulases

According to Figure 3-6, the adsorption kineticsG@BH | and EG | onu-cellulose were
determined. For both cellulases, the respectiveratien rose quickly until a final plateau
was reached. The final amount of adsorbed cellua@ot change with further incubation.
Seemingly,a-cellulose does not contain many micropores (Le&.etl983) that can only be
penetrated slowly by cellulases (Kim et al., 199483 shown in Table 3-3, the simple
pseudo-first-order kinetic model (Eq. 3-2) providedyood fit. Taking experimental errors
into account, similar values f&.x were determined as in adsorption isotherm experisne
(Table 3-2), and, thus, the complete saturation-oéllulose was reached in kinetic studies.
The kinetic constarit,y was higher for CBH | than for EG | (Table 3-3)dasaturation was
reached after 25 min and 40 min, respectively (fg8-6). As with filter paper, similar
incubation times were found for CBH | and EG | (blizky et al., 1994b). In general,
cellulase adsorption is rapid compared to the tieggiired for complete hydrolysis (Lynd et
al., 2002; Zhang and Lynd, 2004). Depending on dpelied cellulose, the adsorption
equilibrium is normally reached after 30-90 min (Beaid and Saddler, 1999; Kim et al.,
1994b; 1994a; 1998; Kumar and Wyman, 2009b; Medwat €1998a; Singh et al., 1991).
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Figure 3-6: Adsorption kinetics of the purified cellulases ontoellulose. @) Cellobiohydrolase (CBH) |,
(o) endoglucanase (EG) |. Predicted adsorption ldagthiccording to Eqg. 3-2, are shown as
solid lines, and corresponding parameters arallisid able 3-3; incubation: 10 gt-cellulose

in 0.1 M sodium acetate buffer (pH 4.8), 0.9 g/lldase,T = 45°C,V, = 1 mL,n = 1000 rpm,

do=3 mm.
Table 3-3: Kinetic adsorption parameters of purified cellubg usingi-cellulose ah = 1000 rpm.
Kinetic adsorption parameters®
Cellulase A Kag R2
[umol/g] [1/s [-]
CBH | 0.170 £ 0.003 0.0031 £ 0.0002 0.98
EG I 0.213 £ 0.007 0.0019 £ 0.0002 0.96

Errors are given as standard deviations.
CBH, cellobiohydrolase; EG, endoglucanagg,, maximum cellulase adsorptiorky, pseudo-first-order
adsorption rate consta?, coefficient of determination.

% According to Eq. 3-2.

3.1.3.5 Sugar Production Patterns of Cellulases

After cellulase adsorption studies, the hydrolyéctivities of CBHs and EGs towards
a-cellulose were investigated. At first, the sugesduction patterns of all purified cellulases
were determined by HPLC analysis. As shown by lEd@#7A-B, CBH | and CBH Il mainly
produced cellobiose duringcellulose hydrolysis. This result is in good agneat with the
literature, since CBHs release cellobiose fromehds of cellulose chains (Chapter 1.4.2.1)
(Kim et al., 1994b; Lynd et al., 2002; Medve et 4998a). By contrast, EG | and EG I
produced cellotriose, cellobiose, and glucose imass ratio of approximately 1.0:3.3:2.2
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(Figure 3-7C-D), which fits to typical productiomgfiles of EGs (Kim et al., 1994b; Medve
et al., 1998a). In conclusion, the hydrolytic aityivof all purified cellulases could be verified.
Since the sugar production profiles are consistéttt the typical profiles reported in the
literature (Kim et al., 1994b; Medve et al.,, 1998tjese results provide an additional

evidence for the high purity of the isolated celkds (Chapter 3.1.3.1).
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Figure 3-7: Soluble sugars produced by enzymatic hydrolysisadafellulose. A) Cellobiohydrolase
(CBH) I; (B) CBH lI; (C) endoglucanase (EG) IDf EG Il. The concentrations of cellotriose
(G3), cellobiose (@, and glucose (§ are shown above the respective symbols; inculratio
10 g/L a-cellulose in 0.1 M sodium acetate buffer (pH 48)l g/L cellulase,T = 45°C,
VL. =1 mL,n = 1000 rpm,dy = 3 mm, reaction time: 60 min; high-performancguid
chromatography (HPLC) system: Dionex HPLC Ultima@®0 (Dionex, Sunnyvale, USA).

3.1.3.6 Kinetics of Cellulose Hydrolysis Catalyzed by Cellulases

After analyzing the adsorption and sugar productmaiterns of purified cellulases, the
enzymatic hydrolysis ofi-cellulose was investigated in detail. Therefaregellulose was
hydrolyzed by different concentrations of CBH | alB& I, and the formation of reducing
sugars was measured over time (Figure 3-8). Atstiaet of all kinetic experiments, the
reducing sugar concentration rose quickly and skoavdinear increase. Depending on the
applied cellulase concentration, this linear inseeavas detected from 0-2 h (0.1 g/L
cellulase) or 0-1.5 h (0.25 g/L cellulase). Whemgsthe higher CBH | concentration of
0.25 g/L, the initial hydrolysis rate did not praponally increase. This can be explained by
the adsorption isotherm of CBH I, indicating thhée tsaturation of cellulose-binding sides
already started at a CBH | to cellulose ratio d#50@.ejuiase P€r 10 Geluiose (€Quivalent to
0.41 pumOlcenuiase Per 1 Qeuiose Chapter 3.1.3.3). After the rapid increase inugaglg sugar
concentration, the hydrolysis rates declined fothbeellulases. In case of CBH |, final

plateaus were reached after 10 h whereas, in ¢d&58 § a slight increase in reducing sugars
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was still detected from 5-10 h. Moreover, EG I{edignificantly higher hydrolysis rates and
yields than CBH I. This can be explained by the thata-cellulose contains amorphous and
crystalline regions (Table 3-Lrl: 64%). Since EGs more rapidly hydrolyze amorphous
regions than CBHs, EGs generally show higher hydislrates towards partially amorphous

substrates such ascellulose (Gama et al., 1998; Zhang and Lynd, 2@déng et al., 2006).

Reducing sugars [g/L]

Time [h]

Figure 3-8: Hydrolysis ofa-cellulose by using purified cellulase®) (0.1 g/L cellobiohydrolase (CBH) I,
(o) 0.1 g/L endoglucanase (EG) &)(0.25 g/L CBH I, &) 0.25 g/L EG I. For each hydrolysis
experiment, the initial linear increase in reduciugar concentration is shown as a dotted line;
incubation: 10 g/lo-cellulose in 0.1 M sodium acetate buffer (pH 4B} 45°C,V, = 1 mL,
n=1000 rpmgdy = 3 mm.

In general, the detected decline in cellulose hiydre rates (Figure 3-8) can be explained by
the following four factors: cellulose depletion lla@se inactivation, product inhibition, or
alteration of the physical cellulose propertiesr&al et al., 2009; Bommarius et al., 2008;
Zhang et al., 1999; Zhang and Lynd, 2004). AccaydmFigure 3-8, only a small amount of
10 g/L a-cellulose was hydrolyzed after 10 h. Therefores trepletion of cellulose was
minimal and not the main factor leading to the diet@ decline in cellulose hydrolysis rates.
Since cellulases froni. reesel are stable under the applied incubation conditi@asidual
activity after six days: > 90%; Engel et al., 20Hhgel et al., 2011), the inactivation of
cellulases can be neglected. As shown by HPLC amafChapter 3.1.3.5), glucose and
cellobiose were the main products after the enzgngtrolysis ofa-cellulose by CBH | and
EG I. Since cellulases are severely inhibited ®séhsugars (Holtzapple et al., 1990), product
inhibition is one possible explanation for the détd decline in cellulose hydrolysis rates
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(Figure 3-8). Moreover, the alteration of physicallulose properties can lead to a rapid
decline in hydrolysis rates (Bansal et al., 2008tjAmae et al., 1999; Zhang and Lynd, 2004).
Although several researchers have analyzed cedluthging its hydrolysis, the decline in
hydrolysis rates has not been clearly elucidatethis¢Zhang and Lynd, 2004). For example,
a decrease in cellulose accessibility (Fan etl&80) and in maximum cellulase adsorption
(= adsorption capacity) was detected (Bansal e2@09; Bommarius et al., 2008; Ooshima et
al., 1983). The unproductive adsorption of celletasnto prehydrolyzed cellulose was also
described to block further hydrolysis (Ooshima ét 4990; Zhang and Lynd, 2004).
Moreover, cellulose reactivity can decrease dueangymatic hydrolysis (Bansal et al., 2009;
Zhang and Lynd, 2004). According to Carrard et (2D00), the fresh addition of non-
hydrolyzed cellulose stimulated more soluble sdgamnation, thereby indicating the loss of
cellulose reactivity at the end of hydrolysis. Altlgh various researchers have tried to
analyze the decrease in cellulose reactivity (Cdred al., 2000; Desai and Converse, 1997;
Drissen et al., 2007; Hong et al., 2007; Yang et2006; Zhang et al., 1999), there is no
consensus regarding the incidence and reasongdétinithg cellulose reactivity (Bansal et al.,
2009; Lynd et al., 2002).

3.1.3.7 Modeling of Cellulose Hydrolysis Catalyzed by Cellulases

As described in Chapter 3.1.1, kinetic modelingaispowerful tool to understand and
eventually improve the enzymatic hydrolysis of gleise (Bansal et al.,, 2009; Zhang and
Lynd, 2004). Up to now, a large number of modelseheen developed to predict the
enzymatic cellulose hydrolysis (Bansal et al., 2008ang and Lynd, 2004). According to
Chapter 3.1.1, semi-mechanistic models are paatiguliseful, since only few information

are sufficient to describe the applied reactionesys(Bansal et al., 2009).

In order to model the-cellulose hydrolysis catalyzed by purified celk#a (Chapter 3.1.3.6,

Figure 3-8), a semi-mechanistic model was developidin this chapter. The developed
model is based on the Michaelis-Menten kineticsp@and, 2000) which often provide a
good fit for the enzymatic hydrolysis of insoluldellulose (Bansal et al., 2009; Zhang and
Lynd, 2004):
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dc Kest aop [ Eaq [C
o _@tap T (3-7)
dt Ku.ap +C

whereC denotes the cellulose concentration [gHs}s app, the apparent turnover number [1/s]
of the cellulasesEaq, the adsorbed cellulase concentration Jgag/l], and Ky ap, the
apparent Michaelis constant [g/L]. By incorporatitige correction coefficient between
molecular weights of glucose and glucan monome88/(62), the increase in reducing sugar

concentratiorP [g/L] can be calculated as follows:

dp __dC 180
dt dt 16z

(3-8)

To account for the detected decline in cellulosérblysis rates (Chapter 3.1.3.6, Figure 3-8),
additional terms for the product inhibition of ed#ises and the alteration of cellulose
properties during hydrolysis (such as a decreasellnlose accessibility and reactivity) were
included. At first, the competitive inhibition bylsible reducing sugars was implemented.
Since the structural information of cellulases arldrge amount of experimental data indicate
the competitive inhibition of single cellulases logllobiose and glucose, competitive
inhibition is the most common applied mechanismnfmdeling cellulase inhibition (Levine
et al., 2010; Levine et al., 2011; Zhang and LyZ@Q)4). According to various studies (Bansal
et al., 2009; Kadam et al., 2004), the alteratiboedlulose properties was addressed by using
a linear decreasing hydrolysis rate with increasieliulose conversion. By contrast, the sole
Michaelis-Menten kinetics (Eq. 3-7) leads to a thiaear decreasing hydrolysis rate with
increasing cellulose conversion. By combining tHierementioned linear term with the
Michaelis-Menten kinetics, a disproportionatelyosger decline in hydrolysis rates was

achieved. Finally, Eq. 3-7 was changed as follows:

(L_(t; _ Keat,app [Eaa [C E'C(::—
K vt 200 [E1+ ;}-C 0 (3-9)

wherekK; is the inhibition constant [g/L], ant, is the initial cellulose concentration [g/L].
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To calculate the concentration of adsorbed cekuag, a cellulase mass balance (Eq. 3-10)
was included, withEy denoting the initial cellulase concentration [gdrd E denoting the

free/unbound cellulase concentration in solutidi]fg
E.=E -E (3-10

Moreover, the cellulase adsorption kinetics waslemented as described in the Chapters
3.1.2.6 and 3.1.3.4:

O"j—tad = _(:TItE =k, [E (3-11)

wherekyq is the pseudo-first-order adsorption rate condtanapproaching equilibrium [1/s].
Here, it should be noted that Eq. 3-11 is not meistigally sound. It assumes an adsorption
rate which only depends on the free cellulase aunatgon. Consequently, Eq. 3-11 allows a
complete adsorption of all cellulases. However, albtfree cellulases can bind onto the
cellulose due to limited cellulose-binding sitesdaan equilibrium condition between
adsorbed and unbound cellulases. Therefore, a naximermissible value foEy,y was

included by using the Langmuir equation accordmthe Chapters 3.1.2.6 and 3.1.3.3:

£ -AwlCIE
ad,EQ KD+E

; Eaeo =Ea(t - ) (3-12)
In EqQ. 3-12,E.eq denotes the adsorbed cellulase concentration ualiletym [Mgproteir/L],
Anax, the maximum cellulase adsorption [fR@ifOceiuosd, aNdKp, the dissociation constant
[MOproteir/L]. Within the final model, the total time periofbr approaching equilibrium

(t — ) was set to be 40 min, according to Chapter 311.3.

The experimental data and modeled hydrolysis curaes shown in Figure 3-9. The
developed semi-mechanistic model provided a gobdofi both CBH | and EG | at two
different cellulase concentrations. The coefficserdf determination for all modeled
hydrolysis curves are listed in the legend of Feg@9. Only in the case of EG | at a

concentration of 0.25 g/L, the applied model slighinderestimated the formation of
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reducing sugars within the first 2 h. All applieddel parameters are summarized in Table
3-4. The parameterf ., kag, andKp were experimentally determined within the previous
Chapters 3.1.3.3 and 3.1.3.4, whereas the remapar@metersea,app, Ki, andKwuap had to

be fitted to the hydrolysis data presented in FagaHo.

Reducing sugars [g/L]
N
1

-1
1 Py o) I
1
D T T T T T
0 2 4 6 8 10
Time [h]
Figure 3-9: Semi-mechanistic model for the hydrolysis efcellulose by using purified cellulases.

(@) 0.1 g/L cellobiohydrolase (CBH) Ipf 0.1 g/L endoglucanase (EG) &)(0.25 g/L CBH |,
(a) 0.25 g/L EG I. Experimental data was obtainednfrBigure 3-8. Predicted hydrolysis
kinetics, according to the model described in CaiaBt1.3.7, are shown as solid lines, and
corresponding parameters are listed in Table 3he @oefficients of determination are as
follows: 0.1 g/L CBH | & = 0.95), 0.1 g/L EG IR = 0.97), 0.25 g/L CBH IR = 0.96),
0.25 g/L EG | R = 0.91); incubation: 10 g/lu-cellulose in 0.1 M sodium acetate buffer
(pH 4.8),T =45°C,V_. =1 mL,n=1000 rpmdy = 3 mm.

The fittedK| values of CBH | and EG | were 0.03 g/L and 0.08 géspectively (Table 3-4).
Consequently, CBH | was more inhibited by reducsugars than EG |. Several studies
analyzed the inhibitory effect of glucose, cella®p or reducing sugars (Holtzapple et al.,
1990; Zhang and Lynd, 2004). In the case of CB#infTrichoderma spec., similaK; values
were also determined: 0.032 g/L (Levine et al., ®0D.036 g/L (Halliwell and Griffin,
1973), 0.065 g/L (Levine et al., 2011), or 0.38[ (Maguire, 1977). In the case of EGs from
T. reesei, a wide range oK; values was reported by various authors: 0.003 lgéviQe et al.,
2010), 0.01 g/L (Levine et al., 2011), or 3.762 d(runo et al., 2004). This difference
in Ki values may be explained by the different physicabprties of the applied cellulosic
substrate which strongly influence the inhibitidncellulases (Gruno et al., 2004). As shown

by Table 3-4, the fittekeatapp @and Ky app vValues of CBH | and EG | were as follows:
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CBH I: 0.0035 1/s, 2.83 g/L; EG I: 0.0073 1/s, 1gill. Huang (1975) reported similar values
for Keatapp (0.02 1/s) andKyapp (1.68 g/L) when analyzing the hydrolysis of contgly
amorphous cellulose catalyzed by a cellulase mext8ince completely amorphous cellulose
leads to higher hydrolysis rates (Hall et al., 204:0d a cellulase mixture shows a synergistic
interaction between the individual cellulases (Eregeal., 2011; Nidetzky et al., 1994a), the
Keat,app Value determined by Huang (1975) was higher thasé values for CBH | and EG | of
the current study. However, the developed modetigety described the hydrolysis of
a-cellulose catalyzed by single CBHs or EGs (Figi+#®.

