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Summary

Climate changes are among the most severe present challenges and a transition to
clean energy is crucial to reduce extensive global consequences. Lignocellulosic
biomass is a massive energy resource and bioethanol generated from this source is
predicted as a promising sustainable alternative to fossil fuels. One of the decisive
and most challenging steps in the production of bioethanol from biomass is the
degradation of cellulose into fermentable sugars. Cellulose is difficult to degrade,
but some organisms such as the fungus Hypocrea jecorina are however able to
hydrolyze cellulose into glucose units through secretion of different enzymes known
as cellulases. Of the cellulases two cellobiohydrolases (CBHs) Cel6A and Cel7A are
the most abundant and also the prominent components of industrial enzyme
cocktails for saccharification of biomass. More insight into the catalytic behavior of
these cellobiohydrolases is therefore informative in the design of new variants for

commercial use.

The primary focus of this dissertation is a comparative kinetic characterization of
Cel6A and Cel7A. Both enzymes are processive enzymes and they remain
associated with the cellulose chain as they perform sequential catalytic cycles.
Cel6A attacks non-reducing ends while Cel7A attacks reducing ends. The proof of
the current work is to conduct direct comparisons of their properties. Most work
pertains to the activities of these to enzymes, but we also present comparisons of
stability. We postulate that comparative work under exact same experimental
conditions is essential as the heterogeneous nature of the insoluble substrate has
been shown to complicate comparisons between studies. At either substrate or
enzyme excess we found widely diverse properties of the two cellobiohydrolases. By
applying two different steady-state kinetic models we found that Cel6A was shown
to be catalytic superior with a much higher maximal rate than Cel7A. Based on
our results we further propose that Cel6A has high substrate specificity towards
only limited substrate sites which seems to challenge the enzyme at low substrate
concentration. In contrast Cel7TA showed a very high ability to attack and
hydrolyze many more sites resulting in a high activity at enzyme excess compared
to Cel6A. In relation to this Cel7A showed higher binding capacity than Cel6A in
adsorption studies. In addition, we found that the long term stability of Cel7A was
high compared to the less stable Cel6A.



Both CBHs are multi-domain enzymes that besides a catalytic domain (core) also
consist of a carbohydrate binding module (CBM) and a glycosylated linker that
connects the CBM and core. We designed variants to investigate the role of these
domains and we found that the CBM is essential for substrate adsorption and the
ability to locate attack site, but that Cel6A and Cel7A without CBM and linker
showed improved maximal rate. Our results further indicate that the CBM is
highly optimized to interplay with the linker and core for each specific enzyme,
since a CBM swap between Cel6A and Cel7A lowered the affinity towards cellulose
despite high homology among the CBMs. Also some linker modifications were
shown to reduce affinity for the substrate, but to increase the maximal rate. In the
comparison of Cel6A and Cel7A and the characterized variants we found a general
inverse relation between maximal catalytic rate and binding affinity. We suggest
that at high substrate loads the hydrolysis is limited by the enzymes ability to
dissociate. Contrary at low substrate load the ability to locate binding and attack
sites becomes essential for the hydrolytic rate, where variants with high binding
capacity are superior. Finally we studied the underlying interpretation of the
strong synergy between Cel6A and Cel7TA. We showed that the synergy is
dependent on the presence of CBM and the experimental conditions. Based on our
findings we suggest that substrate targeting and differences in specificity between
Cel6A and Cel7A can explain the observed synergy, since the enzymes remove

potential obstacles for each other and release new attack sites.

The present investigations of Cel6A and Cel7A have provided insights into their
kinetics, adsorption behavior, stability, synergy, substrate interactions and the role
of the different domains of the enzymes. These findings of the industrial relevant
cellulases may be applicable in the rational engineering of new variants and

contribute in the improvement of saccharification of biomass.
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Resume

Klimaforandringer er en af vor tids mest alvorlige og omfattende udfordringer. For
at reducere de vidt streekkende globale fglgevirkninger, er overgangen til gron
energi altafggrende. Her har bioethanol produceret fra biomasse et enormt
potentiale, da det er et baeredygtigt alternativ til fossile breendstoffer. En af de helt
store udfordringer i produktionen af bioethanol er nedbrydningen af cellulose til
sukker. Cellulose er svaert genstridigt, men fa organismer sasom svampen Hypocrea
jecorina formar at nedbryde cellulose til glukose ved at udskille forskellige enzymer
kaldet cellulaser. Her er swrligt to cellulaser, de to cellobiohydrolaser (CBH’er),
Cel6A og Cel7A dominerende og disse enzymer er ogsa de mest forekommende i
kommercielle enzym-cocktails til nedbrydelse af biomasse. Med henblik pa design af
nye og bedre CBH’er vil en bredere forstaelse af deres katalyse og kinetiske

egenskaber vaere informativ.

Denne athandling har sit primeere afseet i en komparativ kinetisk karakterisering af
Cel6A og Cel7TA. Begge enzymer er processive, hvilket betyder at de forbliver
bundet til cellulosekaeden i hydrolysen af glykosidbindingerne. Cel6A angriber ikke-
reducerende ender, mens Cel7A angriber reducerende ender. En stor styrke ved
denne afhandling er at vi har benyttet en direkte sammenligning af Cel6A og
Cel7A. Det overvejende fokus har varet pa enzymernes aktivitet, men vi har ogsa
sammenlignet deres stabilitet. Heterogeniteten i cellulosesubstrater har gjort det
yderst vanskeligt at sammenligne forskellige kinetiske studier og vi haevder at en
direkte kinetisk sammenligning under praecis samme eksperimentelle betingelser er
essentiel. Ved at anvende to kinetiske steady-state modeller under forskellige
eksperimentelle betingelser med enten substrat eller enzym overskud, fandt vi
markante forskelle i de to CBH’ers kinetiske egenskaber. Cel6A viste sig at veere
katalytisk overlegen med en maksimal hastighed langt hgjere end Cel7A. Til
gengaeld tyder vores resultater pa at Cel6A’s hgje substrat specificitet til limiterede
omrader er en ulempe under betingelser hvor kun begranset substrat er
tilgaengeligt. Cel7TA derimod var katalytisk underlegen, men viste en udpraeget evne
til at nedbryde sveert tilgsengeligt substrat. I relation til dette, viste Cel7A ogsa en
hgjere bindingskapacitet i adsorptionsstudier. Cel7TA viste sig tilmed at veere mere

stabil end Cel6A.
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Begge enzymer er multi-domane enzymer og bestar af et katalytisk domeene
(core), et ’carbohydrate binding module’ (CBM) og en glukosyleret linker der
forbinder CBM og core. Ved at designe og udtrykke forskellige varianter
undersggte vi betydningen af bade CBM og linker. Her fandt vi at CBM’en er
afggrende for enzymets adsorption til cellulose og dermed evnen til at finde
celluloseender at angribe. Interessant nok viste varianter udtrykt uden linker og
CBM en hgjere reaktionshastighed ved hgj substrat koncentration. En ombytning
af CBM’en mellem Cel6A og Cel7A reducerede deres affinitet til cellulose og vi
foreslar, trods stor homologi mellem de to CBM’er, at de hver iseer er optimeret til
samspil med tilhgrende linker og katalystiske domaene. Ydermere fandt vi at
gendringer 1 linkeren ogsa havde direkte indflydelse pa substrataffinitet og den
lavere affinitet resulterede i hgjere maximal hastighed. I den komparative analyse
af Cel6A og Cel7A samt diverse varianter fandt vi en generel sammenhsng mellem
lav affinitet og hgj maximal reaktionshastighed. Dette indikerer at enzymernes
evine til at dissociere er hastighedsbegraensende ved hgj substrat koncentration.
Derimod viste varianter med hgj bindingskapacitet sig at have hgjere
reaktionshastigheder ved lav substrat koncentration, sandsynligvis pa grund af en
forgget evne til at lokalisere celluloseender at angribe. Endelig undersggte vi den
markante synergi mellem Cel6A og Cel7A og observerede at synergien athanger af
de eksperimentelle betingelser, men mere interessant af tilstedevaerelsen af CBM’er.
Vi foreslar at forskelligheder i enzymernes substratspecificitet og targeting kan
forklare deres synergi da de saledes friggr nye ender for hinanden og fjerner

potentielle forhindringer.

De forskellige studier omhandlende Cel6A og Cel7A har givet indblik i enzymernes
kinetik, adsorptions egenskaber, stabilitet, synergi, substrat interaktioner, samt de
forskellige domeners rolle. Disse resultater kan veere veerdifulde i design af nye
cellulaser og dermed bidrage til en optimering af nedbrydelsen af biomasse til

sukker.
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Outline and Guide to the Reader

The work throughout this dissertation focuses on the two cellobiohydrolases Cel6A
and Cel7A. Many different areas have been covered during the scientific work and
the aim of this dissertation is to summarize a selection of the major findings that
can provide information to a better understanding of the two enzymes. Thus, the
current dissertation will not give an exhaustive survey of the last 3 years work and
for details considering analysis, results, experimental procedures etc. the reader is
referred to the appended manuscripts. All articles can somehow be related to the
cellobiohydrolases Cel6A and/or Cel7A. Figure 1 visualizes how the appended

papers are connected to the enzymes and their different domains.
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Figure 1 An overview of the manuscripts including key words and how they are associated to
the cellobiohydrolases.

The present work is divided into 4 chapters. Chapter 1 will provide a general
introduction to the field primarily to the two enzymes and their different domains.
The following three chapters will cover a selection of some experimental findings
and discussions of these. Most of these new findings are also reported in the
articles or manuscript drafts but some unpublished data will also be discussed.
Chapter 2 is the central chapter where the overall theme is the kinetics of Cel6A
and Cel7A, Chapter 3 will focus on enzyme-substrate interactions while Chapter 4

pertains to the synergy between the two enzymes.
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All articles or manuscripts are appended and in the main text they will be referred
to by their numeral letters. For simplicity they will all be referred to as articles
through the text though some of them still appear as submitted manuscripts or

manuscripts in preparation.

Disclaimer

In the main text some data and figures will be copied or adapted from the
appended manuscripts. In all cases this will be noticed in the figure legends. Data
presented in Article VII was made prior to this PhD as part of my master thesis

entitled Rational Engineering of Cel6A from Trichoderma reesei.
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Chapter 1

General Introduction

Global warming and climate changes show that sustainable energy alternatives
are crucial for the future. In order to accommodate the increasing energy
demands on Earth and maintain our modern living standards the transition to
green energy is essential. Recently, representors of the Worlds countries
managed to agree on a global Climate plan in Paris (UNTC, 2016) which
indicates that long awaited political intensions are now present. Thus even
though the incumbent most influential World leaders seems to avoid climate
challenges as a political key issue the seriousness of the climate and our future
is becoming a reality globally. Different sustainable solutions are necessary in
the transition to green energy, where utilization of the enormous energy
resource of lignocellulosic biomass is one important aspect. Bioethanol produced
from biomass, such as biological waste products, can displace fossil fuels with a
sustainable and renewable alternative. The bioethanol industry has great
potential, but is still in the start-up phase worldwide, especially considering
utilization of biological waste products and that even though the environmental
and sustainable perspectives have been widespread (Lynd et al., 1991, Himmel
et al., 1999, Farrell et al., 2006). The current reduction in oil prices within the
last few years (Nasdaq, 2016) might prolong the transition to biofuels even
further since some investors keep away from the field. This additional challenge
just emphasizes the importance of improving the production of bioethanol so

this energy resource can be cost-competitive.

The process from lignocellulosic biomass to bioethanol includes different steps
including pretreatment, enzymatic hydrolysis and fermentation (Himmel et al.,
2007, Payne et al., 2015) as illustrated in Figure 2. After pretreatment, the
hydrolysis and fermentation can be carried out in two steps known as separate
hydrolysis and fermentation (SHF) or in a combined step known as

simultaneous saccharification and fermentation (SSF) (Jorgensen et al., 2007).
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Figure 2 The simplified process from lignocellulosic biomass for renewable fuels and

chemicals. Based on (Payne et al., 2015).

All steps in the production of bioethanol from biomass can be improved to
enhance the production yield and decrease production costs. The focus within

this dissertation is on the enzymatic hydrolysis of cellulose by cellulases.