Table 3-4: Model parameters for the hydrolysiswetellulose by using purified cellulases.
Amax kad KD kcat,app Ki KM,app
Cellulase gl (/] [P [Ls] [o/L] [o/L]
CBH | 10.370° 0.0031° 26.413" 0.0035 0.03 2.83
EG I 11.715° 0.0019° 118.03" 0.0073 0.08 1.41

Fitted model parameters are marked in grey. Ottwateinparameters were experimentally determined.

CBH, cellobiohydrolase; EG, endoglucanage,, maximum cellulase adsorptiorky, pseudo-first-order

adsorption rate constarks g, apparent turnover numbep, dissociation constani;, inhibition constant;

Kw.aop: @pparent Michaelis constant.

% Molar amounts were converted into masses by usiegmolecular masses of CBH | (61 kDa) and EG |
(55 kDa) according to Chapter 3.1.3.1.

b According to Figure 3-5 and Table 3-2.

¢ According to Figure 3-6 and Table 3-3.

In general, the sole Michaelis-Menten model is mechanistically sound for the enzymatic
hydrolysis of insoluble cellulose because of théoWing reasons (Bansal et al., 2009; Lynd
et al., 2002; Zhang and Lynd, 2004): (1) cellulasesd to adsorb onto the cellulose, and
hydrolysis occurs on the surface of cellulose Bb€R) cellulose is not uniform and exhibits
variable physical properties that are altered dutydrolysis; (3) the Michaelis-Menten
condition — substrate being in excess relative mayme — is not achieved at high
cellulase/cellulose ratios, since the fraction eliudose accessible to cellulases is relatively
low; (4) the Michaelis-Menten condition may not betained during hydrolysis since
cellulose is depleted at higher conversions; (5)lulose hydrolysis represents a
heterogeneous reaction system including mass @ahsfitations. Within this study, some of
the aforementioned limitations were already adam@dsy implementing simple terms for

cellulase adsorption (Eq. 3-10 to Eq. 3-12) andaleration of physical cellulose properties
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(Eq. 3-9). Moreover, specific hydrolysis conditiomnsre selected in order to avoid additional
limitations. For example, low cellulase/cellulosgios and single cellulases were applied to
minimize cellulose conversion and, thus, cellulasepletion. Moreover, an appropriate
hydrodynamic condition was chosen so that the losléu surface was accessible to the
cellulases and mass transfer limitation could belugled (a detailed discussion about
hydrodynamic conditions and their effects is giuethe later Chapter 3.1.3.9).

In conclusion, the developed model was well suitedescribe the hydrolysis afcellulose

by purified cellulases, since the basic MichaelisAtén model was extended by additional
mathematical terms and specific hydrolysis condgiovere chosen. By using this model, it
could be clearly shown that the product inhibitimincellulases as well as the alteration of
cellulose properties led to incomplete cellulosdrblysis. However, in order to understand
all aspects of cellulose hydrolysis, fully mechénisnodels need to be established (Zhang
and Lynd, 2004). Such models have to considerredhpmena during enzymatic hydrolysis
and all physical properties of cellulose. Despéeesal advances in mechanistic modeling of
the enzymatic cellulose hydrolysis (Levine et &010; Levine et al., 2011), no fully
mechanistic model has been developed which prgciseddicts the kinetics of cellulose

hydrolysis from low up to high conversions.

3.1.3.8 Effect of pH and Temperature on Cellulases

As shown in Chapter 3.1.3.6, reducing sugar conagohs were linearly increasing within
the initial phase (0-2 h) af-cellulose hydrolysis. Therefore, initial cellulagetivities could
be determined within 1 h when using 10 gfcellulose and 0.1 g/L purified cellulase. To
analyze the influence of pH and temperature orulaalé activity, initial activities of CBH |
and EG | were determined at various incubation tmmd.

When analyzing the influence of pH on cellulasavigt the hydrolysis experiments were
conducted at a constant temperature of 45°C ar@dlirM phosphate buffer at different pH
values. As shown by Figure 3-10A, the activity dBKC | and EG | was a characteristic
function of pH, and a typical bell-shaped profil@esvdetected. Here, the applied model
describing the pH dependency of enzymes (Eq. 34®Vviged a good fit, and the
corresponding parameterpKai, pKa2, and Vpuopima) are listed in Table 3-5. The optimal
activity of CBH | and EG | was achieved at pH valud 5.0 and 4.8, respectively. Several

authors found similar optimal pH values rangingnird.5 to 5 when using cellulases from
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T. reesel (Becker et al., 2001; Boer and Koivula, 2003; Bust al., 1996; Busto et al., 1998;
Voutilainen et al., 2008). Moreover, Maguire (190d&termined almost identicaK,; (3.8)
andpKy. values (6.5) when analyzing the hydrolysisiafellulose by CBH I.

Temperature [°C]
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Figure 3-10:
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0.0028
1/Temperature [1/K]

Effects of pH and temperature on the activity ofifped cellulases. ) Effect of pH on the

activity of cellobiohydrolase (CBH) le) and endoglucanase (EG)d)( Relative values are
standardized to maximum activities (CBH I: 0.20 g/r&G I: 0.54 U/mg). Predicted cellulase
activities, according to Eq. 3-3, are shown as éadime (CBH I) and dotted line (EG I), and
corresponding parameters are listed in Table 3&yhation: 10 g/Lo-cellulose in 0.1 M
sodium phosphate buffef,= 45°C,V, = 1 mL,n = 1000 rpmd, = 3 mm, 0.1 g/L cellulase,
reaction time: 60 min;K) Arrhenius plot of the activity of CBH l&) and EG | §). Predicted
activities, according to Eq. 3-5, are shown as éddime (CBH [) and dotted line (EG I), and
corresponding parameters are listed in Table 3i&ykation: 10 g/La-cellulose in 0.1 M
sodium acetate buffer (pH 4.8y, = 1 mL,n = 1000 rpm,dy, = 3 mm, 0.1 g/L cellulase,

reaction time: 60 min.

Table 3-5: Parameters describing the effects of pH and teryreran the activity of purified cellulases.

Parameters (pH model)® Parameters (Arrhenius model)b
VpH,optimaI pKal pKaZ R? EA InApre R?
[9/(L-h)] [] [] [] [kJ/mol] [-] [-]

0.20+0.01 3.28+0.16 6.88+0.17 0.93 50.9 +4.2 16.8+1.6 0.98

Cellulase

CBH I

EGI 054+006 263+029 6.91+028 0.90 29.9 £3.6 103+14 0.97

Errors are given as standard deviations.

CBH, cellobiohydrolase; EG, endoglucana#g;,, pre-exponential factorE,, activation energyK, acid
dissociation constan®’, coefficient of determinationyy opima, Cellulase activity at optimal pH value.

# According to Eq. 3-3.

® According to Eq. 3-5.
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When analyzing the influence of temperature orutatle activity, the hydrolysis experiments
were conducted at different temperatures and irMDsbdium acetate buffer at a constant pH
value of 4.8. Figure 3-10B shows that the actisitié purified CBH | and EG | increased up
to temperatures of 58°C and 56°C, respectivelycdse of higher temperatures, cellulase
activities decreased due to enzyme denaturatiopgldnd, 2000; Voutilainen et al., 2008). In
the literature (Busto et al., 1996; Busto et @98; Voutilainen et al., 2008), similar optimal
temperatures (55-60°C) were reported when analytigg initial activities of T. reesel
cellulases. In addition, the Arrhenius equation.(Bep) provided a very good fit (Figure
3-10B), and activation energies could be determieble 3-5). When using-cellulose as
cellulosic substrate, the activation energies f&HCI and EG | were 50.9 kJ/mol and
29.9 kJ/mol, respectively. In the literature (Bustal., 1998; He et al., 2000; Hu et al., 2009;
Li et al., 1965; Maguire, 1977), similar activatienergies ranging from 22-52 kJ/mol were
determined when using cellulases frdimchoderma spec. and various cellulosic substrates
(including a-cellulose). However, the difference in activatienergies between CBH | and
EG | may be explained by their different modes ofiam (Chapter 1.4.2.1): (1) CBHs
hydrolyze amorphous and crystalline regions ofutedle, and they release soluble cellobiose
as the major product (Lynd et al., 2002) (Chaptdr.335); (2) EGs primarily hydrolyze
amorphous regions and release soluble sugars @sicellotriose, cellobiose, and glucose;
Chapter 3.1.3.5) as well as longer insoluble cedlel chains (Lynd et al., 2002). Here, it
should be noted that, besides the applied cellsjage physical properties of cellulose
(especially cellulose crystallinity/reactivity) alsaffect the activation energies of the
enzymatic cellulose hydrolysis (Lynd et al., 20B&utela and King, 1968).

3.1.3.9 Effect of Hydrodynamics on Cellulases

As a-cellulose is an insoluble substrate, the hydrodynos of the reaction system have to be
taken into account. Therefore, the impact of shgkiinequency and the resulting
hydrodynamics on the adsorption as well as on thigity of the cellulases were investigated

in detail for the first time.

Adsorption kinetics of CBH | and EG | were deterpeunfor different shaking frequencies

using simple pseudo-first-order kinetics (Figuré13\). This model provided a good fit at all

shaking frequencies; in contrast to Nidetzky et(3094b), no biphasic adsorption kinetics
with two different adsorption rates were observ&dall applied shaking frequencies and as
seen in prior experiments (Tables 3-2 and 3A3)x (solid line) was higher for EG |, angy
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(dotted line) was higher for CBH I. Between 0 rpnd&@00 rpm Anex andksg were almost
constant for both cellulases, whereas for bothaapsincrease could be determined between
300 rpm and 800 rpm. Above 800 rpm, only a slightréase ink,y was observed.
Consequently, enhanced mixing improved the contativeen cellulase and substrate
(Ingesson et al., 2001), and, therefore, the nrassfer and the kinetic constdgj increased.
However, also the maximum cellulase adsorpfgg rose with enhanced mixing, which was
not observed for CBH | and EG | using filter papera cellulosic substrate (Nidetzky et al.,
1994b). This increase iAnax May be explained by a better exposures-@kllulose to the

liquid and, therefore, a better cellulose surfameeasibility for cellulase adsorption.

As seen in Figure 3-11B, the activities of CBH tdBG | were also investigated at different
shaking frequencies usingcellulose as a substrate. For both cellulasessdmee trend in
activity was observed, whereby a sharp increaseroaat between 400 rpm and 800 rpm as in
the adsorption kinetic experiments (Figure 3-11@9nsequently, higher shaking frequencies
clearly improved the adsorption of cellulases, ¢bgr bolstering their respective activity,
because adsorption is a prerequisite for cellulgskolysis (Lynd et al., 2002; Tanaka et al.,
1986; Zhang and Lynd, 2004). Thus, when short iatiah times of cellulases are applied
(for example, washing agent), catalyst optimizasbiould also be focused on improving the
cellulase binding properties. In other studies, ¢ffect of agitation on cellulose hydrolysis
was investigated without considering adsorption.eseh studies showed that enhanced
agitation increases initial cellulose hydrolysitesa(Enayati and Parulekar, 1995; Ingesson et
al., 2001; Tengborg et al., 2001). However, attantias to be paid to cellulase inactivation
reducing the final yield of cellulose hydrolysisg@se, 1980). This is especially important
when using high solid concentrations (Mukataka let #083) and shear force sensitive
cellulases (Reese and Mandels, 1980). In this wurstudy, however, low solid
concentrations, short incubation times, and a shakstem were applied so that cellulase
inactivation could be neglected. Moreover, upomgsmmobilized or displayed cellulases
(Fujita et al., 2004; van Zyl et al., 2007; Yanasel., 2010), lower shaking frequencies are
beneficial to ensure sufficient surface contactveen cellulase and solid substrate (Khaw et
al., 2007). In comparison to the adsorption paramset disproportionate increase in cellulase
activity was observed with enhanced agitation (F@g3-11A-B). As CBHs and EGs are
inhibited by soluble hydrolysis products, such aggse and cellobiose (Gruno et al., 2004;
Holtzapple et al., 1990; Kruus et al., 1995b), a&gnh may transport these inhibiting products
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away from the cellulases, thus decreasing the logatentration of inhibiting products and

improving the cellulase activity.

In order to understand the influence of shakingjdency on the adsorption and activity of
cellulases, the hydrodynamics inside the respecgaetion tube were investigated in detail.
Pictures of the liquid phase with immerseetellulose particles were taken at different
shaking frequencies (Figure 3-11C). Fox 200 rpm, the liquid surface remained horizontal,
and no liquid mixing was observed. Onte 400 rpm, liquid mixing started (white arrow;
Figure 3-11C). According to Hermann et al. (2008)critical shaking frequency; IS
necessary for liquid mixing and can be calculatedoading to Eq. 3-6. In this current
investigationngi: was 260 rpm (black arrows; Figure 3-11A-B), whiitted well to the start
of liquid mixing between 200 rpm and 400 rpm (whateow; Figure 3-11C). The boundary
layer at the cellulose-liquid interface is relatwéhick without mixing (Andrade and Hlady,
1986) and can decrease the rate of cellulase adsurplowever, mixing was increased by
exceedingngi, thereby leading to a decrease in the width of hbendary layer at the
cellulose-liquid interface. Since adsorption kingtand cellulase activity did not significantly

change between 0 rpm and 400 rpm, liquid mixing m@&ghe rate limiting step.

A sharp increase in adsorption parameters andlasduactivities was observed once the
suspension of cellulose particles begar 600 rpm; Figure 3-11C). As soon as the patrticles
were completely suspended £ 800 rpm), their whole surface was exposed tditjued, and

all external cellulose-binding sites were accessitd the cellulases. Hence, an optimal
particle-liquid mass transfer was achieved (Parayagk al., 2002), and the paramet8sx,

kaa as well as cellulase activities reached their maxn values. Complete suspension is
defined as the point when no particles are depbsitethe tank bottom for longer than one
second (Zwietering, 1958). This criterion is desitgl as the just suspending speed or off
bottom speed. A correlation for calculating thet gisspending speed in shaking vessels was
developed by Kato et al. (1995). However, it cabhlby@applied to cellulose particles because
of their fibrous structure and wide patrticle siz&tribution. Complete suspension is known to
be required for high cellulase activity (Huang, 8pMHowever, this current study shows for
the first time the effect of suspension on cellelaglsorption as well as the correlation

between the adsorption and the activity of cellesaat different hydrodynamic conditions.
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Figure 3-11:
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first-order adsorption rate constarky( dotted line) — according to Eq. 3-2a)(Amex Of
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3.1.3.10 Cellulase Activity with  a-Cellulose and Conventional Model Substrates

After the adsorption and activity of purified ceédlses were studied with-cellulose at
various hydrolysis conditions, the cellulase atitg on different artificial model substrates
and ona-cellulose were finally compared (Figure 3-12). E&d EG Il showed high specific
activities towards CMC and low activities towardgiéel. Regarding CBH | and CBH I, the
opposite was observed. Since Avicel and CMC areeansdbstrates to differentiate CBHs
and EGs, these results are in good agreement kgtliterature (Ghose, 1987; Kruus et al.,
1995a; Teeri, 1997; Zhang et al., 2006). Howevenemw comparing CBHs and EGs, a
common cellulosic substrate is necessary. In tse caSigmacell, the activities of EGs were
just six-times higher than the activities of CBHA&s Sigmacell is an insoluble and
unsubstituted cellulose with lo@rl, it can be hydrolyzed by CBHs and EGs (Lynd et al.
2002). Sigmacell, however, is an artificial substnarocessed from-cellulose (Sjostrom and
Alén, 1999; Zhang et al.,, 2006) and does not mitter actual biomass present in a
biorefinery. By using insoluble-cellulose, the activities were very similar, argk tratio
between EGs and CBHs was approximately 2.d@:Cellulose is normally used for total
cellulase activity measurements (Decker et al.,32@&hang et al., 2006). As-cellulose
mimics the alkaline-pretreated biomass used ineffileries,a-cellulose is suggested as an
excellent substrate in early experiments to screenapt cellulases to process practical

cellulosic substrates.
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Figure 3-12:  Activities of the purified cellulases towards diéat cellulosic substrates. Incubation: 10 g/L
cellulose in 0.1 M sodium acetate buffer (pH 4@}, g/L cellulasel = 45°C,V, = 1 mL,
n = 1000 rpmgd, = 3 mm, reaction time: 10 min (CMC), 120 min (Aefl; 30 min (Sigmacell),

60 min @-cellulose).