Cellulose

Cellulose is the most abundant renewable biological resource on Earth with an
estimated annual biosynthesis of 100 billion dry tons per year (Percival Zhang
et al., 2006) which includes a huge resource of cellulosic biomass waste products
from agriculture and other sources. Thus when solar energy is stored as carbon
through photosynthesis in plants a substantial part is stored as cellulose.
Cellulose is a simple polysaccharide consisting of g(1->4) linked glucose units.
The repeating unit of cellulose is the disaccharide cellobiose, where one of the
glucose units is rotated 180°. Each cellulose chain has a reducing end and a
non-reducing end, see Figure 3. The biosynthesis of cellulose is a condensation
polymerization of glucose units. Cellulose is synthesized from cellulose synthase
complexes in plant cell walls and from these “rosettes” complexes cellulose is
synthesized into cellulose microfibrils or fibers (Klemm et al., 2005, McFarlane
et al., 2014). These microfibrils typically consist of 36 or 24 cellulose chains
(McFarlane et al., 2014, Payne et al., 2015) which are coupled together by
hydrogen bonds and hydrophobic interactions. This complex crystalline



structure is extremely stable and the B(1,4) glycosidic bonds in cellulose has a

predicted half-life of 5 million years (Wolfenden and Snider, 2001).
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Figure 3 Cellulose and the structure of a single cellulose chain with cellobiose as the

repeating unit. Based on (Zhang and Lynd, 2004) and (Emaze, 2016).

Model substrates

Different pure model cellulose substrates with less complexity than real biomass
is often applied in experiments. In the studies presented here cellulose
substrates such as Avicel, Regenerated Amorphous Cellulose (RAC), Bacterial
Cellulose (BC), Bacterial Microcrystalline Cellulose (BMCC) and Carboxy
Methyl Cellulose (CMC) were used. In addition, many other model substrates

together with many soluble substrates exist.

In contrast to model substrates real biomass contains other components such as
lignin and hemicellulose, which further complicate the degradation (Knowles et
al., 1987). Hence production of sustainable bioethanol from insoluble, highly
heterogeneous and recalcitrant cellulosic biomass is clearly challenging,
particularly the degradation of cellulose to fermentable soluble carbohydrates.
Some organisms, such as fungi and bacteria are however able to degrade

cellulose usually through expression of different enzymes named cellulases.



Cellulases

In general, enzymes catalyze chemical reactions by increasing the rate of
reaction by lowering the activation free energy. The reaction rate of many
chemical reactions is increased several millions times in the present of enzymes
and numerous essential reactions would in principal ‘not” or extremely rarely
occur without these biological catalysts (Nelson and Cox, 2008). Hydrolysis of
cellulose is clearly one such example. The most studied and industrial relevant
cellulose degrading catalysts are secreted by fungi. Here cellulases from the
filamentous soft-root fungus Trichoderma reesei are by far the most
investigated (Martinez et al., 2008). Trichoderma reesei was first discovered
under World War II in tropical regions where the fungus started to degrade
cotton tents and other materials from the army (Reese, 1976). The fungus was
named after one of the discoverer E.T. Reese, but was later found to be an
anamorph of the fungus Hypocrea jecorina®. The two cellobiohydrolases CelTA
and Cel6A, formerly known as CBHI and CBHII are the two most abundant
cellulases secreted by H. jecorina and likewise the most prominent enzymes in
commercial cellulase cocktails. Cel7A is reported to account for 40-60 % and
Cel6A for 12-20% of the total protein level secreted (Teeri, 1997, Rosgaard et
al., 2007). Both Cel6A and Cel7A are processive cellobiohydrolases which
means that they remain associated to the cellulose surface in between catalytic
cycles. However, besides both being processive CBHs Cel6A and Cel7A differ in
many aspects. Cel6A attack the non-reducing ends while Cel7A attack the
reducing ends of cellulose (Barr et al., 1996) and they use different catalytic
mechanisms (Claeyssens et al., 1990). Before focusing on the two
cellobiohydrolases, we should mention that synergistic cooperation between
different enzymes is essential for an efficient degradation of cellulose. By
synergy we mean that the combined hydrolysis of different cellulases is more
efficient than the sum of their individual activities. Already in the tentative

beginning of the cellulase research field the first synergistic model was

2 Hypocrea jecorina will be used consistent throughout the thesis



suggested (Reese et al., 1950) and since that many studies have investigated
the underlying mechanisms of cellulase synergism. One prominent type of
synergy is between endoglucanases and cellobiohydrolases. The classical
explanation for endo-exo synergy is that endoglucanases attack the cellulose
surface randomly, but with preference for amorphous regions, thereby
producing new chain ends for the cellobiohydrolases to attack (Teeri, 1997,
Percival Zhang et al., 2006, Payne et al., 2015). The cellobiohydrolases are thus
responsible for the primary hydrolysis, when degrading the more crystalline
cellulose. Finally the B-glucosidase digests soluble sugars into glucose to reduce
product inhibition. A more recent discovery of oxidative enzymes known as
AA9, AA10, GH61 or LPMO (lytic polysaccharide monooxygenases) added a
new mechanism for endo attack and a new aspect in the synergistic degradation
of cellulose (Vaaje-Kolstad et al., 2010, Lo Leggio et al., 2012, Levasseur et al.,
2013, Kim et al, 2014, Cannella et al, 2016). The synergy between
endoglucanases, cellobiohydrolases, LPMOs and B-glucosidases is illustrated in

Figure 4.

Jog o0 oL
OO = O O
Rt of

o o CBH1

00 LPMO
o
W CBH2 . Wes
rogY) O 000
OOk UO0-0-0- 00 O-0 000 OO0~ 00 O~0-0 LY

)OO0 0000000000 0000000~ 0000000000 OO0~ O~ OO0~ OO0
O-0~-0-0-0~0~ 00000000~ 0-0- OO~ OO~ O- 0~ OO~ 00 O~ 0- 000 OO0~ O~ 000 OO0~ 0~ OO O- OO0 00
O-0~0-0- 00~ OO0~ OO0 O0~-O- OO0~ OO0~ OO OO0 0000~ OO0 0~ O~ OO0~ 0 OO OO OO OO~ OO~ OO0 OO0~ OO OO0

OO0~ 0000000000 OO~ 0000 0000 O~ 0O~ 00000 OO0 OO OO0 00 OO0 0 OO OO0 0-0- OO

OO 0000 0py. L7 O~0~O-0- OO0~~~ 0 0000~ O-0-0-0 0
O £ 0‘ 0 Ok»oouoof»mw»(wm 000
L

EG

Q

R

Figure 4 Synergistic cooperation in degradation of cellulose. CBH1 (Cel7A) attacks
reducing ends, CBH2 (Cel6A) attacks non-reducing ends. EGs (endoglucanases) are able to
attack cellulose chains randomly with preference for amorphous region and LPMO (lytic
polysaccharide mono-oxygenases) makes endo attack by oxidative degradation. Finally BG

(B-glucosidase) digests soluble sugars into glucose.



Another conspicuous synergy occurs between exo-lytic enzymes such as Cel6A
and Cel7TA. The exo-exo synergy is studied in Article II and will be covered in

Chapter 4.

The next section serves to give an introduction to the structural similarities and

differences between the two cellobiohydrolases Cel6A and Cel7A.

Cellobiohydrolases Cel6A and Cel7A
The cellobiohydrolases Cel6A and Cel7A are responsible for the primary

hydrolysis of cellulose and the two CBHs have been major targets for enzyme
engineering. Cel6A and Cel7A belong to glycoside hydrolase family 6 and 7
(GH6 and GHT), respectively. Both families represent a large number of
characterized members (CAZy database) including both endoglucanases (EC
3.2.1.4 and EC 3.2.1.73) and cellobiohydrolases (EC 3.2.1.91 and EC 3.2.1.176).
In this thesis we will merely focus on the two cellobiohydrolases Cel6A and
Cel7A from the fungus Hypocrea jecorina. Both CBHs consists of a large
catalytic domain (core), a linker and a carbohydrate binding module as shown
in Figure 5 (Tomme et al., 1988). We will now look closer into the structure,

mechanism and function of the different domains.

HjCel6a

Cellulose

Non-reducing end Reducing end
Figure 5 The cellobiohydrolases hjCel6A and hjCel7A including core, linker and CBM.
Constructed in PyMol using PDB (4C4C, 1QK2, 1CBH, linker sequences are added

manually).



Catalytic core domain

The first three-dimensional structure of a cellulase was solved for Cel6A from
H. jecorina and the structure indicated that the active site was located inside a
tunnel enclosed by 2 loops (Figure 6 (right)) (Rouvinen et al., 1990). The large
core domain (~40 kDa) is dominated by a central barrel connected by a-helices.
The tunnel shaped catalytic domain of Cel6A was first assumed to interact
with the 4 glycosidic binding subsites -2-1,+1,4+2 but later suggested to
interact with 6 glycosidic binding subsites instead, -2-1,+1,4+2,+3 and +4
(Figure 6 (left)) (Harjunpaa et al., 1996, Koivula et al., 1998). The +4, and +3
sites are where the cellulose chain enters the tunnel and the -1 to -2 subsites are
the position of the cellobiose unit cleaved off during hydrolysis. In general,
glycosidic binding subsites in the catalytic core domains of glycosyl hydrolases
are termed by numbers and the cleavage site in the catalytic domain is used as
reference point (Davies et al., 1997). Binding sites towards the reducing end of
the cellulose chain are numbered positively +1,4+2,+3.. starting from the

cleavage point and opposite binding sites towards the non-reducing end of the

substrate are numbered negatively -1,-2,-3....

Figure 6 The catalytic tunnel of Cel6A (left). The 6 glycosidic subsites on the glucan chain
in yellow and the tryptophans contributing to the shape of the tunnel in blue. The -2 to -1
subsite is the cellobiose unit cleaved off during the hydrolysis. The entire core domain
viewed from the entrance of the tunnel (right). Illustration constructed in PyMol using
PDB 1QK2 and ligand from PDB 4AVO.



The structure of the core domain of Cel7A (~46 kDa) was solved in 1994 (PDB
1CEL) (Divne et al., 1994). In contrast to Cel6A the catalytic tunnel of Cel7A
does mainly consist of two opposing antiparallel R-sheets connected by loops
forming a B-sandwich (Divne et al., 1994). Like in Cel6A the active site of

Cel7A is also located inside the tunnel and here the tunnel is more enclosed by

several loops. The tunnel of Cel7A is suggested to interact with 9-10 glycosidic
binding subsites, named -7, -6, -5, -4, -3, -2, -1, +1, 42, +3 (Figure 7)(Divne et
al., 1998).

(1 N
\ A 'y 4 ‘ N\ \\ (
Figure 7 The catalytic tunnel of Cel7A (left). The 10 glycosidic subsites on the glucan
chain in yellow and the tryptophans contributing to the shape of the tunnel in blue. The
+2 to +1 subsite is the cellobiose unit cleaved off. The entire core domain viewed from the
entrance of the tunnel (right). Illustration constructed in PyMol using PDB 4C4C. The

potential 43 subsite is not illustrated.

Catalytic Mechanism

In general, the catalytic mechanism of Cel7A is a retaining mechanism whereas
the mechanism of Cel6A is an inverting mechanism (Claeyssens et al., 1990,
Davies and Henrissat, 1995). This gives rise to an overall retention (retaining)
or inversion (inverting) in the anomeric configuration. ILike for other glycoside
hydrolases the two hydrolysis reaction mechanisms involve proton donation to

the leaving sugar by a carboxylic acid group (Golan, 2011). Besides the proton



donor a nucleophile or base which attacks the anomeric carbon either directly

or through water molecules is also involved.

The catalytic mechanism of Cel7A is a so called two-step double displacement
mechanism where the nucleophile Glu212 attacks the anomeric carbon forming
the glycosyl-enzyme intermediate (Figure 8). Here Glu217 donates a proton to
the leaving sugar. Secondly Glu217 deprotonates a water molecule which then
attacks the anomeric carbon breaking the glycosyl-enzyme intermediate bond.
The original stereochemistry is retained. Asp214 is also suggested to be
involved in the catalysis with the role of coordinating the nucleophile in the

right position and charge (Stahlberg et al., 1996, Knott et al., 2014b).

Glu217 Glu217 Glu217 Glu217
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Figure 8 The catalytic mechanism of Cel7A from H. jecorina.
Modified from (Payne et al., 2015)

There has been more discussion about the catalytic mechanism of Cel6A in
particular identification of the nucleophile. The catalytic mechanism is a single
displacement inverting mechanism and it works by a “water wire” or Grotthuss
mechanism (Koivula et al., 2002). Here Asp221 acts as the proton donor and
Aspl75 acts indirectly as the catalytic base, where the proton is transferred
through two water molecules (Figure 9). Ser181 and the backbone carbonyl of
Asp401 keep the water molecule in the right position (Payne et al., 2015, Mayes
et al., 2016) .
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Figure 9 The catalytic mechanism of Cel6A from H. jecorina (Payne et al., 2015).

Carbohydrate Binding Modules (CBM)

Cel7A has a C-terminal CBM whereas Cel6A has a N-terminal CBM (Van
Tilbeurgh et al., 1986, Tomme et al., 1988). Both Cel7A and Cel6A have
carbohydrate binding modules that belong to family 1 (CBM1) and henceforth
they will be referred to as CBMcasa and CBMcera. The family I CBM is the
smallest CBM known and it is only found in fungal cellulases. CBM1 consist of
33-36 amino acids. The three-dimensional structure of the CBMceara was solved
by (Kraulis et al., 1989) by NMR spectroscopy and they found that the CBM
was organized into a wedge-shaped irregular R-sheet conformation. The planar
face of the CBM dominated by three aromatic residues forms a hydrophobic
surface that interacts with the cellulose surface (Kraulis et al., 1989, Linder et
al., 1995a, Mattinen et al., 1997b, Nimlos et al., 2007). No three dimensional
structure is solved for CBMcesa yet, but since the sequence is similar to CBM1
from Cel7A is it possible to predict a structural arrangement solely based on

the amino acid sequence.

CBM Cel7A TQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQOCL
CBM Cel6A QACSSVWGOCGGONWSGPTCCASGSTCVYSNDYYSOCL

Figure 10 Alignment of the CBM protein sequence from hjCel7A and hjCel6A made with
protein BLAST. The aromatic residues in the planar face are highlighted in bold.
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Figure 11 shows a predicted structure of CBMcesa in alignment with the
structure of CBMcara (PDB 1CBH). The aromatic residues in the planar face
are highlighted.

Figure 11 A predicted structure of CBMcesa (purple) modelled using Phyre2 in alignment
with the structure of CBMcera (grey) (PDB 1CBH). Aromatic residues (trypthophan W
and tyrosines Y) in the planar face are highlighted.

From the structure of CBMcara it is predicted that the CBM includes 2
disulfide bridges, whereas the CBMceasa might include 3 disulfide bridges. The
N-terminus of CBMcega is suggested to be covalently bond to the rest of the
structure through a disulfide bond between Cys3 and Cys20 (Hoffrén et al.,
1995, Carrard and Linder, 1999).

Figure 12 Left: Cel7A CBM with the two disulfide bonds 1) Cys8 - Cys25 and 2) Cys19 —
Cys35. Right: Cel6A CBM with the three predicted disulfide bonds 1) Cys10-Cys27, 2)
Cys21 — Cys37 and 3) Cys3 — Cys20. The third disulfide bond is constructed manually in
PyMol and not part of the homology model made in Phyre2.

It is generally accepted that the function of the CBM is to increase affinity for
the cellulose and to facilitate substrate binding (Tomme et al., 1988, Stahlberg
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et al., 1991, Boraston et al., 2004, Varnai et al., 2013, Payne et al., 2015).
Besides enhancing the affinity towards cellulose the CBM is also suggested to
reduce the crystallinity of the substrate. The presence or pretreatment of
isolated CBMs on crystalline cellulose have been shown to increase the
enzymatic hydrolysis (Lemos et al., 2003, Hall et al., 2011). CBMs seem to be
important for substrate affinity and the CBM has also been suggested to be
essential for cellulose hydrolysis (Tomme et al., 1988, Stahlberg et al., 1991).
However, more recent studies suggest that the significance of the CBM depends
on the experimental conditions (Le Costaouéc et al., 2013, Varnai et al., 2013,
Pakarinen et al., 2014). As we will see in Article III and VIII the CBM is
catalytically advantageous at low substrate load but disadvantageous at high
substrate loads. This finding seems to explain why some cellulases lack a CBM
and it is speculated that the water content of the natural environment where
the specific organisms live decides whether presence of CBMs is beneficial or
not (Varnai et al., 2013). In other words, the need for a CBM is dependent on

the condition where the hydrolysis takes place.

Extensively research has been made to understand the role of CBMs. A
collection of some essential articles that has investigated CBM1 are listed
together with their major findings in Table 1. We will return to the role of the
CBM of Cel6A and Cel7A later in Chapter 2.
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Table 1 Outline of a selection of essential articles that investigates CBM1 including some major conclusions

Conclusion(s)

Experimental conditions

Enzyme(s) from H. jecorina

Reference(s)

Cleavage of the CBM strongly reduces the activity towards Avicel

Endpoint, papain cleavage

Cel6A CelTA

(Tomme et al., 1988)

The structure of CBMI1 is a wedge-shaped domain with a planar face and

rough face

NMR

Cel7A

(Kraulis et al., 1989)

All CBMs show similar folding with a preserved binding surface, but different
rigidity

MD simulations

Cel7A, Cel6A EGI,
EGII, EGV

(Hoffrén et al., 1995)

The difference in affinity between Cel7A and EG1 is manly caused by Y/W

in position 5

Binding isotherms

Cel7A, EG1(Cel7B)

(Linder et al., 1995a)

Changes in the planar face affect the binding affinity and cannot be explained
solely by different fold of the peptide

Binding isotherms, NMR,

Cel7A (synthetic CBM)

(Linder et al., 1995b)

A double CBM exhibited much higher affinity on cellulose than either of the

single CBMs indicating interplay between the two domains

Binding isotherms

Hybrid of CBM from Cel6A and
linker and CBM from Cel7A

(Linder et al., 1996)

Tyrosine 5 has a structural and functional influence on the CBM, while Y31
and Y32 have only functional importance

NMR

CBM variants of Cel7A. Y5A, Y31A,
Y32A

(Mattinen et al., 1997a)

The three aromatic residues in the planar face interact with every second
glucose moiety on cellohexaose

NMR

CBM from Cel7A, EGl and YA
variants

(Mattinen et al., 1997b)

The binding of CBMcara is reversible while the binding of CBMcesa is to
some extent irreversible. Mutation W7Y and C3T+C20V made the binding
reversible

Binding isotherms, *H-labelled
CBM

Cel6A, Cel7A

(Carrard  and  Linder,

1999)

Correlation of activity and affinity constants of Y>W combinations and
some Y2F/G mutations in the planar face. WWY showed highest activity

and affinity

Hydrophobic chromatography,

endpoint, modelling

Cel7A (Hypocrea grisea)

(Takashima et al., 2007)

affinity against cellulose have improved activity (P30D, V27E together with

glycosylated linker variant)

isotherms

The water content determine the benefits of CBMs. Reducing the amount of  Endpoint, free enzyme Cel7A (Vérnai et al., 2013)
water favor cellulases without CBM determination, sequence data,
Variants with reduced affinity towards lignin, but unchanged or increased Endpoint activity and binding Cel7A (Strobel et al., 2015)

Binding of CBM on cellulose is strongly dependent on the substrate (wood or
bacterial cellulose) especially CBM-Cel7A seems to have different modes of
binding. CBM CelGA and Cel7A compete on binding sites.

Binding isotherms, *H-labelled
CBM

CBM-Cel6A, CBM-Cel7A,
hybrid CBM complexes

(Arola and Linder, 2016)
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Linkers

Extensively research has been done to understand the catalytic mechanism in the
core domain of Cel7A and Cel6A and also the role of the CBM has been
thoroughly investigated in the last decades. In contrast, only a limited amount of
studies have so far focused on the role of the linker. The sequences of the Cel7A
and Cel6A linker differ a lot (Figure 13) and none of the linkers are conserved
throughout their families. Both linkers are, however, rich in proline, glycine, serine
and threonine residues with a high degree of O-glycosylation on serines and
threonines (Figure 13) (Srisodsuk et al., 1993, Payne et al., 2013b).

*0¢ L &4
Cel7a T2 *
*90¢ *0¢ o0
-GNPPGGNPPGTTTTRRPATTTGSSPGP -
Celba
et s ldd 0000 0 000 L 4 & d 0 0000
00000 0o 00O

—ASSSSSTRAASTTSRVSPTTSRSSSATPPPGSTTTRVPPVG-

Figure 13 The sequences of the linker region of Cel7A(top) and Cel6A(bottom) and the
expected glycosylation pattern. Diamonds represents O-linked mannose residues. For Cel7A the
threoninens are heterogeneously mannosylated and here the predominant glycoform on each site

is shown. In Cel6A the heterogeneity of the glycols is not shown. Modified from (Harrison et
al., 1998, Beckham et al., 2010a, Sammond et al., 2012)

The glycosylated linkers were originally reported simply to serve as a flexible
connector between the catalytic domain and the CBM, but later different roles of
the linker have been suggested. For instance, it has been shown that the O-
glycosylation of the threonine and serine residues of the linker protect against
proteolysis (Langsford et al., 1987, Shen et al, 1991). More recently Payne and
colleagues (2013) proposed that the glycosylated linker binds dynamically and non-
specifically to the cellulose surface and thereby play a more direct role in
enzyme/substrate interactions. Table 2 summarizes a selection of articles that have

focused on fungal cellulase linkers including their major conclusions.
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Table 2 Outline of essential linker articles including some major conclusions.

Conclusion(s)

Experimental conditions

Organism and enzyme(s)

Reference

O-glycosylation on linkers protects against proteolytic attack

Western blotting and zymography

Cellulomonas fimi, Exg, EngA

(Langsford et al., 1987)

Sufficient spatial separation between core and CBM is required for an
efficient function of CBHI. Short linker deletion of hinge region did
not affect the enzymatic activity while a long linker deletion

dramatically reduced the rate.

Adsorption isotherms, activity

Hypocrea jecorina Cel7TA+ variants with

shorter linkers

(Srisodsuk et al., 1993)

(In agreement with cater-pillar model)

Cel6B-linker-linker-Cel6 A

Linkers might perform caterpillar-like motions when cellulases move SAXS Humicola insolens Cel45 (Receveur et al., 2002)
on the cellulose surface
Linkers are flexible and adopt both extended and compact structures SAXS Humicola insolens Chimeric cellulase (von Ossowski et al.,

2005)

The linker is essential for adapting to cold environment for the
psychrophilic Cel5G

Activity, fluorescence
quenching, DSC, SAXS

Pseudoalteromonas haloplanktis, Cel5G +

variants, Erwinia chrysanthemi Cel5A

(Sonan et al., 2007)

Optimal hydrolysis rate occurs at the transition from a compressed to

an extended linker conformation.

Modelling

(Ting et al., 2009)

O-glycosylation does not influence flexibility or stiffness of the linker

MD simulations

Hypocrea jecorina CelTA

(Beckham et al., 2010a)

Fungal cellulases are rich in proline, glycine, serine and threonine

residues, but no sequence homology is present.