Enzymatic Hydrolysis of Cellulose 86

3.1.4 Conclusions

In Chapter 3.1, insoluble-cellulose was found to be an excellent practicdisgrate to
characterize and screen for purified CBHs and EBsst, a novel and reproducible
purification method was established to preparentlagor cellulases front. reesei with high
purity. Second, the adsorption isotherms and kisati the purified cellulases were analyzed
for the first time by usingi-cellulose as a cellulosic substrate. The calcdlatdsorption
parametersAmax, Kb, Kag) Of the studied cellulases were comparable toetiosfilter paper as
an established model substrate. Third, the hydoogativities of all purified cellulases were
analyzed in detail. Thereby, the sugar productiattepns of all purified cellulases were
investigated — proving cellobiose as major prodifc€BHSs, and cellotriose, cellobiose, and
glucose as major products of EGs. Furthermore, vematyzing the kinetics ai-cellulose
hydrolysis, the hydrolysis rates were constanhatdtart of the experiment (rapid and linear
increase in reducing sugar concentration) but dedliafterwards due to product inhibition or
the alteration of physical cellulose propertiextsas a decrease in cellulose accessibility and
reactivity). Here, a simple semi-mechanistic modat developed to predict the kinetics of
a-cellulose hydrolysis. Additionally, the effects pH and temperature on cellulase activity
were analyzed and modeled by applying a simple @ity model and the Arrhenius
equation (optimal pH value: 4.8-5, optimal temperat 55-60°C). Fourth, the effects of
different hydrodynamic conditions (including liquidixing and cellulose suspension) on the
adsorption and activity of the purified cellulasesre investigated. Thereby, this investigation
shows in detail, for the first time, the effecthyfdrodynamics on cellulase adsorption as well
as the correlation between the adsorption and tttevitg of cellulases at different
hydrodynamic conditions. Complete suspension-oéllulose particles clearly enhanced the
adsorption of cellulases thereby augmenting cedkilactivity. Finally, by comparing
conventional model substrates withcellulose, CBHs and EGs showed similar cellulase

activities only on insoluble-cellulose.

Even though other researchers use conventional geitelosic substrates, these are not
suitable for characterizing purified CBHs and Ef&steado-cellulose is ideal when alkaline
pretreatment is considered as a previous pretreatretep. In the future, screening
experiments should be conducted withellulose so that proper cellulases are selecibg$t
hydrolyze the real alkaline-pretreated biomass usdalorefineries. In additiong-cellulose

can be used in automated screening platforms (Deekeal.,, 2003) as suspensions of
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a-cellulose particles can be handled by pipettingic& lignocellulose pretreatment in

biorefineries significantly alters the structure oéllulose, cellulases should be also
characterized with other practical cellulosic stdiss that represent other pretreatment
techniques (such as ammonia fiber explosion, itigiad process, organosolv process, and
steam explosion) (Kumar and Wyman, 2009a; Zharad, €2007).

Besides the application of practical cellulosic sitdtes such as-cellulose, sophisticated
cellulase assays are also essential when chametericellulases. Therefore, a new

sophisticated cellulase assay is presented in Eh3R.

3.2 Online Monitoring of the Enzymatic Hydrolysis o f
Insoluble Cellulose by Using High-Throughput
Scattered Light Detection

3.2.1 Introduction

Since the cellulose hydrolysis catalyzed by cefletais a rate-limiting and expensive
processing step in biorefineries (Galbe et al.,72@hang et al., 2006), the development of
improved cellulases is especially important. Dutting last years, novel cellulases have been
discovered, and known cellulases have been engidedrough directed evolution and
rational design approaches leading to an increasingper of improved cellulases (Fukumura
et al., 1997; Kruus et al., 1995a; Liang et al1@Q.iang et al., 2011; Morozova et al., 2010;
Zhang et al., 2006). In order to screen these leskuvariants, methods for assaying cellulase

activities are, in particular, relevant (Deckerakt 2009; Zhang et al., 2006).

Many cellulase assays are based on the hydrolysiaiter-soluble substrates (Zhang et al.,
2006). As shown in the Chapters 1.4.2.4 and 3.Wwekier, such hydrolysis data are not
pertinent to the realistic hydrolysis of insoluldebstrates (Zhang et al., 2006), because
enzymatic hydrolysis proceeds on the surface aflitde substrates and involves, beside the
catalytic domain, also the cellulose-binding don@icellulases (Lynd et al., 2002; Pristavka
et al.,, 2000; Rabinovich et al., 1982; Yuldashevakt 1993). Consequently, the use of
insoluble cellulosic substrates would be an adwgmnta screening experiments so that the
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most appropriate cellulases are selected for tlrohysis of real insoluble lignocellulose
(Chapter 3.1).

When insoluble cellulose with a high degree of pwyization is used, the majority of
cellulase assays involves the detection of redusuggrs or total sugars (Zhang et al., 2006).
The dinitrosalicylic acid assay is one of the mm®hmon reducing sugar assays and is often
applied when analyzing the activity of cellobiohgidises, endoglucanas@sglucosidases, or
cellulase mixtures (Zhang et al.,, 2006). Howevée teducing sugar assays (such as
Mandels-Weber filter paper assay; Mandels et &76) are error-prone, and the respective
high-throughput systems require considerable effDecker et al., 2003; Navarro et al.,
2010). In addition, they do not allow the onlineasgrement of cellulase activities, since the
detection of reducing sugars often requires harshditons, as in the case of the

dinitrosalicylic acid assay.

When using insoluble substrates, enzyme activiigsbe generally detected offline or online
by measuring the degradation of substrate partibkislead to a clearing of the turbid particle
suspension (Maurer and Gabler, 2004). The resuttewgease in turbidity can be quantified
using spectrophotometry. The decrease in absorbaooelates to the applied enzyme
concentration, which was verified by analyzing sleduble products of the respective enzyme
reaction (Chen and Penner, 2007; Wang and Brodi)1@lternatively, the degradation of

substrate particles can be measured using nephilonte this case, the decrease in the
scattered light intensity of a particle suspens®measured during the enzymatic reaction
(Enari and Nikupaavola, 1988). Nummi et al. (19&BEtected cellulase activities using

spectrophotometric and nephelometric methods. Bofitical methods are sensitive,

convenient, and non-invasive (Latimer, 1982), drey/tcan be applied for online analysis. Up
to now, however, they have not been implementddgh-throughput techniques for assaying

cellulase activity.

In Chapter 3.2, the first cellulase assay combirigh-throughput, online analysis, and
insoluble cellulosic substrates is presented iraidethis assay is based on the BiolLector
technique, which allows the online monitoring oatsered light intensities in a continuously
shaken microtiter plate (Kensy et al., 2009; Sakiatal., 2005). In preliminary studies, it
was shown that the BiolLector technique can be e@pin general for measuring the

enzymatic degradation of insoluble substrates (Hwbeal., 2011). However, this chapter
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focuses on proving the applicability of the Biolactechnique for assaying, in particular,
cellulase adsorption and activity. As describedCimapter 2, the cellulase-related protein
swollenin leads to the non-hydrolytic deagglomeratof cellulose particles (Chapters 2.3.3
and 2.3.4.1). Therefore, the BioLector is additignapplied to analyze the non-hydrolytic

effect of swollenin.

3.2.2 Materials and Methods

3.2.2.1 Cellulosic Substrates

The cellulosic substrateg-cellulose, Avicel PH101, and Sigmacell 101 weredusThe
physical properties (solubility; purity; crystaliip index, Crl; weight-average degree of
polymerization DP,,, geometric mean particle sizi) and product information are presented
in Table 3-1 (Chapter 3.1.2.1).

3.2.2.2 Cellulase Preparation

The commercial cellulase preparation Celluflast5L (Novozymes, Bagsveerd, DK) was
used for the hydrolysis of the cellulosic subssatéhe detailed enzyme composition of
Celluclas? and additional information are given in Chapte.2. To remove salts, sugars,
and other interfering components, Celludastas previously rebuffered by using column
chromatography (as described in Chapter 2.2.20ah#1 sodium acetate buffer (pH 4.8) as a
running buffer. Specific filter paper activitiesefpg protein) of the off-the-shelf Cellucl&st
and the applied rebuffered Cellucfastere measured according to Ghose (1987): 182dy/g f
off-the-shelf Cellucla$t 244 U/g for rebuffered Cellucl&st

3.2.2.3 Hydrolysis and Adsorption Experiments in th e BioLector

Hydrolysis experiments were performed with varycancentrations of cellulosic substrate
and cellulase depending on the experimental obclihe experiments were conducted in a
continuously shaken microtiter plate under theokwlhg constant conditions: temperature
T = 37°C, total filling volumeV, = 200uL, shaking diametet, = 3 mm, shaking frequency

n = 900 rpm. Higher temperatures could not be agpl@nce the maximum incubation

temperature of the utilized BioLector device wa8@7The shaking frequency was chosen to
ensure the complete suspension of cellulose pestigfato et al., 2001) (Chapter 3.1.3.9).
Therefore, mass transfer limitations were excluded! the whole cellulose particle surface
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was accessible to the cellulases, thereby optigizellulase adsorption and activity (Chapter
3.1.3.9). According to Engel et al. (2010), theufééred Celluclast is stable under the
applied incubation conditions, so the inactivatadrcellulases could be neglected. The final
mixtures were incubated as triplicates in blackw@d microtiter plates with transparent
bottoms (iClear, Greiner Bio-One, Frickenhausen, DE). To @wiaporation, the microtiter
plates were sealed with adhesive foil (Cat. AB-Q58fgene, Epsom, UK). Depending on the
particular experimental objective, the experimamé&se conducted in 0.1 M sodium acetate
buffer (pH 4.8) or in 0.1 M phosphate buffer atfeliént pH values, adjusted with HCI and
NaOH. Blanks (either without cellulase, without strbte and cellulase, or without substrate)

were incubated similarly.

To analyze the non-hydrolytic effect of cellulasesl swollenin on cellulose during scattered
light measurements, 2.5 gl-cellulose was incubated with SDS, BSA, active utafies,
inhibited cellulases, or swollenin (each at 0.25 gA 0.1 M sodium acetate buffer (pH 4.8).
To inhibit cellulases, disodium hexachloropalladde,PdCk) was added to the mixture at a
final concentration of 20QM (Lassig et al., 1995). In addition, incubationghacellulases
were performed at extreme pH values (1.70, 9.041d8) using 0.1 M phosphate buffer. All
incubations were conducted in the BioLector unteraforementioned conditions.

Hydrolysis and adsorption experiments were perfarnusing a commercial BiolLector
(m2p-labs GmbH, Aachen, DE) (Kensy et al., 2008}edting the scattered light intensity in
each of the 96 wells at 620 nm. The BiolLector té&pmm allows the online monitoring of
scattered light and fluorescence intensities ir@tiouously shaken microtiter plate. Figure
3-13A shows a scheme of the applied BioLector teglen According to Samorski et al.
(2005), the BioLector typically consists of an ¢abshaker, an x-y positioning device with an
attached optical fiber, a fluorescence spectrometed a computer. As shown in Figure
3-13B, the optical fiber is fixed at a tilting aeglof approximately 30° to avoid the
interference by light directly reflected from theelMbottom. One measurement of the entire

96-well microtiter plate was adjusted to a timeigetranging from 180 s to 400 s.
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Figure 3-13:  Scattered light detection using the BioLector tégha. (A) Scheme of the technical equipment
of the BioLector; B) magnification of one well of the microtiter platieiring scattered light
measurement. The optical fiber is fixed at a tjtiangle of approximately 30° to avoid the

interference by light directly reflected from thelbottom.

3.2.2.4 Light Microscopy and Laser Diffraction

Light microscopy and laser diffraction (Bowen, 2D0&re applied to visualize the hydrolysis
of cellulosic substrates by cellulases. Therefbsgrolysis experiments were conducted in
the BioLector under the aforementioned conditio@fapter 3.2.2.3). After defined time

intervals, microscopic pictures were taken with Badipse E600 (Nikon, Tokyo, JP).

Additionally, the cellulose patrticle size distrimris were measured by laser diffraction
(Bowen, 2002), and the geometric mean particlessigewere calculated as described in
Chapter 2.2.13.

3.2.2.5 Dinitrosalicylic Acid Assay

The dinitrosalicylic acid assay (Miller, 1959) wapplied to determine the amount of

reducing sugars released during cellulose hydmolysid to validate cellulase activities
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determined by using the BioLector-based cellulassayn (see later Chapter 3.2.2.7).
Hydrolysis experiments were conducted by using Bie_ector under the aforementioned
conditions (Chapter 3.2.2.3). After defined timdemals, samples were taken, and the
hydrolysis was stopped by boiling for 10 min. Fipathe samples were analyzed by applying
the dinitrosalicylic acid assay as described infi¢a2.2.16.

3.2.2.6 Calibration of Scattered Light Intensities

To calibrate scattered light intensities, suspersiwith varying concentrations of untreated
and prehydrolyzed cellulose (0-15 g/L in 0.1 M swdiacetate buffer, pH 4.8) were analyzed
in the BioLector under the aforementioned condgioho prepare prehydrolyzed cellulose,
2.5 g/L cellulosic substrate was previously inceblaith varying concentrations of cellulase
(2.5 g/L, 10 g/L, and 25 g/L) in 0.1 M sodium adetauffer (pH 4.8). The mixtures were

incubated in 1000-mL flasks witkl. = 250 mL on an orbital shaking platform at 37°C,
n = 300 rpm, andl = 50 mm. After incubation for 5 h or 10 h, theatan was terminated by

boiling for 10 min. To remove adsorbed cellulaglks,mixtures were centrifuged (14 000 x g,
10 min), and the cellulose pellet was washed fones$ with 100 mL 0.05 M citrate buffer

(pH 10) and once with 100 mL distilled water (Zhwak, 2009). Finally, the washed cellulose
was used for calibration. In addition, particleestistributions of untreated and prehydrolyzed

cellulose were measured by laser diffraction asrilesd in Chapter 2.2.13.

3.2.2.7 Determination of Cellulase Activity and Mod  eling

To calculate cellulase activities, an automatictvgafe was programmed using the Java
platform. First, the mean scattered light intensitythe cellulose blank was calculated. To
exclude systematic errors resulting from variationamp intensity, the differences between
the raw data of the cellulose blank and the medwmevef the cellulose blank were calculated
and subtracted from each scattered light curveor®kcthe maximum of each curve was
identified. Third, the initial reaction rate wastelenined as the linear decrease in scattered
light intensity over time (see later Figure 3-15Aherefore, a linear regression was applied to
each curve, and the range of values with the highesfficient of determination was
determined (see later Figure 3-15A). As a boundandition, the range of values had to start
from the maximum of the scattered light curve aad to range over at least 2 h. Fourth, the
calculated initial reaction rates (arbitrary uritssr a.u./h) were translated into cellulase

activities [g/(L-h)] by using the slopes of the rafmentioned calibration curves (Chapter
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3.2.2.6). The resulting standard deviations of tlaéculated cellulase activities were on
average below 4.5%.

Kinetic parameters were determined using the Micsdvdenten model (Copeland, 2000)
where Ky ap denotes the apparent Michaelis constant [g/L] &g, the apparent
maximum cellulase activity [g/(L-h)]. Parametersatéing the effect of the pH value on

cellulase activity were determined using the E§. (&hapter 3.1.2.10).

3.2.2.8 Computational Methods

All parameters were calculated by nonlinear, leagtiares regression analysis using
MATLAB version R2008b (The MathWorks, Natick, USA).

3.2.3 Results and Discussion

3.2.3.1 Principle of the Cellulase Assay

In this study, an innovative method based on tled&ttor technique was applied to assay, in
particular, cellulase adsorption and activity. TBieLector allows the online monitoring of
scattered light intensities in a continuously simakeicrotiter plate (Kensy et al., 2009;
Samorski et al., 2005). In contrast to spectropieters, it does not require the interruption
of shaking, thereby avoiding, in particular, pdeicsedimentation and mass transfer
limitations (Chapter 3.1.3.9) (Ingesson et al., ZORato et al., 2001). To illustrate the basic
principle of this method, the cellulosic substrateellulose (Table 3-1) was hydrolyzed by
using a complex cellulase preparation. Light micopy and particle size measurements by
using laser diffraction (Bowen, 2002) were appliedisualize the hydrolysis of the cellulosic
substrate. As seen in Figure 3-14A (0 h), the ahié-cellulose suspension consisted of
insoluble particles of different size and shapetimicellulose hydrolysis, the particles were
degraded, and a decrease in particle size wasvalos@rigure 3-14A). According to Figure
3-14B, the initial cellulose suspension showed @alirand inhomogeneous particle size
distribution with a geometric mean particle silgeof 69 um. After 24 h and 48 h, the particle
size distribution shifted to lower values, and &arggllulose particles were predominantly

hydrolyzed to smaller particles.



Enzymatic Hydrolysis of Cellulose 94

Volume [%]

0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000

Particle size [um] Particle size [um] Particle size [um]

Figure 3-14:  Degradation of cellulose particles by cellulasés. I{ight microscopic pictures af-cellulose
during hydrolysis (0 h, 24 h, and 48 hR)(particle size distribution ofi-cellulose during
hydrolysis (0 h, 24 h, and 48 h); incubation: Biota, 2.5 g/La-cellulose in 0.1 M sodium
acetate buffer (pH 4.8), 0.25 g/L rebuffered Cé#is€, T = 37°C,V, = 200uL, n = 900 rpm,
do = 3 mm, 96-well plate; microscope: Eclipse E60k@N, Tokyo, JP); particle size analyzer:
LS13320 (Beckman Coulter, Brea, USA).

Figure 3-15A summarizes the course of the geometean particle sizde over time for the
aforementioned experiment. Here, the geometric npaaticle size (black circles) fell rapidly
from 69 um to 55um after the addition of cellulases and, then, gatigudecreased to Lom
after an incubation of 48 h. In addition, Figurd3A shows the typical course of scattered
light intensity during cellulose hydrolysis in tiBeoLector. The initial cellulose suspension
was turbid and led to a high scattered light intgn&otted line). After the cellulase was
added to this cellulose suspension at the stath@fexperiment, an initial increase in the
scattered light intensity was observed. This may explained by a non-hydrolytic
deagglomeration of cellulose particles due to theeraction with the cellulose-binding
domain of the cellulases (Arantes and Saddler, 20 et al., 1991). After this initial
increase, a reduction in scattered light intensitgs observed as a result of the

aforementioned hydrolytic degradation of cellulgsaticles. In this case, the respective
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scattered light intensity showed an extended pesiokhearity (dashed line). At the end of
the reaction, the scattered light intensity tend&cards a constant value.

To compare this prospective method with an estaddiscellulase assay, a dinitrosalicylic
acid assay was conducted in parallel to the seatteght measurements (Figure 3-15B). The
dinitrosalicylic acid assay is one of the most cammeducing sugar assays and often applied
when analyzing the activity of cellulases (Zhanglet2006). As shown by the comparison of
Figure 3-15A and B, the decrease in scattered iighhsity and the accumulation of reducing
sugars proceeded simultaneously. Therefore, thdugtareduction in mean particle size
(Figure 3-15A) was mostly based on the hydrolytegmhdation of insoluble cellulosic
particles and not on their non-hydrolytic deagglostien. Moreover, it is striking that the
period of linearity in the accumulation of reducsupars (Figure 3-15B, dashed line) was the
same as in the scattered light measurements (F8j@fA, dashed line), thereby validating
the new prospective cellulase assay based on tbee8tor technique. Here, the initial
reaction rates, obtained from calibrated scattéiggd intensities (see later Chapter 3.2.3.4)
and from the accumulation of reducing sugars, veérse to each other: 0.06 g/(L-h) for the
BioLector technique, 0.05 g/(L-h) for the dinitrbsgic acid assay. Consequently, the linear
decrease in scattered light intensity could be usatktermine the initial reaction rate (Chen
and Penner, 2007; Wang and Broda, 1992) and, yintlé activity of cellulases during the
hydrolysis of insoluble cellulosic substrates. lomparison to the hydrolysis kinetics of
purified cellulases at 45°C (Chapter 3.1.3.6, FegB8¢8), a longer period of linearity was
detected (Figure 3-15B). This can be explainecblsws: (1) a cellulase mixture containing
B-glucosidase was used, thereby reducing the pradbdiition of cellulases by cellobiose
and delaying the decline in hydrolysis rates; () #ctivity of the cellulase mixture was
relatively low, since a lower temperature of 37°@swapplied. This lower temperature is
attributed to the fact that the utilized BiolLectdevice could not maintain incubation
temperatures above 37°C. For future studies, tlddgitor device should be modified in
order to allow higher incubation temperatures whach closer to the temperature optimum of

cellulases.
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Figure 3-15:  Principle of the prospective cellulase ass#). Course of scattered light intensity and mean
particle size during the hydrolysis efcellulose. The linear decrease in scattered liglknsity
is shown as a dashed line. Mean particle sizes measured for the incubation @fcellulose
with cellulase; B) production of reducing sugars during the hydnslysf a-cellulose. The
linear increase in reducing sugar concentratiosh@®vn as a dashed line. Errors are given as
standard deviations; incubation: BioLector, 2.5 gftellulose in 0.1 M sodium acetate buffer
(pH 4.8), 0.25 g/L rebuffered Cellucl&sfr = 37°C,V, = 200uL, n = 900 rpm,dy = 3 mm,
96-well plate; particle size analyzer: LS13320 (Bean Coulter, Brea, USA).

3.2.3.2 Non-hydrolytic Effect of Cellulases during Scattered Light
Measurements

To understand the non-hydrolytic effect of cellelason cellulose during scattered light
measurements;-cellulose was incubated with active cellulasebjhbited cellulases, SDS, or
BSA. As seen in Figure 3-16A, the typical coursescdttered light intensity was observed
during the incubation ad-cellulose and active cellulases. An initial in@ean scattered light

intensity within 2.5 h was followed by a linear desse. In contrast, the incubations with the
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detergent SDS or the protein BSA showed no increasescattered light intensity.

Consequently, the initial increase resulted frompacific effect of cellulases which can be
attributed to the adsorption of cellulases onto #substrate. It is known that cellulase
adsorption leads to a non-hydrolytic deagglomenatid cellulose particles (Arantes and
Saddler, 2010; Din et al., 1991). Therefore, arrdased scattered light intensity of the
cellulose suspension might be addressed to thishgdrolytic effect. Furthermore, cellulase
adsorption is rapid compared to the time requioeccbémplete hydrolysis (Lynd et al., 2002).
Depending on the applied cellulose and incubatmmditions, the adsorption equilibrium is

usually reached within 90 min (Chapter 3.1.3.4)nd.\et al., 2002). Therefore, the observed
increase in scattered light intensity is consisteitih the time periods required for cellulase

adsorption.

As seen in Figure 3-16B, the incubations with ina&ctellulases were also investigated by
using the BioLector technique. After adding theludake inhibitor NaPdCk to the mixture,
only an increase and no decrease in scattereditiggrsity were observed. These results with
inactive cellulases confirmed the assumption theg initial increase in scattered light
intensity is based on a non-hydrolytic effect dfudases. Since palladium complexes inhibit
the catalytic domain oT. reesa cellulases without affecting the cellulose-bindidgmain
(Lassig et al., 1995), the cellulases retainedr thkility for adsorption onto the-cellulose
without it being degraded. Therefore, the initiatriease in scattered light intensity can be
attributed to the effect of cellulose-binding dong(Lynd et al., 2002; Pristavka et al., 2000;
Rabinovich et al., 1982; Yuldashev et al., 1998)adldition, cellulases led to no increase in
scattered light intensity when incubated at extrgrHevalues (1.7 or > 9) (Figure 3-16B).
This is an additional evidence for the relationshgiween the initial increase in scattered
light intensity and cellulase adsorption, since #fienity of cellulose-binding domains for
cellulose is dramatically decreased at extreme piues (Rabinovich et al., 1982;
Rabinovich, 1988; Reinikainen et al., 1995). Comnsedy, conditions preventing the
adsorption of cellulose-binding domains onto celi@ abolished the corresponding increase
in scattered light intensity (Figure 3-16B).
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Figure 3-16:  Non-hydrolytic effect of cellulases omcellulose during scattered light measuremerdy. (
Incubation ofa-cellulose with cellulase, SDS, or BSAB)(incubation ofa-cellulose with
inhibited cellulase and at extreme pH values; iatign: BioLector, 2.5 g/La-cellulose in
0.1 M sodium acetate buffer (pH 4.8) or in 0.1 Mogphate buffer (pH 1.70, 9.04, or 11.08),
0.25 g/L rebuffered Celluclddt/ 0.25 g/L rebuffered Cellucldst+ 200 puM inhibitor
NaPdCk / 0.25 g/L SDS / 0.25 g/L BSA; = 37°C,V, = 200uL, n =900 rpm,dy = 3 mm,
96-well plate.

3.2.3.3 Non-hydrolytic Effect of Swollenin during S  cattered Light
Measurements

As described in Chapter 2, the protein swollentk$aa catalytic domain but consists of a
cellulose-binding domain and an expansin-homologdoiain. Like cellulases (Chapters
3.2.3.1 and 3.2.3.2), swollenin also led to the-hwdrolytic deagglomeration of cellulosic

substrates (Chapters 2.3.3 and 2.3.4.1). To valittet non-hydrolytic effect of swollenin, it

was also analyzed by applying the BiolLector techeigAs seen in Figure 3-17, the
incubation of swollenin withu-cellulose led to an increase in scattered lighensity. In
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contrast, the incubation with the protein BSA shdwe increase in scattered light intensity —
thereby proving a specific effect of swollenin. &nswollenin exhibits no catalytic domain
(Saloheimo et al., 2002), this increase in scaltéight intensity can be attributed to the
adsorption of swollenin onto cellulose (Chapter .2.3 and the non-hydrolytic
deagglomeration (Chapter 2.3.3). As described irap@dr 2.3.4.1, the incubation with
swollenin led to a decrease in the geometric meaticfe size of cellulose. Since cellulose
was not hydrolyzed by swollenin and the total antoah cellulose remained constant
(Chapter 2.3.3), this decrease in particle size a@ompanied by an increase in particle
number. Consequently, the cellulose suspensionni@aaore turbid, and an increase in
scattered light intensity could be detected (Figifey).

In comparison to the incubation afcellulose with inactive cellulases (Figure 3-16B)e
incubation with swollenin (Figure 3-17) showed migr course in scattered light intensity.
However, the time period for a constant scatterglt Isignal was different: 1.5 h for the
incubation with inactive cellulases (Figure 3-1&B) 4-5 h for the incubation with swollenin
(Figure 3-17). Since the time periods to reach gd®m equilibrium are very similar for
cellulases (< 1.5 h; Lynd et al., 2002) (Chaptér34) and swollening2 h, Chapter 2.3.2),
this difference may be explained by additional mmeana taking place after swollenin
adsorption. Here, it should be noted that the totatlease in scattered light intensity was
higher for the incubation with swollenin (Figurel3) than for the incubation with inactive
cellulases (Figure 3-16B). This difference indisateat swollenin may show an additional
action on the cellulose surface. Since cellulasesvell as swollenin contain a cellulose-
binding domain, this difference can be attributedthe expansin-homologous domain of
swollenin. Saloheimo et al. (2002) already hypattezb that the expansin-homologous
domain may be important for the action of swolleand primarily lead to the non-hydrolytic
deagglomeration of cellulosic substrates. To fjnalhderstand the effect of cellulases and
swollenin on cellulosic substrates, additional expents with single domains (cellulose-
binding domain, catalytic domain, and expansin-himgmus domain) and fusion proteins of
these domains need to be performed. These expasmeay elucidate to what extend the
single domains contribute to the induced deagglatrmr of cellulosic substrates.
Nevertheless, the BioLector technique is the fastay for non-hydrolytic proteins (such as
swollenin) that simultaneously combines high-thigugt and online analysis.
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Figure 3-17:  Non-hydrolytic effect of swollenin oru-cellulose during scattered light measurements;
incubation: BioLector, 2.5 g/li-cellulose in 0.1 M sodium acetate buffer (pH 4@R5 g/L
BSA or 0.25 g/L swollenin] = 37°C,V_ = 200uL, n =900 rpmd, = 3 mm, 96-well plate.

3.2.3.4 Calibration of Scattered Light Intensities

To calibrate scattered light intensities, suspersiof untreated and prehydrolyzed cellulose
(Avicel PH101,a-cellulose, Sigmacell 101) were measured via the8ctor (Figure 3-18).
For all cellulosic substrates, the scattered ligiensity was a linear function of cellulose
concentration up to 15 g/L (Figure 3-18A-C). In didd, the calibration curves of untreated
and prehydrolyzed cellulose were almost identidaémvconsidering the same cellulose type.
However, when Avicel andi-cellulose were prehydrolyzed by applying high dele
concentrations and long incubation times (25 gfLh}, the slope of the respective calibration
curves increased (Figure 3-18A-B). As seen in F@@HL8D-E, the shape of the particle size
distributions of Avicel and a-cellulose changed significantly during prehydradys
(25 g/L, 10 h), and particle sizes shifted to lowalues. In comparison to untreated or less
prehydrolyzed cellulose, these smaller particlab te a cellulose suspension with higher
scattered light intensity and, therefore, changethe respective calibration curves (Figure
3-18A-B). Nevertheless, as initial reaction ratesravinvestigated within this study, and
screening experiments are normally conducted wothel cellulase concentrations, these
changes in calibration curves could be neglectethe case of Sigmacell 101, all calibration
curves were almost identical (Figure 3-18C), aredgarticle size distributions did not change
significantly during prehydrolysis (Figure 3-18Fhis may be explained by the small initial
particle size and the lowCrl of Sigmacell 101 (Table 3-1) and, therefore, byigect
hydrolytic degradation of Sigmacell 101 with almostformation of smaller particles.
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Figure 3-18:  Calibration of scattered light intensity with urdated and prehydrolyzed cellulosic substrates.

(A, B, C) Calibration curves using the BioLector devica) @Avicel PH101, B) a-cellulose,
(C) Sigmacell 101. Errors are given as standard tlewis Predicted linear calibration curves
are shown as solid and dotted lineB;, €, F) particle size distributions of untreated and
prehydrolyzed (25 g/L Cellucldsfor 10 h) cellulose:) Avicel PH101, E) a-cellulose, F)
Sigmacell 101; prehydrolysis: 2.5 g/L cellulosicbstrate in 0.1 M sodium acetate buffer
(pH 4.8) was prehydrolyzed with 2.5 g/L / 10 g/25 g/L rebuffered Cellucla$tor 5 or 10 h;
calibration: BioLector, 0-15 g/L cellulose in 0.1 86dium acetate buffer (pH 4.8),= 37°C,

VL = 200 pL, n = 900 rpm,dy = 3 mm, 96-well plate; particle size analyzer: B320
(Beckman Coulter, Brea, USA).



Enzymatic Hydrolysis of Cellulose 102

3.2.3.5 Determination of Kinetic Parameters

The basic enzyme characterization is achieved byrméning initial enzyme activities. Since
the calibration curves of untreated cellulose wexed during the initial phase of hydrolysis,
they could be used to translate initial reactiotesaarbitrary units/h) into initial cellulase
activities [g/(L-h)]. To investigate the effect @éllulose concentration on the initial cellulase
activity, varying concentrations of different cedisic substrates (0-15 g/L) were incubated
with a fixed cellulase concentration. Figure 3-18Aows exemplarily the results for the
hydrolysis of Sigmacell 101. By using the new delie assay presented within this study, a
large amount of information for different incubaticonditions can be obtained. As seen in
Figure 3-19A, all curves showed the typical cowtscattered light intensity over time as in
the aforementioned experiments (Figure 3-15A):. ifijial increase in scattered light
intensity, (2) subsequent linear decrease in geattgyht intensity, and (3) tendency towards
a constant scattered light intensity at the enaedfulose hydrolysis. As shown in Figure
3-19A, the absolute slope of the linearly decraasicattered light intensities and, therefore,

the cellulase activity rose with increasing celdgdaoncentration.

As seen in Figure 3-19B, the cellulase activity veasharacteristic function of cellulose
concentration. For all cellulosic substrates, thehdelis-Menten model (Copeland, 2000)
provided a good fit, and the apparent kinetic pa&tans Ky app and Viaxapp could be
determined (Table 3-6). As described in Chapter3371the Michaelis-Menten model is not
mechanistically sound for the enzymatic cellulogdrblysis because of some concerns such
as mass transfer limitations, low cellulose act#l#tsi or cellulose depletion. In this study,
however, the complete suspension of cellulose ghastiwas ensured so that mass transfer
limitations could be excluded and the whole ceBelsurface was accessible to the cellulases
(Chapter 3.1.3.9). Moreover, the depletion of dele was minimal due to the following
reasons: (1) the applied cellulases exhibited ivellgt low activities at 37°C; (2) initial
hydrolysis rates were determined; (3) high cellelosllulase ratios were applied (Figure
3-19). Consequently, the limitations of the Michslenten model were addressed within

this study by applying appropriate hydrolysis coiodis.
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Figure 3-19: Influence of cellulose concentration on the celalaactivity. A) Scattered light intensity
during the hydrolysis of varying Sigmacell 101 centations; B) Michaelis-Menten-Plot
using different cellulosic substrates (Sigmacelll,1@-cellulose, Avicel PH101). Predicted
cellulase activities, according to the Michaelissittsn model (Copeland, 2000), are shown as
dashed lines, and corresponding parameters asal liat Table 3-6; incubation: BiolLector,
0-15 g/L cellulose in 0.1 M sodium acetate buffer (4.8), 0.25 g/L rebuffered Cellucl8st
T =37°C,V_ =200uL, n=900 rpmd, = 3 mm, 96-well plate.

Although the apparent kinetic parametfgap, andVmaxapp are not mechanistically sound for
enzymatic reactions on suspended substrates, tlpssameters allow the rapid
characterization and comparison of different calleks or substrates under given suspension
conditions. According to Table 3-6, the apparentiMelis constanKw ., as a reciprocal
indicator for the adsorption and affinity of cellsk onto the substrate, was lower for

Sigmacell 101 than foa-cellulose and Avicel. In addition, the apparentxmam cellulase
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activity Vimaxapp Was higher for Sigmacell 101 than fercellulose and Avicel. The different
values forKy app andVmexapp derive from differences in the physical propertéshe applied
cellulosic substrates (Table 3-6). According tolkgalal. (2010), th€rl is a key predictor of
cellulose hydrolysis, and initial cellulase acie#t decrease with increasi@l. SinceKy app
values increased and.yapp Values decreased with increasidg (Table 3-6), these results
are in good agreement with the literature (Hallet2010).