Sequence alignment

GH6 and GHT7s

(Sammond et al., 2012)

Glycosylated linkers bind dynamically to the cellulose surface

MD simulations, binding isotherms w.
linker-CBM and synthetic CBM

Hypocrea jecorina, Cel6A and Cel7TA

(Payne et al., 2013Db)

Changing the glycosylation pattern and charge of the linker can
reduce lignin affinity and increase both affinity and activity against

cellulose

Endpoint activity and binding

isotherms

Hypocrea jecorina CelTA

(Strobel et al., 2015)

Linker length, flexibility and rigidity influence the kinetics of a non-
processive Cel5A. Stability and structure of CBM and core were not

affected by the changes in the linker

Activity(DNS), SAXS, CD

Bacillus subtilis, Cel5A

(Ruiz et al., 2016)
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Chapter 2

Cellobiohydrolase Kinetics

The kinetics of cellobiohydrolases is characterized by a dramatic slow-down in
reaction rate over time. This kinetic behavior complicates the understanding of the
enzymes and compared to many other enzymes the catalytic cycle of CBHs is slow
(Nelson and Cox, 2008). However, in comparison with the uncatalyzed spontaneous
hydrolysis of the B(1,4) glycosidic bonds in cellulose, cellulases are if anything
remarkable. From a predicted half-life of ~5 million years for the glycosidic bond to
a hydrolysis rate of several cleavages per second they are among the most
proficient catalysts (Zechel and Withers, 2000). The following chapter will focus on
the kinetics of these enzymes. First we will summarize some of the enzyme and
substrate related factors that can help to explain the characteristic rate decline in
cellulose hydrolysis. Hereafter we will briefly introduce two different models that
can be used to investigate the kinetics of cellulases. The models are based on
previous work within the research group (Praestgaard et al., 2011, Cruys-Bagger et
al., 2013a, Kari et al., 2017). Finally a selection with kinetic results where these

models are used will be presented.

For clarity and before focusing on cellobiohydrolase kinetics we should briefly
examine the different possible states of cellobiohydrolases during hydrolysis. First
the enzyme can be free in solution (not bound or associated to the substrate).
Second the enzyme can be in the ES (enzyme-substrate) complex, where the CBM
is associated with the substrate and a cellulose chain threaded into the tunnel.
Then we have two modes in between; where the core is threaded without the CBM
being associated and the CBM being associated without the core being threaded.

The four different modes are illustrated in Figure 14.
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Free

Associated

Associated & Threaded
Threaded

Figure 14 Four different states of a cellobiohydrolase: 1: Free, 2: Associated and Threaded,
3: Threaded and 4: Associated.

From the different modes of cellobiohydrolases it is obvious that only two
situations are productive modes, namely where the enzyme is associated and
threaded or where the enzyme is threaded. However as we will discuss later,

cellobiohydrolases in these two states will not necessarily be productive.

Part I - Non-linear Kinetics

Many different explanations have been suggested to explain the non-linear kinetics
and one way to classify these interpretations is that they can either be agsigned the
enzyme or the substrate (Mansfield et al., 1999, Yang et al., 2006). Understanding
the characteristic rate decline is complicated also because the slow-down occurs at
different time-scales. The rate decline is most likely a combination of several

factors where some of them will be presented here.

Enzyme related factors

Examples of enzyme related factors that can slow down the reaction rate of
cellobiohydrolases over time can be: instability of the enzymes, product inhibition,

irreversible adsorption to cellulose, enzyme jamming or a slow dissociation rate.
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Binding Reversibility

An enzyme-substrate complex can be formed without being productive for instance
due to obstacles that prevent the processive movements of the enzymes. In this
non-productive mode a reversible binding is critical in order to dissociate and then
be able to reinitiate the catalytic cycle elsewhere. There have been controversies on
whether the cellobiohydrolases Cel7A and Cel6A binds reversible to cellulose.
Studies reporting full reversibility, irreversibility or partially reversibility all exist
(Kyriacou et al., 1989, Nidetzky et al., 1994a, Palonen et al., 1999, Zhang and
Lynd, 2004). In Article VI the reversibility of Cel6A and Cel7A was investigated.
To summarize we found fully dynamic equilibrium of both Cel6A and Cel7A in
experiments where we released the enzymes by simple dilution. In contrast,
experiments with centrifugation and resuspension of the pellet showed extensively
irrevergibility of the enzymes. Based on these results we speculate that
centrifugation of cellulose could change the substrate somehow that these changes
hinder or delay release of the CBHs. We imagine that some of the cellulases might
be trapped in the cellulose crystal during centrifugation. The difference in the
results between the two experimental procedures might explain some of the

disagreement about reversibility of cellulases in the literature.

Dissociation

The binding of both Cel6A and Cel7A is reversible, but that does not mean that
the dissociation of the enzymes is fast. In contrast, many previous studies suggest
that the dissociation of the enzymes from the cellulose surface is rate-limiting for
the overall hydrolytic reaction (Jalak and Valjamée, 2010, Kurasin and Véiljamée,
2011, Praestgaard et al., 2011, Cruys-Bagger et al., 2013b). Unlike factors such as
production inhibition and enzyme stability the slow dissociation rate can explain
why the rate decline already takes place in the very early phase of hydrolysis.
Results from Article I, II, III, IV, VIII strongly support this hypothesis, since

19



variants with lower affinity possess higher maximal catalytic activity, which is in
agreement with other studies (Kari et al, 2014, Sgrensen et al., 2017). The
potentially increased dissociation rate of the variants has been suggested to explain
the improved activity. This might appear counter intuitive since substrate affinity
is essential in order to adsorb to the cellulose surface prior to hydrolysis. The
underlying reason for this inverse correlation relies in the nature of the
heterogeneous substrate and the processive behavior of the enzymes. A
cellobiohydrolase moving along the cellulose chain during the processive cycle
might encounter an obstacle for instance disordered cellulose chains. The enzyme is
now stuck in an un-productive mode until dissociation (Eriksson et al., 2002).
After dissociation the free enzyme can reinitiate hydrolysis by attacking a new
cellulose chain end. We will return to this reverse relation between activity and
affinity in Part III. Another side effect of un-productive bound CBHs might by
enzyme jams, where a stuck CBH block for the processive movement of other
CBHs (Igarashi et al., 2011, Bubner et al., 2013).

Product Inhibition

Product inhibition of Cel6A and Cel7A is not covered in this work, but we would
still like to address a few comments. Both Cel6A and Cel7A are inhibited by both
cellobiose and glucose (Murphy et al., 2013, Teugjas and Véljamée, 2013). Cel7A is
much more inhibited by cellobiose than Cel6A and conversely Cel6A is more
inhibited by glucose than Cel7A. The cellobiose inhibition of cellulose hydrolysis of
Cel7A has recently been suggested to be non-competitive inhibition (Kuusk et al.,
2015, Olsen et al., 2015). Cellobiose inhibition can easily be prevented by addition
of B-glucosidase. On the other hand the weaker inhibition of the end product
glucose is more challenging to prevent, but can be reduced by simultaneous

fermentation.
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Enzyme Stability

Inactivation of the cellulolytic enzymes makes up another potential reason for the
observed slowdown. In Article V we investigated the stability of Cel6A and Cel7A
using differential scanning calorimetry (DSC) and we found the method very
effective for in situ stability. The transition temperature, Tr, for Cel7A is increased
in the presence of substrate, while the Tt for Cel6A is unaffected in the presence of
substrate, see Table 1. We speculate that this difference is caused by a stronger
binding of Cel7A compared to Cel6A.

Table 1 Transistion Temperatures (Tr) for Cel6A and Cel7A determined with and without
substrate (data from Article V)

Hydrolysis samples  Reference samples

(60 g/L Avicel) (buffer)
Cel7A 70.5°C 0.3 66.1°C £ 0.03
Cel6A 66.9°C +1.3 66.5°C £ 0.2

In the same study we estimated long-term stability and we found that the stability
depends on the thermal stress conditions and the presence of substrate (Figure 15).
Interestingly, and contrary to the above observations, the loss of native enzymes
was much higher in the presence of the substrate Avicel for both Cel6A and Cel7A.
The experiments further showed a consistently higher gradual loss of native
enzymes for Cel6A compared to Cel7A. In the most severe case Cel6A lost as much
as 80% of the native enzymes after 53 hours incubation with Avicel at 49°C. Also
Cel7A showed substantial loss of native enzymes under the same conditions as
shown in Figure 15. Since the loss of enzymes is much higher in the presence of
substrate the interactions with Avicel do somehow contribute to enzyme
instability. These results can be explained by surface aggregation in the solid liquid
interface. This observation is important since transition temperatures might be

deceptive of enzyme stability. We expect that for industrial or commercial use the
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long-term stability in the presence of biomass is critical and should be controlled

for the cellulases that constitute commercial enzyme cocktails.

Reference Sample

Hvdrolvsis Sample

0251 Cel6A

25°C

Fraction of native enzymes

1.00 w\’uﬁn—\‘“
49°C
075
050
0251 Cel7A Cel7A
0.00 . . : . . :
0 15 30 45 0 15 30 45

Time (hours)

Figure 15 The relative decrease in the fraction of native enzymes after thermal stress at
different time scales, when incubated with buffer (reference sample) and with 60 g/L Avicel

(hydrolysis sample) (Adapted from Article V).
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Even though instability of Cel6A and Cel7A should be notified the dramatic slow-

down in activity within the time scale of seconds or minutes at very low enzyme

concentrations must additionally be caused by other factors. Besides enzyme

related factors there are also other factors that can explain the pronounced slow-

down in activity, which are more directly related to the substrate.
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Substrate Related Factors

The deceptive simplicity of the repeating cellobiose unit in cellulose does not reflect
the complexity of biomass. As mentioned earlier biomass is extremely complex and
consists of many components including cellulose, but even within cellulose the
heterogeneity is marked (Mansfield et al, 1999). Common for substrate related
factors that can influence the dramatic slow-down in activity is that they are
somehow connected to the heterogeneity of the substrate. Substrate related factors
that can affect the enzymatic hydrolysis are particle size, surface area,
pretreatment including the effect of drying, crystallinity, substrate depletion,
porosity and degree of polymerization (DP) (Mansfield et al., 1999, Jeoh et al.,
2007). These factors are all connected to substrate accessibility. When focusing on
cellulase action, we imagine that more easily accessible parts of the particle will be
degraded first and the less accessible parts later. Potentially a rapid hydrolysis of
more amorphous regions followed by a slower degradation of highly crystalline
regions. The impact of substrate accessibility and substrate specificity on the
kinetic behavior of Cel6A and Cel7A will be discussed later.

Part II - Modelling Cellulase Kinetics

Many different models have been suggested to explain cellulase kinetics and many
of them use different parameters and assumptions (Zhang and Lynd, 2004, Bansal
et al, 2009). It is clear that the different models depend on the experimental
conditions, which is also the case for the models presented here. The two models
used in this work will only be described briefly and for a more detailed description
of the models is referred to their main articles (Cruys-Bagger et al., 2013a, Kari et
al., 2017). Before focusing on the models we will briefly look at traditional enzyme

kinetics.
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Traditional Enzyme Kinetics

The reaction scheme of a traditional reaction where an enzyme (E) converts a

substrate (S) into a product (P) can be written as:

ko“ 'irat
E+S < >ES~-E+P (1)
off

where ES is the enzyme substrate complex. The rate constant k. is often termed

the turnover number, which is the maximum number of substrate molecules

converted to product per second per enzyme molecule, k., is the association

constant in which the enzyme binds to the substrate to form the ES complex and

ko# the dissociation constant in which the enzyme unbinds the substrate. If we
d[ES]

consider quasi steady state assumption (QSSA) (7 ~ 0 ) and that Sy > E, and

thereby S, = [S] together with enzyme conservation Ey = [E] + [ES], where E; and
Sy are the initial enzyme and substrate concentration, respectively, we can use the

widely used Michaelis Menten (MM) equation

= Vmaxso (2)

where v is the initial velocity of the reaction, V.. the maximal reaction velocity or

reaction rate, Ky the Michaelis Menten constant, which is the substrate

concentration at which the reaction rate is half V.. The parameters Vimae and Ky
_ kcat + koff

in the MM equation are defined as Vygx = kcatEo and Ky = 0 (Nelson and
on

Cox, 2008). The MM relation between initial reaction rates and substrate
concentration and the above kinetic parameters have contributed to a fundamental
understanding of enzymatic systems where both enzyme and substrate are in

solution.
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Another and less widespread Michaelis Menten equation (3) is the inverse relation
where E, > S, and where a low substrate load is saturated with enzymes.

p = VmaxEO (3)
Ky + Eg

here Viax = kcarSo and for homogenous enzymatic system both k... and Ky obtained

from eq. (3) is identical to the parameters obtained from the conventional relation

in eq. (2) (Bajzer and Strehler, 2012).