Table 3-6: Physical properties of applied cellulosic substatend determined Michaelis-Menten
parameters of rebuffered Cellucfasusing different cellulosic substrates; incubation:
BioLector, 0.1 M sodium acetate buffer (pH 4.8p®g/L Celluclast, T = 37°C,V, = 200pL,

n =900 rpmd, = 3 mm, 96-well plate).

Crl d K V
Cellulose %] [um) oit] [o/(L- 1)
a-Cellulose 64° 68.77% 6.30+1.41 0.338 £0.032
Avicel PH101 82% 43.82°% 6.53+1.70 0.190 £0.021
Sigmacell 101 Amorphous® 15.86° 5.22 +1.59 0.596 + 0.071

Errors are given as standard deviations.

Crl, crystallinity index;ds, geometric mean particle Siz€y ., apparent Michaelis constaM;uy g, apparent

maximum cellulase activity.

# According to Table 3-1. Physical properties (ailtity index and geometric mean particle sized eepeated

to allow a direct comparison of these propertieth the determined Michaelis-Menten parameters.

To investigate the effect of cellulase concentratim the course of cellulose hydrolysis, a
defined amount of cellulose was hydrolyzed usingyiwg concentrations of cellulase

(0-25 g/L). Figure 3-20A shows that the curvesetdfl depending on the applied cellulase
concentration. The absolute slope of the lineadgreasing scattered light intensities rose
with increasing cellulase concentration. In additithe period of linearity was shortened by
using higher cellulase concentrations. Consequetttl aforementioned differences in the
calibration curves of weakly and strongly prehyygreld cellulose could be neglected (Figure

3-18A-B), because only short incubation times wezeessary to determine the initial activity

of highly concentrated cellulase mixtures.
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As seen in Figure 3-20B, a linear dependency of dbkulase activity on the cellulase
concentration was observed up to a concentratioh @i (dotted, dashed, and dash-dotted
lines), which corresponds to a cellulase/cellulosess ratio of 1/2.5. Since the new cellulase
assay is applicable to cellulosic substrate comagans of up to 15 g/L (Figure 3-18A-C),
this linear dependency of the cellulase activitygimi be extended up to a cellulase
concentration of 6 g/L by just using higher sulistraoncentrations. However, at higher
cellulase concentrations (> 15 g/L, Figure 3-20B}aturation was reached, indicating either
diffusion limitations or limited surface area ofetlsubstrate. Here, the maximum cellulase
activities (> 15 g/L cellulase) increased with d=ging particle sizelr of the applied
cellulosic substrates (Table 3-6). Since a smaketicle size and, therefore, a larger external
surface area accessible to the cellulases incrkgase activity, these results concur well
with the literature (Dasari and Berson, 2007; Gastaal., 1994; Huang et al., 2010).
Moreover, the differences in maximum cellulase\étsticould be explained by the different
porosities of the applied cellulosic substratesn@aet al., 1994; Huang et al.,, 2010).
However, at low cellulase concentrations, the tadlel activity showed a different correlation,
and the curves ai-cellulose and Avicel intersected (arrow; Figur@@B). In this case, the
cellulase activity increased with decreasing ctistty index Crl of the applied cellulosic
substrate, which was already shown in the priorearment (Figure 3-19B). Thus, when low
cellulase concentrations are applied, the crysiglliindex is one of the main factors
influencing cellulose hydrolysis rates (Hall et, @2010). However, in the case of high
cellulase concentrations, the mean particle sizenis of the key predictors for cellulose

hydrolysis.
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Figure 3-20:
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Influence of cellulase concentration on the ceflalactivity. A) Scattered light intensity
during the hydrolysis of Sigmacell 101 by usingywag cellulase concentration8)influence
of cellulase concentration on the cellulase agtivitsing different cellulosic substrates
(Sigmacell 101 0-cellulose, Avicel PH101; Table 3-6). Estimatedlueke activities, as a
linear function of cellulase concentration, are vghoas dotted (Sigmacell 101), dashed
(a-cellulose), and dash-dotted (Avicel PH101) linEse white arrow indicates the intersection
of the curves fom-cellulose and Avicel PH101; incubation: BioLect@:5 g/L cellulose in
0.1 M sodium acetate buffer (pH 4.8), 0-25 g/L rfédmed Celluclast, T = 37°C,V, = 200pL,
n =900 rpmd, = 3 mm, 96-well plate.
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3.2.3.6 pH-Dependency of Cellulase Activity

To analyze the effect of pH on the course of ceflalhydrolysisg-cellulose was hydrolyzed

under identical conditions, except that the pHhef mixtures was varied (Figure 3-21).

180
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——— a-cellulose + cellulase, pH 5.08
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Figure 3-21: Influence of pH on the cellulase activitd)(Scattered light intensity during the hydrolysfs o
a-cellulose at different pH;B) influence of pH on the cellulase activity usiagellulose as
cellulosic substrate. Open symbotg {ndicate no changes in scattered light intendfigure
3-16B), and, therefore, no cellulase activities evebserved. Predicted cellulase activities,
according to Eq. 3-3, are shown as a dashed Rhe=(0.96), and corresponding parameters
(+ standard deviations) aréfpyepima = 0.154 + 0.009 g/(L-h)pK4 = 3.351 + 0.131,
pKs = 6.06 + 0.146; incubation: BioLector, 2.5 gétcellulose in 0.1 M phosphate buffer,
0.25 g/L Celluclast, T = 37°C,V, = 200puL, n = 900 rpmgd, = 3 mm, 96-well plate.
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Figure 3-21A shows, exemplarily, the results aé¢hdifferent pH values. Here, the slope of
the linearly decreasing scattered light intenséyied depending on the applied pH. As shown
in the prior adsorption experiments (Figure 3-16R),significant changes in scattered light
intensity were observed when using very low or hgth values (open symbols, Figure
3-21B). As seen in Figure 3-21B, the cellulasevagtiwas a characteristic function of pH,
and a typical bell-shaped profile was detected. &pplied model describing the pH
dependency of enzymes (Eq. 3-3) (Copeland, 200@yiged a good fit, and the
corresponding parametenska:, pKaz, andVph opiimal) are listed in the legend of Figure 3-21.
The optimal cellulase activity was achieved at agbldpproximately 4.7. When analyzing the
effect of pH on purified cellulases by using thenwentional dinitrosalicylic acid assay
(Chapter 3.1.3.8), almost identical optimal pH eslFigure 3-10A) and model parameters
were determined (Table 3-5). Moreover, various agth(Becker et al.,, 2001; Boer and
Koivula, 2003; Busto et al., 1996; Busto et al.98pfound similar optimal pH values ranging
from 4.5 to 5 when using cellulases frdnreesal. These similar results additionally proof the

applicability of the BioLector technique for scraenand characterizing cellulases.

3.2.4 Conclusions

Chapter 3.2 demonstrates an innovative methodsfayang cellulase adsorption and activity.
This assay is based on the BiolLector techniquechviallows the online monitoring of
scattered light intensities in a continuously simakacrotiter plate. By monitoring cellulose
hydrolysis in the BioLector, a typical course oftered light intensity was detected, which
could be clearly verified using a conventional r@dg sugar assay. It was shown that this
innovative cellulase assay can be easily appliecgssaying cellulase activities. In addition,
this study shows for the first time that high-thgbput scattered light measurements can be
used for monitoring the non-hydrolytic effect oflalases or non-hydrolytic proteins (such as

swollenin) on insoluble cellulose.

Even though a large number of cellulase assays akihie moment, they are not ideal for
analyzing cellulases, because they are slow, tsdmubased on soluble cellulosic substrates
that do not reflect real insoluble biomass in Hioexies. The presented BioLector technique
is an ideal alternative for measuring cellulaseogat®on and activity, because it links high-
throughput, online analysis, and realistic insadutéllulosic substrates in one simple system.
Using a 96-well microtiter plate, the BiolLector heaue allows the complete
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characterization of cellulases within one experithémereby, analyzing the influence of pH
value, cellulose, and cellulase concentration. IFinathe presented technique can
substantially accelerate screening experiments natvel cellulases or optimized cellulase

mixtures while using a variety of insoluble cellsio substrates and incubation conditions.

In the future, screening experiments should be gowed with the presented BiolLector
technique so that most appropriate cellulases atogbation parameters can be selected for
the hydrolysis of real insoluble biomass used iordfineries. Moreover, it yields a large
amount of measurements that are needed for matizain@idels and respective parameters
correlating characteristics of both insoluble delke and cellulases. Due to this large amount
of measurements, the BiolLector technique also all@vvery accurate determination of
kinetic parameters; in contrast to conventionaliradf assays yielding only a small amount
of data points. Nevertheless, further investigatiare needed to gain a better understanding
of the mechanism of cellulose hydrolysis and taldsth kinetic models. It should be noted
that, up to now, initial reaction rates were defesd using the BiolLector technique.
However, once detailed kinetic models are estaddisiprogress curve analysis should be
performed (Zavrel et al., 2008), analyzing cellal&metics and enzyme inactivation from one
BioLector curve. Moreover, the actual BioLector devshould be modified in order to allow
incubation temperatures which are above 37°C aodeclto the temperature optimum of
cellulases. In addition, purified cellobiohydrolaseurified endoglucanases, and mixtures of

cellulases and swollenin should be investigatedguis prospective method.
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4  Simultaneous Saccharification and Fermentation
for Itaconic Acid Production

4.1 Introduction

In case of the biocatalytic conversion of lignoakdse (Figures 1-4 and 1-9), the hydrolysis is
followed by the fermentation of the released sugarslatform chemicals or fuels. In 2004,
the U.S. Department of Energy published a studytie top twelve value-added platform
chemicals from biomass (Table 1-1) (Werpy and Beter 2004). One of these twelve
candidates is itaconic acid (methylene butanedamicl) — a white crystalline unsaturated
dicarboxylic acid (Willke and Vorlop, 2001). It iapplied as an additional monomer in
styrene-butadiene heteropolymers (synthetic rubtrirh can be used in detergents and
emulsion paints as well as in the fiber, pharmacealitand herbicide industries (Bressler and
Braun, 2000; Werpy and Petersen, 2004). Furthermi@eonic acid can be transformed to
the potential biofuel 3-methyltetrahydrofuran (3-MH) (Geilen et al., 2010; Marquardt et
al., 2010). Various fungi, such asspergillus terreus (Lockwood and Reeves, 1945) and
Ustilago maydis (Guevarra and Tabuchi, 1990; Haskins et al., 195%)duce itaconic acid. In

case oOfA. terreus, it has been shown that itaconic acid is derivethfthe tricarboxylic acid

cycle via cis-aconitate (Bonnarme et al., 1995)isTieaction is catalyzed by cis-aconitate

decarboxylase (Bonnarme et al., 1995; Kanamada 2088).

Cellulosic biomass can be biocatalytically conwérte platform chemicals via different
process configurations (Chapter 1.4.4). Such cardigon is the so-called separate hydrolysis
and fermentation (SHF). Thereby, cellulose is eratyeally hydrolyzed to glucose, and the
produced glucose is subsequently fermented to #seretl product in a second reaction
vessel. The main disadvantages of such SHF pracemse as follows: (1) the applied
cellulases are inhibited by a high glucose conegiotn at the end of the hydrolysis
(Holtzapple et al., 1990); (2) SHF processes reduigh investment costs due to two separate
reaction vessels for hydrolysis and fermentatioryrf\&@n, 1994). In contrast, simultaneous
saccharification and fermentation (SSF) processdegtate cellulose hydrolysis and
fermentation in one single reaction vessel (Chapitdr4). This remarkably reduces the
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investment costs (Wyman, 1994). Moreover, the glacproduced during the hydrolysis is
directly consumed by the microorganisms, therelgve@nting the product inhibition of the
cellulases (Wyman, 1994). Up to now, SSF procelsaes been applied to convert cellulosic
biomass to the following chemicals: ethanol (Olofsst al., 2008), lactic acid (Abe and
Takagi, 1991; Romani et al., 2008; Wee et al., 20@6iez et al., 2003), acetic acid (Borden
et al., 2000), citric acid (Asenjo and Jew, 1988)J succinic acid (Chen et al., 2011). As yet,

no SSF process for itaconic acid production has les&ablished.

For producing itaconic acid via SSF, it is necegdar find suitable process conditions
(e.g. temperature, pH) for both the applied cedlesa (hydrolysis) and microorganisms
(fermentation). The microorganism typically appliedproduce itaconic acid . terreus, a
filamentous fungus. It produces itaconic acid oaly pH values between 1.8 and 3.5
(Riscaldati et al., 2000; Rychtera and Wase, 198ldhis highly acidic pH range, however,
the conventional and industrially applied cellulasitures fromTrichoderma reesel show
very low stabilities and are almost inactive (Nagit al., 1985). For example, Cellucfast
demonstrates a pH optimum of about 4.7 and is edtiva pH range of 2.5 to 7 (Chapter
3.2.3.6). In contrast tA. terreus, the smut fungub). maydis mainly produces itaconic acid in
a less acidic pH range of approximately 5 to 6 (@u&a and Tabuchi, 1990) which is closer
to the pH optimum of cellulases from reesei. In addition,U. maydis grows as single cells
(yeast-like) in liquid cultures and is less sensitio shear stress thak terreus mycelia.
ConsequentlyU. maydis may be generally a more promising candidate facaihic acid
production via SSF processes.

Chapter 4 proposes a SSF process for itaconicpaotliction. In just one step, the cellulosic
substraten-cellulose should be hydrolyzed by cellulases, tedresulting glucose should be
simultaneously converted to itaconic acid by ayeitoptimizedU. maydis wild type strain.
The separate hydrolysis ofcellulose is investigated under SSF conditions emchpared
with the conventional hydrolysis using SHF condigo A potential inhibitory effect of the
final SSF product (itaconic acid) on the cellulasesalso investigated. Finally, a SSF process
with a-cellulose as sole carbon source is analyzed iaildahd compared with a batch

cultivation using glucose as sole carbon source.
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4.2 Materials and Methods

4.2.1 Cellulosic Substrates

The cellulosic substrates-cellulose and Whatman filter paper No.1 were paseld from
Sigma-Aldrich (St. Louis, USA). The physical projes of filter paper were summarized by
Zhang and Lynd (2004). Physical properties (soitybilpurity; crystallinity index, Crl;
weight-average degree of polymerizati®®,; geometric mean particle siz#) and product
information of a-cellulose are given in Chapter 3.1.2.1. Here, hbwd be noted that

a-cellulose is impure and can contain up to 22% (wan (Table 3-1).

4.2.2 Cellulase Preparation

The commercial cellulase mixture Cellucfagt5L (Novozymes, Bagsvaerd, DK) was applied
for hydrolysis and SSF experiments. Cellufasintains a complete cellulase system which
consists of cellobiohydrolases, endoglucanases, mrgtlicosidases (Chapter 2.2.2). To
remove salts, sugars, and other interfering comptsn€elluclast was previously rebuffered
by using column chromatography (as described inp@h&.2.2). To determine specific filter
paper activities, different dilutions of Cellucl@sind the rebuffered Cellucl&sivere tested
according to Ghose (1987). The following specifitef paper activities (per g protein) were
measured: 210 U/g (Cellucl&$and 261 U/g (rebuffered Cellucl&t

4.2.3 Microorganisms

The smut fungu§stilago maydis MB215 (Hewald et al., 2005) was used as the itacacid-
producing microorganism. This wild type strain wkdadly provided by Michael Bdlker,
Philipps-Universitat (Marburg, DE). The strain igadable at the German Collection of
Microorganisms and Cell Cultures (DSMZ) under asmas number DSM17144 [MB215].
Cryocultures were maintained in 20% (v/v) glyceabt80°C in Tabuchi medium. Figure 4-1

shows a light microscopic picture 0f maydis MB215 in Tabuchi medium.
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Figure 4-1: Light microscopic picture otUstilago maydis MB215 in Tabuchi medium. Lipid droplets
(inside cells) and CaCQparticles are indicated with black arrows and whirrows,

respectively; microscope: Eclipse E600 (Nikon, T@kjP).

4.2.4 Media and Solutions

Tabuchi medium was used fot. maydis cultivations (Guevarra and Tabuchi, 1990). The
medium consists of 0.5 g/L KIRO,, 0.2 g/L MgSQ- 7H,0, 1 g/L yeast extract (dry chemical
for bacteriology; Roth, Karlsruhe, DE), and 10 mé&SQ- 7H,O. For precultures, 120 g/L
glucose, 1.6 g/L NECI, and 33 g/L CaC®(lime) were added to the medium. For main
cultures, 0.267 g/L NEClI and 20 g/L CaC®were added. The glucose batch culture
contained 60 g/L glucose, whereas for the SSF BOugfellulose was used as sole carbon
source. The FeSGsolution and the CaCGhuffer were sterilized separately and added after

autoclaving. An initial pH value of 6.1 was adjukte

The media composition of the glucose batch and SB& cultivation was preliminarily
optimized using the first step of a factorial “Dgsiof Experiments” approach. For these
experiments, four parameters (glucose, ammoniurogllulose, and calcium carbonate
concentrations) were varied (results not showng “Design of Experiments” was performed
with the program Design-Expert V8 by Stat-Ease (Mimpolis, USA). With the results from
the “Design of Experiments”, the aforementioned rmeampositions for the glucose batch

and the SSF process were finally chosen.
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4.2.5 Hydrolysis Experiments under SSF Conditions

Hydrolysis experiments with 60 g/b-cellulose and 6 g/L rebuffered Cellucfastvere
conducted in four different buffers: (1) 0.1 M saai acetate buffer, pH 4.8 (reference);
(2) Tabuchi medium without CaGOpH 4.8; (3) Tabuchi medium without Cag®H 6.1,

(4) Tabuchi medium with 20 g/L CaGQpH 6.1. The hydrolysis experiments were incubated
as triplicates in 250 mL Erlenmeyer flasks undee tlollowing constant conditions:
temperaturel = 30 °C, total filling volumeV, = 20 mL, shaking diametedy = 50 mm,
shaking frequencyr = 300 rpm. The shaking frequency was chosen tairensufficient
oxygen supply in the cultivation experiments aslaslthe complete suspension of cellulose
particles (Kato et al., 2001) (Chapter 3.1.3.9)ug,imass transfer limitations were excluded,
and the whole cellulose particle surface becamessszdale to the cellulases, thereby
optimizing cellulase adsorption and activity (CleapB.1.3.9). Three different blanks were
incubated similarly: (1) without cellulase, (2) haut substrate, or (3) without substrate and
without cellulase. After defined time intervalspgaes were taken and centrifuged (825 x g,
3 min, 4°C). The resulting supernatants were hegt@dnin, 100°C) to inactivate cellulases,
and the supernatants were subsequently analyzesdacing sugar concentration with the
dinitrosalicylic acid assay (Chapter 4.2.7.1) amd §lucose concentration with HPLC
(Chapter 4.2.7.3). Initial cellulase activities igr hydrolysis experiments were calculated by

applying a linear fit to reducing sugar concentmatilata from 0-2 h.

4.2.6 Cultivation (Glucose-Batch, SSF)

In order to monitor the oxygen transfer rates (OTdRiying cultivation experiments, a
respiration activity monitoring system (RAMOS) wased. The applied RAMOS device was
fabricated in-house and described by various ssu@h@derlei and Bichs, 2001; Anderlei et
al., 2004). A commercial version of this device agailable from HiTec Zang GmbH
(Herzogenrath, DE) or Kilhner AG (Birsfelden, CHje&ultures were inoculated from cryo-
cultures. Main cultures were inoculated with 200 fram a 24 h-old preculture. All
cultivations were performed in 250 mL RAMOS shalssKs under the following constant
conditions: temperaturd = 30 °C, total filling volumeV, = 20 mL, shaking diameter

do= 50 mm, shaking frequeney= 300 rpm.
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4.2.7 Analytical Methods

To obtain offline data of the cultivation experinigradditional Erlenmeyer flasks were used
for sampling. The investigatdd. maydis strainwascultivated in parallel in these flasks under
the same conditions as the cultivations (batch,) $$Fhe RAMOS device (Chapter 4.2.6).

Each flask was only applied for one sampling s@pe part of the flask was directly used for
measuring ammonium, pH, non-hydrolyzed cellulose] eesidual cellulase activity. The

second part was centrifuged (825 x g, 3 min, 4°&€)J the resulting supernatant was
subsequently inactivated (10 min, 100°C) and usedtte dinitrosalicylic acid assay and

HPLC-analysis. Evaporation effects during the walion were considered in the

determination and calculation of the offline measuconcentration values.

4.2.7.1 Dinitrosalicylic Acid Assay during Hydrolys is and SSF Experiments

The dinitrosalicylic acid assay (Miller, 1959) wapplied to quantify the reducing sugars
released during hydrolysis and SSF experimentse,Hée dinitrosalicylic acid assay was
performed as described in Chapter 2.2.16. Prelimiaaperiments showed that the assay was
not influenced by itaconic acid concentrations <0f70 g/L (= concentration within the

analyzed sample).

4.2.7.2 Determination of Non-Hydrolyzed Cellulose

To quantify the amount of non-hydrolyzed cellulahering SSF experiments, cultivation
broth was directly inactivated (10 min, 100°C) aagplied as substrate solution in a
subsequent hydrolysis step. To achieve a complateharification of non-hydrolyzed
cellulose, this subsequent hydrolysis was conduatéti 0.75 mL of the inactivated
cultivation broth and an excess of fresh rebuffe@adiuclas? (30 g/L) in 0.1 M sodium
acetate buffer (pH 4.8). The mixtures were incuthaite 2 mL Eppendorf tubes on a
thermomixer MHR23 (HLC Biotech, Bovenden, DE) f@ B under the following constant
conditions: temperaturd = 45 °C, total filling volumeV, = 1.5 mL, shaking diameter
do= 3 mm, shaking frequenay= 1000 rpm. Three different blanks were incubaieadilarly:

(1) without cellulase, (2) without substrate, o) {@thout substrate and without cellulase.
Finally, the amount of glucose was determined wd_8-analysis (Chapter 4.2.7.3) — dilution
effects were accounted for — and the amount ofmaitelyzed cellulose was calculated using

the following equation:
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C = Pglucose 62
18C

(4-1)
with C denoting the residual concentration of cellulag&] during SSFPgucose denoting the

glucose concentration [g/L] resulting from complsigccharification of cellulose sampled
from SSF, and 162/180 denoting the correction coefft between molecular weights of
glucan monomers and glucose. Since no cellobiodecahlotriose were detected, complete

saccharification of the cellulose was verified.

4.2.7.3 HPLC-Analysis of Soluble Sugars and Itaconi ¢ Acid

Glucose, cellobiose, xylose, and itaconic acid eotrations were measured via HPLC-
analysis. The detailed procedure is described mp@r 3.1.2.9.

4.2.7.4 Measurement of Ammonium Concentration

To measure ammonium concentrations in the cultvoghpban ammonium cell test (Merck
KGaA, Darmstadt, DE) was applied. The extinction 680 nm was measured with a

Spectroquant Nova 60 spectrophotometer (Merck K@skmstadt, DE).

4.2.7.5 Measurement of pH

The pH values were measured with a CyberScan pH(Batech, Nijkerk, NL) and with a

Titroline alpha device (Schott Instruments, MaiDE).

4.2.7.6 Determination of Residual Cellulase Activit vy

Samples of SSF cultivations were centrifuged (82%9,>3 min, 4°C), and the resulting
supernatants were analyzed with respect to resickllllase activities. To determine filter
paper activities [FPU/mL], different dilutions ahd supernatants were tested according to
Ghose (1987). Moreover, cellulase activities nellulose [U/mL] were tested according
to Chapter 3.1.2.7.



Simultaneous Saccharification and Fermentatiortémonic Acid Production 117

4.3 Results and Discussion

4.3.1 Separate Enzymatic Hydrolysis of a-Cellulose under SSF
Conditions

To investigate the separate cellulose hydrolysisleunthe SSF conditions needed for
U. maydis, kinetic experiments were performed under varyoogditions (pH and media
composition). Figure 4-2 depicts the reducing ssigiarmed during the hydrolysis of
a-cellulose by rebuffered Cellucl&sat 30°C. Based on Figure 4-2, initial cellulasgvities
were calculated (Table 4-1) by applying a lineatdireducing sugar concentration data from
0 h to 2 hThe reference experiment with optimal pH and mediaditions for the cellulases
— 0.1 M sodium acetate buffer (pH 4.8), accordingthe manufacturers protocol of
Celluclas? — was compared to hydrolysis experiments in thliéferent cultivation media:
(1) Tabuchi medium without CaGCat pH 4.8, (2) Tabuchi medium without CagZéx
pH 6.1, and (3) Tabuchi medium including 20 g/L ©a@t pH 6.1.
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Figure 4-2: Enzymatic hydrolysis ofi-cellulose under conditions applied in SSF cultivad. Varying

buffers/media: i, solid line) 0.1 M sodium acetate buffer (pH 4&ference),®d, dashed line)

Tabuchi medium without CaGQpH 4.8), ¢, dotted line) Tabuchi medium without CagO
(pH 6.1), @, dashed-dotted line) Tabuchi medium with 20 g/LCOa (pH 6.1); incubation:

60 g/L o-cellulose in the aforementioned buffers/media, /& gebuffered CelluclaSt

T=30°C,V_ =20 mL,n =300 rpmdy, = 50 mm, 250 mL Erlenmeyer flask.
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Table 4-1: Initial cellulase activities under conditions agpliin SSF cultivations.

" iti ivi R?
Conditions Initial Ce[lLlJullr?ng(]e activity A
0.1 M sodium acetate buffer, reference (pH 4.8) 0.071 +0.0009 0.999
Tabuchi medium without CaCOs; (pH 4.8) 0.082 +0.0018 0.997
Tabuchi medium without CaCO3; (pH 6.1) 0.030 +0.0010 0.996
Tabuchi medium including 20 g/L CaCOg (pH 6.1) 0.026 + 0.0004 0.998

Errors are given as standard deviations. Initidlutzese activities were calculated by applying @eér fit to
reducing sugar concentration data from O h to Rigufe 4-2).

R?, coefficient of determination.

The hydrolysis under reference conditions (0.1 Miswm acetate buffer, pH 4.8) started with
an initial a-cellulase activity of 0.071 U/mg (Table 4-1) arichast reached saturation at a
reducing sugar concentration of ca. 28.5 g/L af&h (Figure 4-2). The saturation is most
probably reached due to high glucose concentratf@d@¥ g/L) and the resulting product
inhibition of the cellulases (Holtzapple et al.,909. The hydrolysis performed in Tabuchi
medium including CaC@at a pH 6.1 (final SSF medium) had an initial @welse activity of
only 0.026 U/mg. Moreover, the reducing sugar catregion was 11.5 g/L after 48 h, which
corresponds to a final saccharification degree @8) of only ca. 25% (with respect to the
78% cellulose content in-cellulose). These diminished activity values amesed either by
the high pH value, a specific medium componentbath. To investigate the influence of
CaCQ and of the less acidic pH value in the Tabuchi iomeg hydrolysis experiments in
Tabuchi medium without CaCGQwere performed at pH values of 6.1 and 4.8. Inuthb
medium without CaC@(pH 6.1), an initial cellulase activity of 0.03rdg (Table 4-1) and a
reducing sugar concentration of 15.5 g/L (afteh3fvere measured (Figure 4-2). Since these
results are similar to those with Tabuchi mediurdluding CaCQ (pH 6.1), the CaC®
buffer had only a slightly adverse effect on thdutese activity at pH 6.1. The slightly
reduced cellulase activity may be explained byatigorption of cellulases on the surface of
the CaCQ crystals. By contrast, the hydrolysis curve fobliehi medium at pH 4.8 was
nearly the same as the reference hydrolysis cuand, showed even slightly higher initial
cellulase activities (0.082 U/mg) and a reducingasuconcentration of 31.2 g/L after 48 h.
Consequently, the pH value of 6.1 could be idesdifas the major factor reducing the
cellulase activity under SSF conditions. Theselteslso indicated that, besides the CgCO

buffer, the other medium components did not sigaiiily affect the cellulase activity. Since
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xylose was not detected during all hydrolysis ekpents, xylan (contained to 22% in
a-cellulose, Table 3-1) was not hydrolyzed by Ce#st.

As shown in Figure 4-2, the Tabuchi medium (SSFiomjlleads to a reduction in cellulase
activity due to the increased pH value. Accordia@lofsson et al. (2008), however, there is
always a compromise needed to find favorable SS¥itons (e.g. temperature and pH) for
both cellulases and microorganisms. Thus, in MdSE Processes, the temperature is
normally kept below 37°C (cellulase optimum at 55@Tofsson et al., 2008), and a pH value
of 5.0 or 5.5 is chosen (cellulase optimum at pB; Mandels and Sternberg (1976) or
Chapter 3.2.3.6). To finally solve this problemywneellulases have to be screened or known
cellulases have to be genetically engineered, ltlyegenerating cellulases with temperature
and pH optima comparable to those of the applidd i@&roorganism. For example, Liang et
al. (2011) have recently found a cellulase witheapanded temperature profile, retaining
reasonably high activities at reduced temperatur@dternatively, common SSF
microorganisms may be replaced by suitable thermfiopbnes (Prasetyo et al., 2011)
growing at a pH of 4.8 and at temperatures clogethé optimum of cellulases (55°C).
Despite the challenge to develop cellulases andomiganisms with similar temperature and
pH optima, one principal advantage of a SSF prorefisat the cellulases are less inhibited
by the end-product glucose, since the glucosegeteduring hydrolysis is directly consumed

by the applied microorganism (Olofsson et al., 2008

4.3.2 Influence of Itaconic Acid on Cellulase Activ ity

During SSF processes, cellulases are exposed to dugcentrations of the fermentation
products (such as ethanol, lactic acid, or itacaaic). Therefore, it is important to study if
the applied cellulases are inhibited by these prtsd(iTakagi, 1984). Figure 4-3 shows the
enzymatic hydrolysis oé-cellulose (Figure 4-3A) as well as the derivedutate activities

(Figure 4-3B) in the presence of different itacoacd concentrations (0-70 g/L) under SSF

conditions.

The specific cellulase activities varied only stigh(standard deviation: 0.003 U/mg) with
respect to the arithmetic mean value of all hydgsshyexperiments (ca. 0.019 U/mg) (Figure
4-3B). All experiments with itaconic acid reachéiglgly higher specific cellulase activities
(0.016 U/mg to 0.025 U/mg) compared to the hydislyxperiment without itaconic acid



Simultaneous Saccharification and Fermentatiortémonic Acid Production 120

(0.015 U/mg). Therefore, no negative influence tataonic acid on the specific activity of
Celluclas? could be identified under the applied SSF condgidHere, it should be noted that
almost saturating concentrations of itaconic acalerapplied, since the solubility of itaconic
acid in pure water is 83 g/L at 20°C (Willke andrip, 2001). According to Tagaki (1984),
several acids (such as acetic acid, citric acaoimic acidp-ketoglutaric acid, lactic acid, and
succinic acid) scarcely inhibit cellulases. By canst, ethanol as well as butanol are quite
strong inhibitors of cellulases (Takagi, 1984). €squently, the results from this current
study as well as Tagaki's study confirm the appliis of Celluclasf in SSF processes for

itaconic acid production.
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Figure 4-3: Influence of itaconic acid concentration on thdwate activity. A) Hydrolysis kinetics in the

presence of different itaconic acid concentratiqi; cellulase activity at different itaconic

acid concentrations. Initial cellulase activitiegridg hydrolysis experiments were calculated
by applying a linear fit to reducing sugar concatiom data (Figure 4-3A) from O h to 2 h.
Here, the coefficients of determination were > 0f80 each fit, and the coefficients of

variation were < 6% for each activity value. DasHexw: arithmetic mean value for all

measured activities. Black dotted lines: arithmetiean value + standard deviation for all
measured activities; incubation: 60 gékcellulose in Tabuchi medium with 20 g/L CagO

(pH 6.1), 6 g/L rebuffered Cellucl&stT = 30°C,V, = 20 mL,n = 300 rpm,d, = 50 mm,

250 mL Erlenmeyer flasks.