The degradation of cellulose by cellulases varies compared to traditional enzymatic
reactions because the substrate is insoluble. This means that cellulases require
adsorption to the substrate prior to the enzymatic reaction and that the hydrolysis
of cellulose takes place in a solid-liquid interface. This heterogeneity complicates
the understanding of cellulase kinetics especially because it is the substrate that is
insoluble. Different kinetic models have been proposed to be valid for cellulase
kinetics (Bansal et al., 2009), but no generally accepted rate law is defined for
surface active enzymes despite that many enzymatic reactions other than cellulases

acting on cellulose take place in the solid-liquid interface.

Modelling Processive Enzymes

As described earlier cellobiohydrolases are processive enzymes, which mean that
they remain associated to the substrate in between each catalytic cycle. A
simplified reaction scheme of processive cellulases can be written as in Figure 16
(Praestgaard et al., 2011, Cruys-Bagger et al., 2012a). Here the enzyme E adsorbs
to the cellulose strand Sy forming the complex ES, where x describes the degree of
polymerization (DP) of cellobiose units. This complex formation or association of
enzyme and substrate is governed by the rate constant ,k... After the complex is

formed the reaction can then proceed in two directions; either the enzyme makes a
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catalytic cycle in which cellobiose (C) is cleaved off governed by the catalytic rate
constant ke or the enzyme dissociates governed by the rate constant pkox. The

total number of steps n, reflects the processivity of the cellobiohydrolase.

& - |1 -

\‘kon pkcat pkoV
] —_—

o &
OO0 D-0~0-00~-0-0-0r
OO~ OO~ O-0~0 -0 OO0 OO O-0~0-0r
OO~ OO O-C OO OO OO OO0

o

pkan pkcat pkcat pkcat
E+5, ES,—> ESy_{ +C —> ESy_p +C ... —>ES,_, +C
ipkoff lpkt)ff lpkoff l pkorr
E+S, E+S,_, E+S,_, E+S,_,

Figure 16 The reaction scheme of processive cellulases as explained in the main text (bottom)
together with a more simplified visual illustration of the meaning behind the rate constants ,kon,
pk(‘a[ arnd pku/'/' (tOp)

In the model developed by Praestgaard et al (2011) values of ,ka, pkon and pkog can
be estimated using pre-steady state kinetic measurements. Here the characteristic
burst phase (Kipper et al., 2005, Jalak and Véljamée, 2010, Praestgaard et al.,
2011) where the reaction rate accelerates within a very short timeframe has to be
captured. This requires advanced and very sensitive experimental set-up followed
by a complicated mathematical analysis. Compared to simple endpoint
measurements this procedure is inconvenient even though the development of
sensitive amperometric biosensors with high time resolution (Cruys-Bagger et al.,
2012b) has shown to be a strong experimental tool. After the so called burst phase
a steady rate appears. This steady-state rate can easily be approximated with use
of simple endpoint measurements. Based on the same reaction scheme an
alternative and more applicable steady-state model was developed (Cruys-Bagger

et al., 2013a). The steady-state model is created from traditional MM kinetics. As

26



USS

indicated in the name the model is based on the QSSA, which means that all
enzyme-substrate intermediate or complexes are in steady-state (% = 0) during
the hydrolysis. Based on the same assumption an inverse steady-state MM
approach was recently developed and found to be very valuable in the kinetic
characterization of cellobiohydrolases (Kari et al., 2017). Both steady-state models

will now be introduced.

The Steady-State Model & the Inverse Michaelis Menten Approach

Since cellulases show so called “double saturation” behavior where the hydrolysis
rate levels off with either substrate or enzyme concentration (Sattler et al., 1989,
Bezerra and Dias, 2004) we have chosen to use two different kinetic models. The
conventional steady-state model is based on substrate saturation with substrate
excess So>>E like in the original MM equation while the inverse steady-state MM
approach is based on enzyme saturation with enzyme excess Eo>>S;. The simple

concept behind the two models is illustrated in Figure 17.

N M
Conventional

Inverse

vSS

5] - [£]
Substrate

Figure 17 The simple concept behind the steady-state model (left) and the Inverse Michaelis
Menten approach (right).
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Here steady-state rates (vg) are estimated after the characteristic burst phase, but
before any noticeable changes in substrate concentration. The fundament of both
steady-state models relies on traditional MM or inverse MM kinetics except that
the maximal reaction velocity and the Michaelis Menten constant are defined

differently. The essential equations that define the two models are listed in Table

3.

Table 3 Outline of essential equations and definition of kinetic parameters in the processive
steady-state model and the inverse MM approach

Steady-State Model Inverse MM Approach

(Conventional)

coanM = pkoff inv g pkcat + pkoff
pkon pkon
Assumption: Assumption:
So + Ky »> Ey Ey™+Ky, > S,

From the equations in Table 3 two new parameters appear in the definition

of ¥iny . First pKcar that differs from ,kcqr in which it is the average apparent
catalytic rate constant. For clarity we define an attack site as a site where the

CBH can associate to and generate products. In a condition with enzyme excess all
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attack sites will be covered with enzymes both easily (good) and hardly (poor)

accessible attack sites. ,kcq; is therefore an average catalytic rate constant of
both good and bad sites. In contrast we expect that mainly easily accessible or
good attack sites will be covered at substrate saturation in the conventional
condition. Especially if we consider much higher specificity for good sites compared

to poor sites. We therefore expect that the apparent processive catalytic constant

pkecar is higher than ,k.q;. The second parameter kinp o is somehow related to
the common binding parameter I[',,,,, which is the binding capacity or the amount
of binding sites per substrate mass. As we will discuss later is a substrate binding
site not necessarily also an attack site and the related parameter ¥™T,,,, terms in

this way the amount of attack sites per substrate mass.

Assumptions for validity of the two models

Cellulases have a characteristic burst phase which means that the reaction rate at
pre-steady state accelerates fast followed by a steady-state rate. In other words the
rate of hydrolysis reaches a plateau (steady-state) after this so called burst in
activity. This steady-state rate (vy) is a pseudo-steady state approximation, since
the reaction rate continues to slow-down over time. Taken this into account the
experimental reaction conditions were prudently chosen. We aimed to estimate the
initial rate as the slope from t=0 and the chosen reaction time. Here the optimal
reaction time is where we have minimal impact from the activity burst and still are
able to neglect impact from enzyme inactivation and product inhibition. Here a
reaction time of 1 hour was shown to be competent. Another assumption is that
the kinetics of the cellulase-cellulose system follows the fundamental laws of mass
action, which means that the rate of reaction is proportional to the product of the
concentration of the reactants ([E] - [Sy]). The substrate cellulose is insoluble which
complicates a determination of the molar substrate concentration. The majority of
the B(1,4) glycosidic bonds in cellulose is not accessible for CBHs. As CBHs

predominantly attack chain ends a rough estimate of the number of attack sites
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could potentially be estimated with information about DP, but since far from all
chain ends will be accessible some chain ends will not appear as attack sites.
Instead of using uncertain quantifications of the molar substrate concentration we
assume that substrate dosage is proportional to attack sites as argued earlier
(Cruys-Bagger et al., 2013a). This means that the kinetic values, which are based
on the substrate mass is strongly dependent on the specific substrate. Next we
assume that the number of attack sites is maintained during hydrolysis at least at
low conversion. We imagine that new attack-sites will appear with the same rate
as the original ones depletes. When one cellulose layer is peeled off new attack sites
will be accessible in the new layer. The assumption of substrate conservation
correlates with the appearance of a binding-equilibrium (Medve et al., 1998).
Medve et al (1998) found that the fraction of bound enzymes remained constant
within 1 hour of hydrolysis indicating that the number of binding sites (which
might be proportional to attack sites) is maintained. The enzyme concentration is
easier to handle and we also assume enzyme conservation Ey = [E] + [ES]. This
means that we neglect any effects of product inhibition and enzyme inactivation.
In the following section we have therefore used short time hydrolysis (1 hour) and
low temperature (25°C) to prevent enzyme denaturation or surface aggregation.
The impact of product inhibition is also neglected, since only minor release of
product accumulate within this time frame. As described earlier we showed in
Article V that binding of both Cel6A and Cel7A is reversible at least within 1 hour
of hydrolysis, which suggests that a dynamic equilibrium between cellulases and

cellulose exist.

During the last decades several kinetics models have been developed and used to
elucidate cellulase kinetics (Zhang and Lynd, 2004, Bansal et al., 2009) and as
mentioned earlier different kinetic models are strongly dependent on the
experimental conditions. This complicates any comparative evaluation of kinetic
parameters between studies since the experimental conditions most likely deviate.

Based on this, the focus in the next chapter will not be to compare the
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forthcoming estimated kinetic values with earlier kinetic studies. Instead the

primary focus will be on what information we can subtract from a direct kinetic

comparison of the two CBHs Cel6A and Cel7A.

Part III - Kinetics of Cel6A and Cel7A

Cel6A and Cel7TA are the two most abundant cellulases secreted from H.
jecorina and the two only cellobiohydrolases. Besides attacking different chain
ends, having diverse mechanism and structure one could argue that these
enzymes are evolved to carry out similar efforts just working in different ends.
Another interpretation of the dominance of the two CBHs in the secretome of
the fungus is that differences in their specificity and activity help the organism
to degrade the heterogeneous biomass. The appearance of a significant degree of
synergy between Cel6A and Cel7A supports the latter. This exo-exo synergy is
discussed in Chapter 4.

A direct biochemical comparison of Cel6A and Cel7A will now be presented to
elucidate their roles and interrelationships in the degradation of cellulose. First
we applied the two steady-state models visualized in Figure 17, where we either
saturated the enzyme with substrate or oppositely saturated the substrate with
enzyme. The experimental data together with the fit of the equations from the

two models are shown in Figure 18.
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Figure 18 Experimental data from Cel7A and Cel6A using the conventional steady-state
approach where 200 nM enzyme were saturated with Avicel (left) and the inverse steady-
state approach where 2 g/L. Avicel was saturated with enzyme. Steady-state rates estimated
after 1 hour hydrolysis. Since B-glucosidase was added rates are given as production of
glucose. Figure adapted from Article I

If we first focus on the left (conventional) part of Figure 18, where we have
measured the steady-state rate at different substrate loads of both enzymes, it is
obvious that Cel6A is a much faster enzyme than Cel7A. The estimated kinetic
parameter is listed in Table 5 in the next section and “"pV,,, for Cel6A is 0.87
s! compared to only 0.20 s* for Cel7A. If we consider that the off-rate is a rate
limiting factor one could speculate if Cel6A has a higher off-rate than Cel7A.
Returning to the structure of their two catalytic domains the longer tunnel with
more loops enclosing the tunnel in Cel7A might results in a reduced ability to
dissociate. The higher value of “" K for Cel6A (31.6 g/L vs 9.1 g/L for Cel7A)
support this prospect of lower substrate affinity for Cel6A compared to Cel7A
and does also indicate a higher ko A higher specific activity of Cel6A
compared to Cel7A has previously been reported (Stahlberg, 1993, Medve et al.,
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1994, Nidetzky et al., 1994a) and Medve et al (1994) also found a lower binding
capacity of Cel6A compared to CelTA.

Looking at the right part of Figure 18 the opposite relation appears. At enzyme
loads higher than 1 pM a higher steady-state rate is determined for Cel7A
compared to Cel6A using low substrate load. According to Table 3 and Figure
17 the higher maximal rate of Cel7A under these conditions can be interpreted
in two ways. Either is the average catalytic constant ( E) higher for Cel7A
or the number of attack sites on the surface (¥"'I',4,) higher. Since Cel6A is
much faster in the conventional plot and at pre-steady-state as we will see in
part IV the first explanation is unlikely. Instead we assume that the attack sites
density on the cellulose surface is higher for Cel7A compared to Cel6A. One
could say that Cel6A is a picky cellobiohydrolase with only few attack sites,
where Cel7A is more promiscuous and can attack a broader range of different
sites. When only limited substrate is available it seems to be essential with a
high ability to locate substrate sites. These data support the findings by Jeoh et
al. (2007) who reported that higher cellulose accessibility is pivotal for a high
cellulose conversion. At least on Avicel we find a similar relation and we
speculate that this can explain why Cel7A is the major components in industrial
enzyme cocktails though it has a relatively slow maximal reaction rate. One
could argue that the high ability to locate attack sites must be related to
binding affinity to the substrate. When comparing “™K, values this also
indicates higher affinity towards Avicel for Cel7A (lower “*Ky). In order to
elucidate this idea further we estimated binding affinity by traditional Langmuir
binding isotherms where substrate is saturated with enzyme. After incubation
the amount of free enzyme was determined by intrinsic fluorescence as described
in Article VIII. From the values of free enzymes the amount of bound enzyme

was estimated and plotted against free enzyme concentration, Ege as shown in

Figure 19 and fitted to a standard Langmuir isotherm I' = [}, Ki% Based
dTEfree
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on the Langmuir parameters the partitioning coefficient, Kp=Tm./Ka was

calculated as done elsewhere (Palonen et al., 1999).
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Figure 19 A traditional Langmuir binding isotherm of Cel6A and Cel7A using 10 g/L avicel
at 25°C.