4.3.3 SSF for Itaconic Acid Production

To prove the general feasibility of a SSF processlycing itaconic acid, the wild type strain
U. maydis MB215 was used. A batch cultivation with glucose well as a SSF with

a-cellulose as sole carbon source were analyzedtailénd compared (Figure 4-4).
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The oxygen transfer rate (OTR) of the glucose bd&kbure 4-4A) increased sharply and
peaked at 8.7 mmol/(L-h) after 13.5 h. Subsequgenttiropped until 24 h and then gradually
declined until 96 h. After 96 h, the OTR finally ogyped down to a value of
1.5 mmol/(L-h). As confirmed by HPLC measuremenigyFe 4-4B), the glucose was
depleted at this final point (96 h). There was stidct break in the OTR curve at the time
point of 12 h (Figure 4-4A, black arrow) when thamonium was exhausted (Figure 4-4C).
The itaconic acid production started directly aftbis ammonium depletion. No further
increase in itaconic acid could be detected af@r i Finally, an itaconic acid concentration
of about 9.1 g/L was reached in this experimentcéhe ammonium was depleted and the
itaconic acid production started, the pH of thewal (Figure 4-4C) decreased to a minimum
of 5.5 after approximately 47.5 h. By contrast, wigducose was completely consumed after
96 h, the pH value increased again due to celkIysioven by light microscopy, data not
shown).
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Figure 4-4: Glucose batch vs. simultaneous saccharification f@nchentation (SSF) for itaconic acid

production by using th&). maydis wild type strain MB215.4, B, C) Batch cultivation with
60 g/L glucose as sole carbon source (referente) black arrowA) indicates a distinct break
in the OTR curve at the time point of 12 h when d@nemonium was exhauste@)( (D, E, F)
SSF with 60 g/La-cellulose as sole carbon source and 6 g/L retedfe€elluclast;
incubation: Tabuchi medium with 20 g/L Cag(®@H 6.1) and 0.267 g/L Ni€I, T = 30°C,
V, =20 mL,n =300 rpmd, = 50 mm, 250 mL Erlenmeyer flasks.
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The final itaconic acid concentration of 9.1 g/lcdguced with 60 g/L glucose, itaconic acid
yield (Yps) of 0.15 g/g) was relatively low compared to atabkshedA. terreus production
strain with 82.3 g/L itaconic acid (produced witB01g/L glucoseYp;s of 0.51 g/g) (Yahiro et
al., 1995). However, the aim of this study is tond@strate the first proof-of-concept for the
itaconic acid production in a SSF process. In 8tigy, A. terreus could not be used as
production host, since the applied cellulases astable (Nagieb et al., 1985) and almost
inactive (Chapter 3.2.3.6) at the low pH range magu for itaconic acid production by
A. terreus (pH 1.8-3.5, Riscaldati et al., 2000; Rychtera #Weake, 1981).

In comparison to the glucose batch, the OTR culvéthe® SSF also rose sharply initially,
showing a peak of 9.9 mmol/(L-h) after 11 h (Figdr&D). During this time period of up to
11 h, the products resulting from cellulose hyds@y(glucose, cellobiose, or all reducing
sugars) accumulated (Figure 4-4E). The glucoseerdration increased to 1.2 g/L after 7 h,
because the initial cell concentration bf maydis was too low to allow the direct
consumption of all the released glucose. After fidwever, the total glucose uptake rate of
the cells was sufficient for the complete consumptof the released glucose. Hence, the
glucose concentration decreased and reached abhgsktafter 20 h; this decrease in glucose
concentration was checked and reproduced in twatiadal SSF experiments (data not
shown). In comparison, cellobiose accumulated (B16 after ca. 9.5 h) due to the low
B-glucosidase activity in the applied cellulase migt from T. reesei (Chapter 1.4.2.3).
However, after 20 h, cellobiose was more rapidipvested to glucose, and the cellobiose
concentration equaled O g/L after 36 h. In thisetiperiod (20-36 h), the glucose production
exceeded meanwhile again the glucose consumptidh byaydis. This may be explained by
the following reasons: (1) Due to the low glucosacaentration after 20 h, tifeglucosidase
was less inhibited by glucose (Holtzapple et 89Q) and led to higher glucose production
rates; (2) the interim glucose consumptionUymaydis was relatively low from 20-36 h,
since ammonium was already depleted and the cedldad to adapt their metabolism. After
47.5 h, the glucose was simultaneously consumesbas it was produced. From this time
point, the culture was carbon source-limited ankiilted a constant OTR (2-4 mmol/(L- h))
which is typical for fed-batch mode. The reducinga concentration was a sum of all sugar
molecules (glucose, cellobiose, and oligosacchgyidelhe overall reducing sugar
concentration peaked at 9.5 h at a concentratidn3o§/L. After 47.5 h, it was approximately

0.1 g/L due to the presence of oligosaccharidedymed during the hydrolysis afcellulose.
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As a result of the enzymatic hydrolysis, tir€ellulose concentration decreased during the
SSF experiment (27 g/L after 48 h) and reachedrenmaim of 2.7 g/L at 127 h (Figure 4-4E).
This corresponded to saccharification degrees &6 688 h) and 95% (127 h), respectively.
By contrast, in the separate hydrolysis experinfeigure 4-2), a stagnant and significantly
lower saccharification degree of 25% was reacher afl8 h. This difference in
saccharification clearly demonstrated that theutadles were less inhibited during SSF
because of the immediate consumption of glucos& bgnaydis. This is one of the major
benefits of SSF and leads to significantly incrdasa&ccharification degrees (Olofsson et al.,
2008). However, a small amount of cellulose remadimehydrolyzed (Figure 4-4E). Olofsson
et al. (2008) listed the following reasons for inguete cellulose hydrolysis in SSF processes:
(1) inhibition of cellulases by the main products by-products of the applied
microorganisms, (2) enzyme inactivation, (3) unpicitve enzyme adsorption, (4) decreasing
availability of cellulose chain ends, and (5) irasmg crystallinity with proceeding cellulose
conversion. Since high residual cellulase actisioé 72% or 69% were measured at the end
of the SSF experiment (after 180 h) by usingellulose or filter paper as a substrate,
cellulase inactivation could be ruled out. In aiadfif it should be noted that xylan — found up
to 22% ina-cellulose (Table 3-1) — was not hydrolyzed by Galisf, and xylose was not
detected via HPLC during separate hydrolysis ané &$periments (data not shown).
Consequently, the cellulose containedxinellulose was the sole carbon source during SSF.
Moreover, xylan may cover the residual unhydrolyzeliulose and render it inaccessible for
a further enzymatic attack (Mosier et al., 20053)erefore, xylan may be an additional reason
for the small residual amount of cellulose at thd ef the presented SSF experiment.

Figure 4-4F depicts the pH course during the S§fexent. The pH value decreased to 5.6
until 36 h and then remained at a constant valuappiroximately 5.9. In contrast to the

glucose batch (Figure 4-4C), no final increasehim pH value was detected. This indicates
that no cell lysis occurred during SSF; due to tmmstant supply of glucose to the

microorganisms. After the ammonium limitation (€5 h, Figure 4-4F), the cells began to
produce itaconic acid (Figure 4-4D). After 180 hmaximum itaconic acid concentration of

4.71 g/L was achieved via SSF.

The reference batch cultivation reached an itacadi yield of 0.15 g/g (maximum
theoretical yield: 0.72 g per g glucose). The SBlEvation had a similar itaconic acid yield

of 0.12 g/g (maximum theoretical yield: 0.8 g percglulose) with respect to the actual
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cellulose content ai-cellulose. Within this study, dd. maydis wild type strain was used that
was not particularly screened and optimized focatac acid production. Therefore, the
itaconic acid yields of botk). maydis processes were relatively low compared to prosesse
with optimizedA. terreus production strains (itaconic acid yield of 0.5D)g(Yahiro et al.,
1995). As explained above, howevéx, terreus can not be applied in SSF processes with
cellulases fronT. reesei, sinceA. terreus produces itaconic acid only in a pH range between
1.8 and 3.5 (Riscaldati et al., 2000; Rychtera Whake, 1981). At these highly acidic pH
values, the industrially applied cellulase mixtuiiesn T. reesel are almost inactive (Chapter
3.2.3.6) and show very low stabilities (Nagieb let H985). In conclusion, this study shows
for the first time that cellulose can be directhngerted to itaconic acid in just one step via
SSF. Therefore, this study can be considered afirthheroof-of-concept for a SSF process

producing itaconic acid.

4.4 Conclusions

Chapter 4 presents for the first time a SSF protmsgaconic acid production. In just one
step,a-cellulose was hydrolyzed via cellulases, and #seilting glucose was simultaneously
converted to itaconic acid by a not yet optimizédmaydis wild type strain. The proposed
SSF is a promising integrated process allowingptiogluction of itaconic acid from cellulosic

biomass without the need of a separate hydrolysfs s

In order to improve the overall productivity of tlwehole process, the applied cellulase
mixture and the itaconic acid producing microorgam. maydis need to be adapted to the
requirements of the SSF. The applied cellulaseurgxshould be improved in such a way that
the process optima of the cellulases (such as pHt@mperature) are closer to the process
optima of U. maydis (see discussion in Chapter 4.3.1). As mentionddréea cellulase
with an expanded temperature profile — retainingso@ably high activities at reduced
temperatures — has already been found by Liand, é2@l1). Alternatively, a thermophilic
strain ofU. maydis — growing at temperatures closer to the optimuroetitilases (Prasetyo et
al., 2011) — needs to be screened and appliechdforore, the process conditions should be
further balanced to find a good compromise for bbykirolysis and fermentation. Since
Celluclas? is intended for SHF processes, changing the aeskutomposition of Cellucl&st

for SSF processes would also be beneficial. To avgpithe itaconic acid yield of the SSF, it
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would be important to genetically engindérmaydis. For example, genes/enzymes leading
to the formation of undesired by-products, sucHi@ds (Klement et al., 2011), should be
deleted. In the case &. terreus, the biosynthesis of itaconic acid was alreadyidated
(Bonnarme et al., 1995; Kanamasa et al., 2008)jtandnic acid yields could be significantly
increased (Yahiro et al., 1995). Equivalent redeativities and improvements also need to
be achieved witlJ. maydis. In addition, higher cellulose concentrations stoog applied
during SSF so that higher product concentratioas@ached and the subsequent recovery of
itaconic acid is more efficient. Finally, the whoteocess should be modeled to find an

overall process optimum.

In future studies, the developed SSF process nedu tcompared with a SHF process in
which hydrolysis and fermentation are performedeannddependent optimal conditions. In
order to combine the advantages of SHF and SSFybaidhprocess should be also
investigated. Such process would consist of twovemion steps. First, cellulose is partially
hydrolyzed to cellooligomers under optimal hydradysonditions — without the formation of
inhibiting glucose or cellobiose concentrationsc@wl,U. maydis is added to perform a SSF
process. During this SSF, the cellooligomers akrdlyzed to glucose by cellulases, and the
glucose is directly converted to itaconic acid By maydis, thereby avoiding the product

inhibition of cellulases.
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5 Summary, Conclusions, and Outlook

Cellulose is an abundant and renewable resourcehwten be used for the sustainable
production of platform chemicals such as itaconitd.aBecause of its high number of
functional groups, itaconic acid has a significararket potential and can be utilized for the
production of established or novel products (sush sgnthetic rubber or the biofuel
3-methyltetrahydrofuran). In contrast to non-sel@ctapproaches necessitating previous
gasification, the biocatalytic conversion of cedlsg to itaconic acid is a very promising
approach due to its high selectivity, mild condigp and low exergy loss. However, such
biocatalytic processes are seldom applied at industale since their single conversion steps
exhibit low efficiencies or high costs. In generfiese conversion steps are: pretreatment,
hydrolysis, and fermentation. In order to allow aowledge-based optimization of the
biocatalytic process, an in-depth understandingthaf individual conversion steps was
generated within this thesis. In addition, new apphes as well as screening technologies
were established, and the possibility of integrgtextess configurations was validated.

In Chapter 2, cellulose was pretreated under natelgions by applying the non-hydrolyzing
protein swollenin — naturally produced in low yigldhy the fungusT. reesei. To yield
sufficient swollenin for industrial applications, @ew way of producing recombinant
swollenin was presented. After expression in thasi. lactis, the resulting swollenin was
purified. The adsorption parameters of the recoamtinswollenin onto cellulose were
quantified for the first time and were comparabdethose of individual cellulases from
T. reesal. Afterwards, four different insoluble cellulosialsstrates were pretreated with
swollenin. At first, it could be qualitatively showby macroscopic evaluation, light
microscopy and scanning electron microscopy thatllemin caused deagglomeration of
cellulose agglomerates as well as dispersion odfulose microfibrils (amorphogenesis/
decrystallization). Afterwards, the effects of slealn on cellulose particle size, maximum
cellulase adsorption (accessibility), and cellulosgystallinity were quantified. The
pretreatment with swollenin resulted in a significdecrease in particle size of the cellulosic
substrates as well as in their crystallinity, thlgreubstantially increasing maximum cellulase
adsorption onto these substrates. Subsequentlyprdteeated cellulosic substrates were
hydrolyzed with cellulases. Here, pretreatmentealfutosic substrates with swollenin — even

in non-saturating concentrations — significantlcederated the hydrolysis. By correlating
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particle size and crystallinity of the cellulosigbstrates with initial hydrolysis rates, it could
be shown that the swollenin-induced reduction irtiga size and crystallinity resulted in
high cellulose hydrolysis rates. In conclusion,orabinant swollenin was easily produced
with the robust yeadt. lactis. For the first time, it was quantified and eludethin detalil
how swollenin affects different cellulosic substisatand how it improves their subsequent
hydrolysis. Since standard assays are missingdagglomeration, amorphogenesis, and the
comparison of different non-hydrolyzing proteirtse ppresented results may serve as an initial
means to establish such assays for future stuMeseover, a safe and environmentally
friendly pretreatment can be achieved by simplyubating cellulosic substrates with
swollenin under mild conditions. Depending on tpeled feedstock, swollenin pretreatment
may be a promising additional pretreatment stempen up the recalcitrant structure of

cellulose.

Besides the application of proper pretreatmentriggtes, the efficiency of the subsequent
cellulose hydrolysis substantially depends on sielgthe best performing cellulases and the
optimal hydrolysis conditions. In order to screbade optimal parameters, practical cellulosic
substrates and sophisticated cellulase assays ssentml. Within Chapter 3, both

requirements were addressed.

In Chapter 3.1, insoluble-cellulose was found to be an excellent practiohkgrate to screen
and characterize the adsorption and the activity ceflobiohydrolases (CBH) and
endoglucanases (EG). First, a novel and reprodagbtification method was established to
prepare the major cellulases fromreese (CBH I, CBH II, EG |, and EG II) with high
purity. Second, CBH | and EG | were utilized in erdo study and model the adsorption
isotherms (Langmuir) and kinetics (pseudo-firstavyd It was found that, usingrcellulose,
the adsorption models fitted to the experimentth @ad yielded adsorption parametes.,

Kb, kag) cOmparable to those for filter paper as an estaddl model substrate. Third, the
hydrolytic activities of the purified cellulases m@eanalyzed in detail. Thereby, the sugar
production patterns were determined — proving bedlge as the major product of CBHs, and
cellotriose, cellobiose, and glucose as the majodycts of EGs. When analyzing the kinetics
of a-cellulose hydrolysis, the hydrolysis rates werastant at the start of the experiment but
declined afterwards due to product inhibition a& #iteration of physical cellulose properties
(such as a decrease in cellulose accessibilityr@activity). Here, a simple semi-mechanistic

model could be developed to precisely predict tleetics of a-cellulose hydrolysis.
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Moreover, the effects of pH and temperature orutasdke activity were analyzed and modeled,
and optimal hydrolysis conditions were determingdH:( 4.8-5, temperature: 55-60°C).
Fourth, the adsorption and the activity of cellelaswere investigated under different
hydrodynamic conditions (including liquid mixing éncellulose suspension). Here, the
complete suspension of cellulose particles hadet@itsured in order to optimize cellulase
adsorption and activity. Finally, in order to compa-cellulose with three typically used
model substrates, the exact cellulase activitiegatds all four substrates were measured.
Here, all purified CBHs and EGs displayed comparahbttivities only on insoluble
a-cellulose. In conclusion, Chapter 3.1 showed itaitlefor the first time, the effect of
hydrodynamics on cellulase adsorption as well asctirrelation between the adsorption and
the activity of cellulases at different hydrodynansbnditions. Moreover, it was proven that
a-cellulose is an excellent insoluble substrated®en both CBHs and EGs. The presented
results and models already allow an optimizationtted enzymatic cellulose hydrolysis.
However, further investigations are needed to gaidleeper understanding of cellulose
hydrolysis and to establish fully mechanistic msdmtcounting for all inherent actions during
cellulose hydrolysis and for all physical propestief heterogeneous cellulose. These
mechanistic models may also supply valuable inféionao optimize cellulose pretreatment,
since the physical cellulose properties limitindbsequent hydrolysis may be specified by

using such models.

Despite the high number of cellulase assays, nayabas been developed so far that
incorporates high-throughput, online analysis, srsdluble cellulosic substrates. In Chapter
3.2, a sophisticated cellulase assay was develthadinks all these relevant aspects. This
assay is based on the BiolLector technique — allpwinline monitoring of scattered light
intensities in a continuously shaken microtitert@laAt first, the hydrolysis of different
insoluble cellulosic substrates, catalyzed by ailze mixture fronT. reesel, was monitored
using the BioLector. Thereby, the initial hydrokysiates, obtained from the course of
calibrated scattered light intensities, could beadly verified by using a conventional
reducing sugar assay. Thus, it was proven thatlas# activities could be quantitatively
assayed via the BioLector. At low cellulase/celddaatios, the determined cellulase activities
and Michaelis-Menten parameters were mainly aftettg the crystallinity of the cellulose.
Here, the apparent maximum cellulase activitieglisely correlated with the crystallinity. At
high cellulase/cellulose ratios, the particle $fz¢he cellulose — defining the external surface

area accessible to the cellulases — was the kegrndiging factor for cellulase activity.
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Additionally, the developed technique was succdiyshpplied to evaluate and model the
effect of pH value on cellulase activity. Finallgellulase adsorption as well as the non-
hydrolytic effect (cellulose deagglomeration) oflaases and swollenin could be analyzed
by using scattered light detection. In conclusithe first sophisticated cellulase assay was
presented which simultaneously combines high-thipug online analysis, and insoluble
cellulosic substrates in one simple system. Theldged technique can be used for assaying
cellulase adsorption as well as cellulase activy. using microtiter plates, it allows a
comprehensive characterization of cellulases witime single experiment, thereby, analyzing
the influence of pH value, cellulose, and cellulasacentration. Moreover, it yields a large
amount of measurements that are needed for metibamsdels of cellulose hydrolysis.
Consequently, the presented technique may suldtardccelerate fundamental research on
cellulase screening. However, it should be noted, thp to now, initial cellulase activities
were determined by using the BioLector. Once dedarhechanistic models are established,
progress curve analysis should be applied in omemalyze cellulase kinetics and further

phenomena such as enzyme inactivation from onedgitlc curve.

Up to now, itaconic acid has solely been produckid conventional fermentations using
directly fermentable carbon sources such as gludosehapter 4, the first integrated process
was developed to directly convert cellulose todtac acid via simultaneous saccharification
and fermentation (SSF). At first, the separate evatic hydrolysis ofa-cellulose was
investigated under SSF conditions and compared wothventional hydrolysis conditions.
Here, cellulase activities diminished in the appligabuchi medium due to its inappropriate
pH value of 6.1. After 48 h, only 25% of cellulos@as hydrolyzed because of the reduced
cellulase activities and the strong product infobitby the released sugars. Additionally, a
potential inhibitory effect of itaconic acid was vestigated. However, itaconic acid
concentrations of up to 70 g/L did not inhibit tlgplied cellulases. During the SSF,
a-cellulose was hydrolyzed by cellulases, and tHeas®d glucose was simultaneously
converted to itaconic acid by a not yet optimikednaydis wild type strain. The SSF process
was comprehensively analyzed and compared with rdmary batch fermentation using
glucose as sole carbon source. During SSF, over &€éllulose was hydrolyzed which is
significantly higher than the yield of separate toygsis under SSF conditions. This increase
in hydrolysis yield illustrated that the cellulasesre less inhibited during SSF due to the
direct consumption of glucose hy. maydis. After the depletion of ammoniuny. maydis

converted the consumed glucose to itaconic acie. fifial itaconic acid yield of the SSF
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(0.12 g/g) was comparable to that of the glucosehbiermentation (0.15 g/g). In conclusion,
Chapter 4 showed for the first time that itacoreadacan be produced in just one step via
SSF. This integrated process configuration wilbwllthe production of itaconic acid from
cellulose without the need of a separate hydrolggp. Consequently, the SSF will prevent
the product inhibition of cellulases and will reaoly reduce the investment costs of
biocatalytic processes. In order to increase tb&lyand productivity of the SSF, the applied
cellulases and the. maydis strain need to be improved in such a way thaptbeess optima
of both biocatalysts are closer to each other. Wlee the formation of undesired
by-products (such as lipids) needs to be elimindtgdyenetic engineering dfi. maydis.

Furthermore, the whole process should be model&ddan overall process optimum.

Within this thesis, a detailed understanding of biecatalytic conversion of cellulose to

itaconic acid was generated. Not only all essenbalversion steps (pretreatment, hydrolysis,
and fermentation) were investigated in detail, lgo novel approaches as well as
technologies could be developed. Rather than esétg the complete conversion process,
the limiting factors of the single conversion stepsre determined. Furthermore, this work
highlighted that integrated process configuratians promising alternatives to sequentially
performed unit operations. Based on the presemsults, a knowledge-based improvement
of the whole biocatalytic process can be achieVééreby, the newly developed (integrated)

approaches and technologies may contribute toghmization procedure.

Nevertheless, further investigations are needeghto a deeper understanding of the single
conversion steps and to establish mechanistic mp@sipecially in the case of cellulose
hydrolysis. In order to perform the biocatalyticneersion of cellulose to itaconic acid at
industrial scale, further aspects need to be adddesAt first, the biocatalysts have to be
improved so that higher yields and productivitieen cbe achieved. Moreover, product
recovery and the recycling of water as well as &ialysts have to be considered, since both
aspects are essential for industrial processeseXxample, ifx-situ) ultrafiltration should be
implemented in a continuous SSF process, thereloyialy the retention of cellulases,
microorganisms, and unconverted cellulose. Furtbegmthe aspects analyzed here for
cellulosic substrates should be transferred toligrabcellulose also containing hemicellulose,
lignin, and additional impurities. Thereby, evegter levels of process integration, such as
simultaneous saccharification and co-fermentati8&GF) or consolidated bioprocessing

(CBP) should be addressed. Ultimately, the evalnaind model-based synthesis of the
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complete process chain needs to be performed, pmateeatment, hydrolysis, fermentation,
product recovery as well as recycling steps amngty associated and need to be harmonized.

In conclusion, an in-depth understanding of thec#talytic conversion of cellulose to

itaconic acid was established within this thesisamalyzing all essential conversion steps
(pretreatment, hydrolysis, and fermentation). Tumsglerstanding is the fundamental basis for
further improvements and paves the way for econaligideasible production processes
converting cellulose to platform chemicals sucltasonic acid.
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Appendix

Appendix A: Single Chromatographic Purification Ste ps

As described in Chapter 3.1.3.1, several chromafge steps for purifying CBH 1, CBH I,
EG |, and EG Il were performed. Figure 3-2 shovit®wa diagram for these chromatographic
steps. After every purification step, the fractiomere comprehensively analyzed by SDS-
polyacrylamide gel electrophoresis and cellulaseviae assays using Avicel and CMC to
differentiate CBHs and EGs, respectively. The clatmgrams and fraction analysis
(including SDS-polyacrylamide gel electrophoresisl cellulase activity assay) of each
purification step are listed within this sectionoMover, the cellulases (CBH I, CBH II, EG |,
and EG I1l) are marked within the SDS-polyacrylamigels. These cellulases could be
identified based on: molecular mass and isoelepwiats (Table 1-2), determined cellulase
activities (shown within the chromatograms), angsnspectrometry (data not shown).
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Figure A-1: Chromatographic purification step | according tguFe 3-2: chromatogram and cellulase

activities of the collected fractions; purificatioanion exchange chromatography, sample:
7.5 mL desalted Cellucldst the purification procedure is described in Chafel.2.2;
cellulase activity assay: 10 g/L Avicel or CMC inl0OM sodium acetate buffer (pH 4.8),
200 uL of the respective fractiorl, = 45°C,V_ = 1 mL,n = 1000 rpmd, = 3 mm, reaction
time: 120 min (Avicel), 10 min (CMC). Avicel and GMare model substrates to differentiate
CBHs and EGs, respectively (Ghose, 1987; Zhang,e&2G06).
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Figure A-2:

M
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s RN
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Chromatographic purification step | according toglfe 3-2: SDS-polyacrylamide gel

electrophoresis of the collected fractions. (M) Btallar mass marker, fraction numbers refer
to those shown in Figure A-1. The cellobiohydrotaé€BH) and endoglucanases (EG) could
be identified based on: molecular mass and isa@qmbints (Table 1-2), determined cellulase
activities (Figure A-1), and mass spectrometryddait shown); 12% polyacrylamide gel, the

same volume of the collected fractions (15 was loaded onto the particular slots.
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UV absorbance [mAU]

Figure A-3:

Figure A-4:
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Chromatographic purification step Il according tmufe 3-2: chromatogram and cellulase
activities of the collected fractions; purificatiohydrophobic interaction chromatography,
sample: 0.375 mL concentrated fractions of chrograighic purification step | (fractions: 2, 3,
4; two runs), the purification procedure is desedilin Chapter 3.1.2.2; cellulase activity assay:
10 g/L Avicel or CMC in 0.1 M sodium acetate buffgrH 4.8), 200uL of the respective
fraction, T = 45°C,V_ = 1 mL,n = 1000 rpm,d, = 3 mm, reaction time: 120 min (Avicel),
10 min (CMC). Avicel and CMC are model substratesdifferentiate CBHs and EGs,
respectively (Ghose, 1987; Zhang et al., 2006).
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Chromatographic purification step Il according tiogufe 3-2: SDS-polyacrylamide gel

electrophoresis of the collected fractions. (M) Btallar mass marker, fraction numbers refer
to those shown in Figure A-3. The cellobiohydroaé€BH) and endoglucanases (EG) could
be identified based on: molecular mass and isa@qmbints (Table 1-2), determined cellulase
activities (Figure A-3), and mass spectrometryddait shown); 12% polyacrylamide gel, the

same volume of the collected fractions (15 was loaded onto the particular slots.



Appendix 158

400 100 -5
£
5 —_ ~ j
< 80 § 4 2 E
E. 300- z | =2
3 £l 85
e 60 5 £3 2 2
£ 200 = a©
2 = -
© 40 E -2 3 %
S £
> 8| g<
100 < !
- 20 -1 o
0 0 -0
Fraction number [-]
I T T T T
0 10 20 30 40
Volume [mL]
Figure A-5: Chromatographic purification step Il according Egure 3-2: chromatogram and cellulase

activities of the collected fractions; purificationation exchange chromatography, sample:
0.375 mL concentrated fractions of chromatographidfication step | (fractions: 8, 9, 10; two
runs), the purification procedure is described after 3.1.2.2; cellulase activity assay: 10 g/L
Avicel or CMC in 0.1 M sodium acetate buffer (pH8}%.200uL of the respective fraction,
T = 45°C,V. = 1 mL,n = 1000 rpm,d; = 3 mm, reaction time: 120 min (Avicel), 10 min
(CMC). Avicel and CMC are model substrates to défdgiate CBHs and EGs, respectively
(Ghose, 1987; Zhang et al., 2006).
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Figure A-6: Chromatographic purification step Il according Fgure 3-2: SDS-polyacrylamide gel
electrophoresis of the collected fractions. (M) Btallar mass marker, fraction numbers refer
to those shown in Figure A-5. The endoglucanase (©GId be identified based on: molecular
mass and isoelectric points (Table 1-2), determoehlilase activities (Figure A-5), and mass
spectrometry (data not shown); 12% polyacrylamidé the same volume of the collected

fractions (15uL) was loaded onto the particular slots.
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Figure A-7: Chromatographic purification step IV according tigufe 3-2: chromatogram and cellulase

activities of the collected fractions; purificatiosize exclusion chromatography, sample:
0.6 mL concentrated fractions of chromatographidfication step | (fractions: 18, 19; two
runs), the purification procedure is described after 3.1.2.2; cellulase activity assay: 10 g/L
Avicel or CMC in 0.1 M sodium acetate buffer (pH8}%.200uL of the respective fraction,
T = 45°C,V, =1 mL,n = 1000 rpm,dy, = 3 mm, reaction time: 120 min (Avicel), 10 min
(CMC). Avicel and CMC are model substrates to défdgiate CBHs and EGs, respectively
(Ghose, 1987; Zhang et al., 2006).
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Figure A-8: Chromatographic purification step IV according tigufe 3-2: SDS-polyacrylamide gel
electrophoresis of the collected fractions. (M) Btallar mass marker, fraction numbers refer
to those shown in Figure A-7. The cellobiohydrol#€8H) could be identified based on:
molecular mass and isoelectric points (Table Jd@)ermined cellulase activities (Figure A-7),
and mass spectrometry (data not shown); 12% poliganide gel, the same volume of the

collected fractions (1hL) was loaded onto the particular slots.



Appendix 160

600 50 -5

t
5 _ —_ — j
z % La0 § 4 2 E
E %) =}
o 4004 £l 85

9 8

- 30 -3 =
S 300 = o=
2 0 3 2%
S 200 5| 2%

> - =
D O g <
< |
100 - 10 o

0 = —Lo Lo
1
2
Fraction number [-]
I T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110
Volume [mL]
Figure A-9: Chromatographic purification step V according tgufe 3-2: chromatogram and cellulase

activities of the collected fractions; purificatiosize exclusion chromatography, sample:
0.5 mL concentrated fractions of chromatographidfisation step Il (fractions: 4, 5; eight
runs), the purification procedure is described after 3.1.2.2; cellulase activity assay: 10 g/L
Avicel or CMC in 0.1 M sodium acetate buffer (pH8}%.200uL of the respective fraction,
T = 45°C,V, =1 mL,n = 1000 rpm,dy, = 3 mm, reaction time: 120 min (Avicel), 10 min
(CMC). Avicel and CMC are model substrates to défdgiate CBHs and EGs, respectively
(Ghose, 1987; Zhang et al., 2006).
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Figure A-10:  Chromatographic purification step V according togute 3-2: SDS-polyacrylamide gel
electrophoresis of the collected fractions. (M) Btallar mass marker, fraction numbers refer
to those shown in Figure A-9. The endoglucanasé (©Gld be identified based on: molecular
mass and isoelectric points (Table 1-2), determoehlilase activities (Figure A-9), and mass
spectrometry (data not shown); 12% polyacrylamidé the same volume of the collected

fractions (15uL) was loaded onto the particular slots.
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Figure A-11:  Chromatographic purification step VI according tgufe 3-2: chromatogram and cellulase
activities of the collected fractions; purificatiosize exclusion chromatography, sample:
0.5 mL concentrated fractions of chromatographidfisation step Il (fractions: 8, 9, 10; eight
runs), the purification procedure is described after 3.1.2.2; cellulase activity assay: 10 g/L
Avicel or CMC in 0.1 M sodium acetate buffer (pH8}%.200uL of the respective fraction,
T = 45°C,V, =1 mL,n = 1000 rpm,dy, = 3 mm, reaction time: 120 min (Avicel), 10 min
(CMC). Avicel and CMC are model substrates to défdgiate CBHs and EGs, respectively
(Ghose, 1987; Zhang et al., 2006).
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Figure A-12:  Chromatographic purification step VI according tigufe 3-2: SDS-polyacrylamide gel
electrophoresis of the collected fractions. (M) Btallar mass marker, fraction numbers refer
to those shown in Figure A-11. The cellobiohydreld€BH) could be identified based on:
molecular mass and isoelectric points (Table leBtermined cellulase activities (Figure
A-11), and mass spectrometry (data not shown); pa¥acrylamide gel, the same volume of

the collected fractions (348.) was loaded onto the particular slots.
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Figure A-13:  Chromatographic purification step VII accordingRmure 3-2: chromatogram and cellulase
activities of the collected fractions; purificatiosize exclusion chromatography, sample:
0.6 mL concentrated fractions of chromatographidfisation step Il (fractions: 2; 15 runs),
the purification procedure is described in Cha@elr.2.2; cellulase activity assay: 10 g/L
Avicel or CMC in 0.1 M sodium acetate buffer (pH8}%.200uL of the respective fraction,
T = 45°C,V, =1 mL,n = 1000 rpm,d, = 3 mm, reaction time: 120 min (Avicel), 10 min
(CMC). Avicel and CMC are model substrates to défdgiate CBHs and EGs, respectively
(Ghose, 1987; Zhang et al., 2006).
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Figure A-14:  Chromatographic purification step VII according Fogure 3-2: SDS-polyacrylamide gel
electrophoresis of the collected fractions. (M) Btallar mass marker, fraction numbers refer
to those shown in Figure A-13. The endoglucanads®) (Eould be identified based on:
molecular mass and isoelectric points (Table leBtermined cellulase activities (Figure
A-13), and mass spectrometry (data not shown); pa¥acrylamide gel, the same volume of

the collected fractions (448.) was loaded onto the particular slots.
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Appendix B: Protein Markers

Table B-1: Description, source, and apparent molecular masshef prestained proteins within the
Prestained Protein Marker (New England Biolabswipls, USA).

Description® Source® Apparent molecular mass [kDa]*
MBP-B-galactosidase E. coli 175
MBP-paramyosin E. coli 83

MBP-chitin binding domain E. coli 62

Aldolase Rabbit muscle 47.5
Triosephosphate isomerase E. coli 325
B-Lactoglobulin A Bovine milk 25

Lysozyme Chicken egg white 16.5

Aprotinin Bovine lung 6.5

MBP, maltose-binding protein.

 According to manufacture’s data.

Table B-2: Description, source, and apparent molecular magbefprestained proteins within the Plus

Prestained Protein Ladder (Fermentas, Burlingtd), C

Description® Source® Apparent molecular mass [kDa]*
Recombinant protein® Prokaryote® 250
Recombinant protein® Prokaryote® 130
Recombinant proteinb Prokaryoteb 100
Recombinant proteinb Prokaryoteb 70
Recombinant proteinb Prokaryoteb 55
Recombinant proteinb Prokaryoteb 35
Recombinant protein® Prokaryote® 25
Recombinant protein® Prokaryote” 15
Recombinant protein® Prokaryote” 10

% According to manufacture’s data.

® No additional information available; nondisclosofd¢he manufacture.
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