We noticed that dissociation constant Kjis similar, between the two wild types,
while a difference is observed when comparing the binding capacity T'max. This
indicates that the affinity once bound is similar between the Cel6A and CelTA,
but that the ability to locate binding sites is higher for Cel7A.

Table 4 Parameters extracted from the Langmuir binding isotherms

Binding isotherms

Avicel
| Ka Ky
(umol g (uM) (liter g1)
Cel6A 0.148 + 0.008 0.21 +0.04 0.704
Cel7A 0.208 +0.014 0.18 +0.04 1.148

34



The Langmuir equation is widely used within this field although cellulase
binding has been criticized not to comply with the underlying assumptions in
the model. One of the challenges by using the Langmuir isotherm is that the
heterogeneous nature of cellulose very likely consists of different binding or
adsorption sites. Other alternative adsorption models have been suggested
(Medve et al., 1997, Zhang and Lynd, 2004), but we find the simple Langmuir
isotherm useful in the comparison of the two cellobiohydrolases. We though
agree that the use of traditional binding isotherms does not give varied or
detailed insights in the substrate-enzyme interactions or the heterogeneity of

cellulose.

Cellulose consists of Good and Poor Attack Sites

The heterogeneity of cellulose is complex and we will now discuss how this can
be relevant in the direct comparison of Cel6A and Cel7A. According to the
heterogeneity of cellulose we suggest that the substrate consist of both good and
poor binding and attack sites. Our results indicate than when plenty of good
sites are available at high substrate load it is beneficial to have a low affinity
and fast cellobiohydrolase such as Cel6A. Here it is the rate of dissociation that
limits the overall reaction rate. Conversely if only few attack sites are available
an improved dissociation rate will not be an advantage. Here it is more crucial
to harness all available chain ends. Our findings together with previous work
(Kari et al., 2017) suggest that the inverse MM is valuable when investigating
the enzymes ability to attack cellulose. We have seen when saturating a low
substrate load with enzyme that the ability to find attack sites becomes
essential. This is somehow related to the binding capacity of the enzyme, since
the ability to associate to a broad range of binding sites is a prerequisite to
attack these sites. From these results we suggest that Cel6A discriminate
strongly against good and poor sites and Cel7A must be better to associate to

and hydrolyze poor sites. Another aspect is if the number of good sites is simply

35



higher seen from Cel7A perspective compared to the perspective of the pickier
Cel6A. When attack sites appear as poor sites for Cel6A similar attack sites
might appear as good sites for Cel7A. This might be related to difference in
substrate specificity between the two cellobiohydrolases. Cel6A has earlier been
reported to have high activity on amorphous cellulose region and poor activity
on highly crystalline regions, while Cel7A, on the other hand, is very efficient in
degrading crystalline cellulose (Stahlberg, 1993, Gruno et al., 2004, Ganner et
al., 2012, Bubner et al., 2013).

Not all Binding Sites are Attack Sites

In Article I we also approximated a rough estimate of the attack density

described by the parameter “"T',... Since the MM constants in the conventional

T Vimax/So

and inverse plot both reflect half-saturation we argued that ¥"T,,,, ~ oy o
By using this approach T, = 0.038 pmol/g for Cel6A and much higher 0.29
nmol/g for Cel7A. When knowing “"T'p. and T'pmax from the binding isotherms
we can estimate how big a fraction of the binding sites are actually also attack
sites. From the binding isotherms in Article I we found I'ma. values of 0.17
pmol/g for Cel6A and 0.30 pmol/g for Cel7A. We note that these values are
higher than those presented in Table 4 as enzyme adsorption continuous up to

high enzyme concentrations as described by Jalak and colleagues (2014) (Jalak

and Valjamée, 2014). When using the T'm.. values covering the broader range of

kin
enzyme concentrations we found that for Cel7A ~mar _ 997 telling us that

Fmax
essentially all binding sites are also attack sites. For Cel6A, on the contrary,
kinr

—max _ ().22 indicating that for Cel6A the majority of the bound enzymes are

Fmax

just bound without being active.
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To further test this hypothesis we tested if two enzyme injections upon each
other gave rise to a similar activity response using biosensor real time
measurements. With both Cel6A and Cel7A the second injection gave a smaller
response than the first injection and apparently, from the inserts in Figure 20,
we see that the relative size of the second activity response is lower for Cel6A
compared to Cel7A. This result further support that when the best attack sites
are already occupied the new injection of Cel6A enzymes find it more difficult to
find new sites compared to the new injection of Cel7A molecules, Figure 20. In
good agreement with our estimation of a higher attack site density on the

cellulose surface for Cel7A compared to CelGA.
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Figure 20 Discovering the 1. and 2. burst using a real time biosensor with 40 g/I. Avicel
and 100 nM enzyme at each injection corresponding to 200 nM after 2. injection. The second
injection was made after 150 sec of hydrolysis and the size of the second burst was
determined simply by subtracting the signal from the run with only a single injection.
Figure from Article I.

To summarize the comparison of Cel6A and Cel7A showed us that Cel6A is a
much faster cellobiohydrolase, but also much more “picky” than Cel7A. Cel7A is

slower, but very promiscuous and able to attack most binding sites.
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A last comment to this section is a notice on the importance of a comprehensive
kinetic analysis of the enzymes instead of just single activity endpoint
measurements. Obviously when comparing data and experimental conditions in
the left and right part of Figure 18 two very distinct pictures appears. In a
hypothetic situation where a single endpoint measurement was made to compare
the hydrolytic activity of Cel7A and Cel6A two widely different conclusions
could appear. In one case, we would hypothetically conclude >3 times higher
activity of Cel6A compared to Cel7TA and in the other extreme, opposite
conclude =1.5 times higher activity of Cel7A compared to Cel6A.

Part IV - The Role of the CBM

We know that both Cel6A and Cel7A are naturally expressed as multi-domain
enzymes and in addition to the catalytic domain they also consist of a linker
and CBM. First, we studied the role of these domains by expressing isolated
core enzymes and compared them with the wt enzymes. These enzymes consist
only of the catalytic domain (core) and hence lack both linker and CBM. The

content of this section is mainly based on the findings in Article III.

Like earlier, the processive steady-state model and the inverse MM approach
were applied on the core enzymes in comparison with their respective full-length
enzymes as shown in Figure 21 and the extracted kinetic parameters collected in
Table 5.

If we first focus on the conventional (left) part of Figure 21 interestingly it
appears that both core enzymes have higher maximal specific rate (,Vmax/Eo)
than their wt enzymes. The two core variants established higher activity at high
substrate loads, >15g/L Avicel for Cel7A core and >35g/L Avicel for Cel6A

core. This contrary relation between affinity and activity was shown in the
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previous section by comparing Cel6A and Cel7A, but also here by comparing

Cel6A and Cel7A with their core enzymes.
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Figure 21 A comparison of Cel6A and Cel7A with their corresponding core enzymes using
the two models. The fit of the MM equation and the inverse MM equation is shown in solid
lines for the wild types and in dottes lines for the core enzymes. Standard errors show
deviation from triplicates or duplicates. The dataset for Cel6A and Cel7A is the same as
presented in Figure 18. Data is adapted from Article III.
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Table 5 Kinetic parameters extracted from Figure 21 using the conventional steady state

model and the inverse Michalis Menten approach.

Conventional MM plot Inverse MM plot
pVinax/Eo pKm inv Vinax inoKm
(s (g liter") (umol g s7) (@M)
Cel6A 0.869 + 0.045 31.6+3.8 0.033 +0.002 0.506 + 0.050
Cel6A core 1.657 +0.071 1009 £ 6.7 0.012 £ 0.001 0.481 £ 0.083
Cel7A 0.199 = 0.009 9.1+15 0.057 £0.002 1.343 +0.112
Cel7A core 0.388 = 0.015 345+3.0 0.013 £ 0.002 1.554 +0.488

This relation between core and wt has previously been shown for GHT7
cellobiohydrolases (Le Costaouéc et al., 2013, Varnai et al., 2013, Pakarinen et
al., 2014, Sgrensen et al., 2015a, Sgrensen et al., 2015b), but apparently a
similar relation is present for Cel6A. So even though we assume that the
inherent dissociation is higher for Cel6A compared to Cel7A a decreased affinity
still seems to improve the maximal rate at high substrate loads. Earlier we
suggested that k. must be higher for Cel6A compared to Cel7A, but the
dissociation rate might still be rate-limiting since a further reduced affinity in
the core enzyme resulted in higher activity. In Article VIII we discovered for
two GHT7 cellobiohydrolases that the catalytic advantage/disadvantage of a
CBM is strongly influenced by temperature. The substrate concentration at
which it becomes beneficial to lack the CBM increased with temperature. Thus
at high temperature the presence of a CBM is an advantage for the hydrolytic
activity in a larger substrate range. We explain this by the temperature induced
enhanced ability to dissociate. Hence the off-rateis temperature dependent and
increases with temperature. Since we expect the higher off-rate to be the force of

the core enzymes this advantage is reduced when the temperature is increased.
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The kinetic difference between wt and core enzymes is even more pronounced in
the Inverse plot. Here the activity is strongly reduced for the core enzymes and
it becomes clear than the presence of linker and CBM is essential at high E/S
ratio. Referring back to the same metaphor as earlier both core enzymes must
be extremely picky. The core enzymes only showed affinity and activity towards
limited selected sites. We interpret these results and suggest that both the
number of binding sites, but more important in the current context also the
number of attack sites is much fewer for the core enzymes compared to the full
length enzymes. Regarding the differences in cellulose adsorption between wt
and core enzymes, many binding studies including results in Article III support
that the CBM is essential for the adsorption to cellulose (Stahlberg et al., 1991,
Stahlberg, 1993, Nidetzky et al., 1994a). More interestingly the lack of a CBM
seems to obstruct the ability to find attack sites and we imagine that several
attack sites can only be located with the aid from the CBM. This agree with the
finding that the need for a CBM increased with substrate conversion (Stahlberg
et al., 1991). The concept of this idea is illustrated in Figure 22, where the wild

type enzymes have many more attack sites than the core enzymes.
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Figure 22 An illustration that shows that wild type enzymes with linker and CBM (top) are
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much better to locate attack sites than the core enzymes (bottom). The black enzymes
represent both Cel6A and Cel7A wild types and core enzymes.
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Interestingly, when comparing the maximal rates in the inverse plot the two
core enzymes have same maximal catalytic rate. We imagine that both core
enzymes only can attack easily available sites. Recalling the suggestion that wt
Cel7A has many more attack sites than wt Cel6A the linker and CBM of Cel7A
enhanced the number of attack sites more than the linker and CBM in Cel6A.
The maximal rate is 4.4 times higher for Cel7A compared to core, and only 2.8
times higher for Cel6A compared to core. This indicates that it is not just the
differences in the enzymes catalytic domain that decide the degree of
discrimination of good and bad sites, but also the interplay between the two

different domains in the individual cellulase.
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CBM Swap changed the Enzymes Kinetically

In order to further investigate the role of the CBM we made two variants; one
with the core domain and linker from Cel7A together with the CBM of Cel6A
and opposite core and linker from Cel6A with the CBM of Cel7A as shown in
Figure 23.

HjCel6a

o M CBMcera  CBMcesa
R T B L

linker
HjCelTA ...SSPGPITQSHXGQCGGIGYSGPTVCASGTTCQVLNPﬂS QCLI
HjCel7A-CBMceisa ...SSPGPT|QACSSVEGQCGGQNVVSGPTCCASGSTCVYSNDﬂSQC[J

HjCel6A |QACSSVEGQCGGQN\VSGPTCCASGSTCVYSNDY_YSQCL|GASSSSSW
HjCel6A-CBMcul7a ITQSHXGQCGGIGYSGPTVCASGTTCQVLNPﬂS QCLIGASSSSS...
linker

Figure 23 An illustration of the concept of the two variants Cel6Acpucera and Cel7Acpuiceisa
together with amino acid sequences showing the CBMs (framed) and the transition to the
linker. All sequences are written from the N-terminal. Figure copied from Article III.

Both CBMs from Cel6A and Cel7A belong to family 1 and from the comparable
AA sequences a similar folding is predicted (Hoffrén et al., 1995) as shown in
Figure 11. With the planar face associated to the cellulose surface an isolated

CBM1 is simulated to move along the cellulose chain without any favorable
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direction and with thermodynamic energy minima with distances corresponding
to the length scale of cellobiose (Beckham et al., 2010b, Nimlos et al., 2012).
Same research group also simulated that a driving force makes the CBM
translate away from the broken cellulose chain (Bu et al., 2009). Together these
studies indicate that the CBM most likely will slide away from the hydrolyzed
bond in moves corresponding to the distance of a processive cycle, but that the
CBM itself is not optimized to translate in the same direction as the processive
movement of the core. Based on these findings CBM swap between two different
GH families that attack either the reducing or non-reducing ends should be
possible. The finding that isolated CBMs from Cel6A and Cel7A compete
against the same binding sites (Arola and Linder, 2016) further support this.

Considering the many similarities between the two CBMs the kinetics of the
enzymes was affected quite dramatically with the CBM swap as detailed in
Article III. Both variants showed decreased binding capacity and higher
maximal rate in the conventional MM approach. In the inverse plot both
variants exhibited lower activity than Cel6A and Cel7A. The most drastic affect
was seen for Cel6Acpucera that behaved more similar to the isolated core
domain than Cel6A. In an attempt to elucidate if the differences in the kinetics
of the two variants were connected to a changed processivity we looked at the
product profiles of the enzymes Figure 24. Processivity of cellobiohydrolases can
be estimated in many ways including analysis of product profiles (Horn et al.,
2012). Considering that glucose and cellotriose will only be released in the initial
cut (or in rare cases where the cellobiohydrolase reach an end) ratios between
products can indicate processivity. Since some ambiguity occur about which
product ratio that will give the best estimate of processivity (Horn et al., 2012,
Kari et al., 2016) we simply just compared the relative ratio of glucose and
cellotriose in between the variants instead. The different product profiles are

shown in Figure 24.

44



Cel7A /

_

£=30.136 + 0.001
V22Z210.809 + 0.001
E=30.054 + 0.001

[l

N GlUCOS.e E=30.161 £ 0.002
Cel7A core V7] Cellobiose 0.756 + 0.002
D% E= Cellotriose =
—— | £=30.135 + 0.007
Cel7A-CBMg6a = Z20.814 £ 0.010
i 7 \ || == 0051+ 0.003

I I I I I I I I I I I

00 01 02 03 04 05 06 07 08 09 10

0.056 + 0.006
(777710822 + 0.001
E-10.122 £ 0.000

0.068 + 0.002
0.805 +0.002
E 0.127 £ 0.001

T T 777,
Cel6A-CBM g 7p
UL LA
T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Relative amount of sugars

0.063 + 0.000
0.811 £ 0.001
E=0.126 + 0.001

Figure 24 Relative amount of glucose, cellobiose and cellotriose after 1 hour hydrolysis

0.1 pM enzyme and 50 g/L Avicel. Figure adapted from Article I11.

The product profile between Cel7A and the core were quite different indicating
lower processivity of the core enzyme in agreement with earlier studies (Cruys-
Bagger et al., 2013b, Sgrensen et al., 2015a), but the product profile of
CelTACBMcesa was very similar to the wt. This indicates that the processivity
of CelTACBMcega and the wt is alike. Unlike Cel7A the product profile was
more similar between core and wt for Cel6A, but Cel6Acpyvcara might have
reduced processivity, since the product profile is more similar to the core domain
than Cel6A. A disturbed processivity seems however not to explain the kinetic
behavior of the CBM swapped variants, but exchanging the CBM seems

somehow to affect the interplay between the core domain and the CBM.
The product profiles also showed us differences between Cel6A and Cel7A. From

Figure 24 one could interpret that Cel7A will very often release glucose in the

initial cut, where Cel6A more likely will release cellotriose. Considering that the
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sum of glucose and cellotriose is very equal for both enzymes this indicates a

very similar processivity of both wild types on Avicel, but a different initial cut.

Part V — The Role of the Linker

Compared to the extensive research on fungal cellulases have only few studies
investigated the role of the linker domain. The content of this section is mainly
based on the findings in Article IV an due to ongoing commercial interests this
section will only briefly mention our major findings without any details about
specific mutations. The role of the linker of Cel7A was investigated by
construction of a few variants and in agreement with previous studies (Srisodsuk
et al., 1993, Payne et al., 2013b, Strobel et al., 2015, Ruiz et al., 2016) we found
that the linker has other functions that just connecting the CBM to the core
domain. Very interestingly both a variant with shorter linker, longer linker and
less glycosylation sites showed reduced affinity towards Avicel, which resulted in
a higher velocity at high substrate loads. The benefits of the different linker
modifications seem to be strongest at low temperatures in total agreement with
the results in Article VIII where the kinetical advantages of being a low affinity
variant (variant lacking a CBM) is very strong at low temperatures while we
believe that at high temperature a stronger cellulose affinity becomes more
essential because of the temperature induced ability to dissociate. Based on our
study, the suggested attractive forces between cellulose and glucans on the
linker (Payne et al, 2013b) peptide appear to depend on location of
glycosylation sites on the linker and not just the number of glycosylation sites.
This is supported by previous findings (Strobel et al., 2015). In general, it is
difficult to decide whether the effect of the linker modifications is caused by an
altered glycosylation pattern or changes in the linker length. The results from
Article IV do however indicate that modification close to CBM seems to have a
more dramatic impact on the function or kinetics of the enzyme while

modifications in the so called hinge region close to the core seems to be less
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dramatic in good agreement with (Srisodsuk) 1993. We suggest that the amino
acids closely connected to the CBM are more directly associated to the cellulose
surface. Regarding the inverse relationship of affinity and maximal rate that we
also discovered with the linker variants we again argue that the high reaction
rate at high substrate loads is an effect of dissociation controlled hydrolysis rate.
Hence it seems not just to reflect properties of the linker or CBM, but seems to

reflect a more generic relation between affinity and maximal rate.

Part VI — Pre-steady State Kinetics

In industry real biomass is degraded by a cocktail of enzymes over a long period
of time, usually several days, to reach the maximal conversion. Keeping that in
mind one might question why we care about the kinetics of individual cellulases
in the very early initial phase of hydrolysis? Even though conditions here are far
from industrial conditions we believe that the information extracted from this
kind of analysis is very useful in terms of understanding the behavior of the
enzymes. Hydrolysis of insoluble cellulose by cellobiohydrolases is characterized
by a high initial activity rate (pre-steady state rate) followed by a pronounced
slow-down in activity over time and we have just discussed some of the factors
that can explain this slow-down. Furthermore Cel7A has been shown to perform
burst kinetics, which means that the reaction rates accelerate within seconds,
followed by a dramatic slow-down. This burst behavior has earlier been
explained by an accumulation of un-productive bound cellulases, where the
underlying explanation is the dissociation limited reaction rate (Jalak and
Viljamae, 2010, Praestgaard et al., 2011).
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Exploring the Initial Kinetics using Quench Flow System

Since pre-steady state kinetics is difficult to handle manually a Quench Flow
(QF) system was recently developed (Olsen et al., 2017). With a time resolution
of 250 ms using insoluble substrate this system is a strong tool to explore
transient kinetics. Here we applied the QF system to discover activity within
the first 5 seconds of hydrolysis of both Cel6A and Cel7A. We used turraxed
Avicel to homogenize the substrate and to reduce the risk of clogging of the QF
system. After the samples were quenched we used an ion chromatography

system (ICS) to determine the quantity of cellobiose as shown in Figure 25.

Cellobiose (uM)
N

Time (sec)

Figure 25 A) Quench flow data with hydrolysis using 0.5 pM enzyme and 10 g/L turraxed
Avicel. Fits are only made to guide the eye and have no theroretical function. Double
exponential function for Cel6A (red) and linear regression for Cel7A (black). Data from
Article L.
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When looking at the very early kinetics of Cel6A and Cel7A on turraxed Avicel
in comparison it is apparent that Cel6A is must faster at the very early phase
than Cel7A. Using the slope up to 1 second we find a very high specific activity
of ~ 10 s and after that an approximated specific rate of 1.3 s. Data for Cel7A
is more uncertain, but gives a specific steady state activity of approximate 0.35
s, which is much lower than for Cel6A. The steady-state rate of Cel7A might
however not have been reached within our timeframe and the actual steady
state rate might be even lower. It has earlier been shown that the maximal rate
it reach after approximately 5 seconds (Cruys-Bagger et al., 2012a). The
acceleration phase of Cel6A also seems to be very fast, even faster than the time
limit of 250 ms. The highest rate is already obtained within 250 ms. The
differences in the transient phase of hydrolysis might be explained by the two
different catalytic mechanisms or maybe related to the different architecture of
the core domain. We speculate that the more flexible and open structure of
Cel6A compared to Cel7A facilitate the threading of the cellulose chain into the
catalytic tunnel of Cel6A. Thus the architecture of the tunnel of Cel6A might
not just contribute to a facilitated dissociation, but might also contribute to a
faster threading or on-rate compared to Cel7A. If we recall similar dissociation
constants (Ky values) for Cel6A and Cel7A and that Ki=kos/kon is it very likely
that both the rate constant ks and ko, are higher for Cel6A compared to CelTA.

In this chapter we presented that Cel6A is a catalytic fast enzyme compared to
Cel7A. In the pre-steady state regime and in conditions with substrate excess
Cel6A was superior. The activity of Cel6A seems however to be more sensitive
than Cel7A to small changes in the substrate governed by hydrolytic activity.
At enzyme excess Cel7TA showed higher activity than Cel6A and we propose
that Cel7A is able to attack many more sites than Cel6A. Furthermore Cel7A
has higher stability than Cel6A. Variants were made to investigate the role of
both linker and CBM and both domains influence the kinetics and adsorption

behavior of the enzymes. All our results support that dissociation limits the
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overall reaction rate since all variants with lowered substrate affinity presented
here showed higher maximal rate than the wild types. The improved ability to
dissociate seems to be a drawback when only limited substrate is available since

it additionally reduces the variants ability to locate and attack substrate sites.
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Chapter 3
Enzyme Substrate Interactions

Until now we have concentrated on the kinetics of Cel7A and Cel6A without
focusing on the catalytic tunnels where the enzymatic hydrolysis takes place. As
described earlier CBHs are able to degrade crystalline cellulose by a processive
mechanism, where a single strand need to be threaded inside the catalytic
tunnel before the enzyme slides along the cellulose crystal releasing soluble
sugars. Obviously, strong enzyme-cellulose interactions must occur in order to
decrystallize the cellulose chain and to keep the enzyme bound through the
sequential catalytic steps. The decrystallization of a cellulose chain from
cellulose fibrils requires strong enough enzyme-substrate interactions to break
the tight network of hydrogen bonds in the fibril (Beckham et al., 2011). As
described by Payne et al. (2013a) is the ability of an enzyme to decrystallize the
polymer chain from a crystal dependent on the binding free energy of the
enzyme to the cello-oligosaccharide (Payne et al., 2013a). In this section we have
investigated enzyme-substrate interactions in catalytic deficient variants of
Cel6A wusing isothermal titration calorimetry (ITC). These results are
unpublished and not part of any manuscript. The results are compared with a
previous study with Cel7TA (Colussi et al., 2015). We also refer to Colussi (2015)

for a detailed description of the experimental procedures.
We constructed 3 different catalytic deficient variants and the corresponding

core variants. The 3 different inactive Cel6A variants and the positions of D221,
D175 and S181 are shown in Figure 26.
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Variant 1 D221N
Variant 2 D175N + S181A
Variant 3 D175N-+S181A+D221N

Figure 26 The inactive variants and the position of the involved amino acids in the crystal
structure (PDB 1QK2)

When changing the essential AA responsible for the catalysis we most likely also
influence the enzyme-substrate interactions in the tunnel. Crystal structures
with D221A (PDB 1HGY) and D175A (PDB 1HGW) have a very similar
overall folding compared to the wild type (PDB 1QK2), but some differences
occur (Koivula et al., 2002). It is unknown what these small changes do to the
COS-enzyme interactions. They might reduce the binding strength or even
increased it if the ring distortion of the -1 site in Cel6A (Zou et al., 1999) is
changed. The D->N mutations made here are isosteric which could reduce
potential changes in the structure, while the effect of SI81A is unknown. Since
no crystal structures of the exact variants exist, we notice that the results

presented here should be interpreted with caution.
Figure 27 (left panel) shows an example of rawdata from the ITC experiments

where the COS solution was injected every 120 sec. A model based on one set of

thermodynamically equal binding sites was fitted to the integrated peaks to
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estimate binding enthalpy (AH), stoichiometry (n) and the binding constant
(Kp) as shown the right panel.
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Figure 27 ITC rawdata left at 10°C with titration injections every 120 sec including baseline
(red). Right: Integrated rawdata peaks fitted to a one binding sites model. The binding
enthalpy (AH), stoichiometry (n) and the binding constant (K3) can be estimated from the
fit as shown in the figure. Kp is not dertermined as the slope, but related to the gradient of
the slope.

At first we tested whether the 3 variants including their inactive core variants
gave rise to different COS-binding. All showed a similar binding to COS 4 and
the estimated parameters from the ITC measurements are collected in Table 6.
We found that the presence of the CBM and linker made no significant (or
systematic) difference in the binding constant Kpand the stoichiometry (n) was
approximately 1 for all measurements indicating that the binding strength of
any COS-CBM interactions that might occur is much lower than the strong
interactions in the tunnel of the core domain. Furthermore unsystematic test-
runs with selected inactive variants and COS of varying length were made to
support that binding to COS of different DP was likewise similar (data not

shown).
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Table 6 Results from isothermal titration where the calorimetric cell was loaded with 20 pM
enzyme and titrated with 200 pM COS4 at 10°C. Parameters extracted from non-linear
regression on data obtained on the three different catalytic deficient variants D221N, D175N
S181A and D175N S181A D221N and the respective core enzymes. Errors indicate standard

deviations for 2-3 independent experiments.

DP Enzyme AH n Kz (1/Kb)
(kJ/mole) (COS/Enzyme) (M)
4 D221N -12.0+0.0 1.02 £ 0.04 (1.83 £0.03)-107
4 D221N core -122+0.1 1.04 £0.12 (2.17 £ 0.94)-107
4 D175N + S5181A -13.2+0.7 0.99 = 0.08 (1.38 £ 0.01)-107
4 D175N + S181A core -13.2+0.3 1.03 £0.00 (1.65 £ 0.24)-107
4 D175N+5181A+D221N -129+0.6 1.03 £0.00 (2.08 £ 0.44)-107
4 D175N+5181A+D221N core -12.7+£0.3 1.08 £0.01 (1.69 £ 0.09)-107

A challenge was that all catalytic deficient variants remained some activity on
the different COS (highest on COS6) especially at high temperatures. The
variants D175N S181A D221N showed the lowest activity, but we still found a
specific activity of 0.03 min™ at 10°C on 100 pM COS6 determined on the ICS
after 1 hour of hydrolysis and even higher activity at higher temperatures. This
result is in good agreement with the reported activity of the inactive D221A
variants (0.04 min™at 27°C on COS6) (Koivula et al., 2002). All data presented
in this chapter is therefore performed at 10°C to avoid large impact from the
activity on the calorimetric signal. The core variant D175N S181A D221IN was
used to investigate the binding to the different COS molecules and the results

are listed in Table 7.

The lower binding affinity of COS7 compared to COS6 imply that the length of
the tunnel of Cel6A suits with 6 glycosidic subsites as suggested earlier and no
strong enzyme-substrate interactions seem to occur in a potential -3 site or +5

site.
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Table 7 Results with the core variant D175N S181A D221N and COS molecules of different
DP. Errors indicate standard deviations for 2-3 independent experiments. The calorimetric

cell was loaded with 20 pM enzyme and titrated with 200 pM COS solution.

DP Enzyme AH n Kz (1/Kb)
(kJ/mole) (COS/Enzyme) (M)
4 D175N+5181A+D221N core -12.7+0.3 1.08 +£0.01 (1.69 £ 0.09)-107
5 D175N+5181A+D221N core -13.5+0.0 1.07 £0.01 (1.36 £ 0.16)-108
6 D175N+5181A+D221N core -14.6+0.0 0.99 +£0.01 (3.05 £ 1.34)-108
7 D175N+5181A+D221N core -13.1+£0.1 1.17+£0.03 (2.65 £ 0.81)-107

The ITC experiment within deficient Cel6A variants also estimated the
stoichiometry to approximately 1 for all titration experiments. Thus unlike
Cel7A, Cel6A seems only to bind one COS molecule at a time. Furthermore,
this indicates only minor effects of any catalytic activity. The strongest
interactions were between Cel6A and COS6 Kp=3.1"10* M! which corresponds
to the expected number of glycosidic subsites in the tunnel. Interestingly also
CelTA shows the strongest binding to COS6 with a Kp value of 3.6 - 107 M!
(Colussi et al., 2015) despite the longer and more closed tunnel of Cel7A.
Surprisingly the Kpvalue of Cel6A of 3-10° M for Cel6A indicates stronger
enzyme-substrate interactions in the tunnel of Cel6A compared to Cel7A. This
might be explained by the suggested low affinity sites around the -2 site in
Cel7A (Colussi et al., 2015) where the ligand is twisted (Divne et al., 1998). We
also noticed that AH is quite similar for COS4-COS7 indicating that the
interactions with the subsites covered by COS4 contribute most to the binding
enthalpy. Compared to the AH values from Colussi (2015) of approximately -35
kJ/mol the binding enthalpy found for the ligands in the tunnel of Cel6A is less

exothermic. However, the binding affinity, in terms of Kp, is as least as strong.
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The results presented here together with the thorough study of Colussi et al
(2015) indicate that a binding strength of 10™-10° in the tunnel is optimal in
order to be able to decrystallize a cellulose chain from the crystal and still allow

the processive movement of the cellobiohydrolases.

What drives Processivity?

The very strong interactions in the product- or expulsion site of Cel7A are
thought to be the driving force that drives the processive movement of the
enzyme (Knott et al, 2014a) through an affinity gradient in the catalytic
tunnel. Unlike Cel7A our results do not suggest that such strong interactions
occur in the product site of Cel6A. Titrations with cellobiose gave no observable
binding curve for any of the inactive variants and in comparison cellobiose
binding to an inactive Cel7A gave a rather high binding constant of 1.8 - 10°M™*!
(Colussi et al., 2015) in good agreement with earlier estimates (5.4 -10* M)
(Claeyssens et al., 1989). A binding constant of 5.4 - 10> M to cellobiose has
earlier been reported for Cel6A (Claeyssens et al., 1989), which is order of
magnitudes lower than for Cel7A. This might be related to the lower cellobiose
product inhibition of Cel6A compared to Cel7A (Murphy et al., 2013, Teugjas
and Véljaméae, 2013). The ligand twist in the product site (-1 site) (Zou et al.,
1999) might also explain this weaker binding. To our knowledge no crystal
structures in complex with cellobiose, cellotriose or cellopentaose is available for
Cel6A and it is therefore difficult to predict the substrate affinity in the
different subsites solely based on binding constants. The binding of a COS4
analog in subsite -1,-2,41,42 of Cel6A (PDB 1QK2) could indicate very strong
interactions in the +1, 42 site in correlation with the high binding constant of
210" M! to COS4 found here. Compared to the low Kp of 5.4 10> M?! to
cellobiose (Claeyssens et al., 1989) the binding to COS4 is really strong. Several

substrate interactions are however predicted in the product site of Cel6A (-2
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and -1) such as interactions to W135, K395, E399, D401 (Payne et al., 2011,
Mayes et al., 2016), but we find it unlikely that these, in comparison to Cel7A
weak interactions, are the major driving force of the processive movement of the
enzyme. Instead we suggest that the dynamic architecture of the loops of Cel6A
and the appearance of an open and closed form during the catalysis (Zou et al.,
1999, Payne et al., 2015, Mayes et al., 2016) is critical for the forward driving
force when sliding on the cellulose chain. Hence based on our results we propose
that a high affinity product site is not a premise for processive

cellobiohydrolases.

The definition of Cel6A as a processive cellobiohydrolase is discussed in
literature and some studies suggest that Cel6A is more likely an endo-processive
cellobiohydrolase with a high capability of endo-initiation than a true exo-
cellobiohydrolase like Cel7A (Boisset et al., 2000, Poidevin et al., 2013, Payne et
al., 2015). This proposed behavior of Cel6A is often used to explain the
occurrence of synergy between Cel7A and Cel6A. The next chapter will focus on
the synergy between the two cellobiohydrolases including the endo-character of

the enzymes.
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Chapter 4

Cel6A and Cel7A in Synergy

Cellulases work in synergy to degrade cellulose. One type of synergy is endo-exo
synergy where endoglucanases attack the cellulose chains randomly generating new
chain ends for cellobiohydrolases to attack as described earlier. It has also been
suggested that degradation of the amorphous cellulose regions by endoglucanases
prevent stalling of cellobiohydrolases and thereby leads to increased activity
(Eriksson et al., 2002, Jalak et al., 2012). A more peculiar form of synergy is the
synergy between Cel6A and Cel7A, the so called exo-exo synergy. Exo-exo synergy
was first discovered in 1980 (Fégerstam and Pettersson, 1980). The extent of exo-
exo synergy seems to depend on substrate properties including the degree of
crystallinity (Henrissat et al., 1985, Hoshino et al., 1997). Moreover, it has been
shown that exo-exo synergy may occur without simultaneous action of the
cellobiohydrolases (Nidetzky et al., 1994b, Viljamae et al, 1998), and this
contradicts earlier suggestions that the synergy could rely on the formation of

weakly bound Cel6A-Cel7A complexes (Tomme et al., 1990).

The following chapter is based on Article II where we investigated the synergy

between Cel6A and Cel7A and the corresponding core enzymes.

Synergy depends on Experimental Conditions

For clarity we define that synergy occurs if combined hydrolysis of two enzymes is
higher than the sum of their individual hydrolysis. The degree of synergy (DS)
between Cel6A and Cel7A can be determine from Equation 4

A
Cel6A+Cel7A
DS =

Aceten + Acerra
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where Aceearcera is the activity of the enzyme mixture, and Acega and Acera are
the activities in the corresponding mono-component experiments. In the synergy
experiments the enzyme concentration was maintained while the Cel6A:Cel7A

ratio was changed.
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Figure 28 Synergy between Cel6A and Cel7A in the presence of 10% p-glucosidase at four
different conditions. A) 12 g/L Avicel [E]= 200 nM, B) 60 g/L Avicel [E]= 200 nM, C) 12 g/L
Avicel [E]= 2 pM and D) 60 g/L Avicel [E]= 2 uM. Blue triangles: Cel6A in buffer, red
squares: Cel7A in buffer, open circles: Mixtures of Cel6A and Cel7A in different enzyme ratios
at constant enzyme concentration, dotted line: Theoretical sum of monocomponents. Errors
bars indicate deviations from triplicates. Data from Article II.

Figure 28 shows an example of synergy experiments with mono-component dose
activity of Cel6A (blue curve) and Cel7A (red curve), their theoretical sum (dotted

lines) and the actual activity of both enzymes in different ratios (black curve)
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under 4 different experimental conditions. If more glucose is produced in the black
curve compared to the theoretical dotted line synergy is present. These results
show that the synergy between Cel6A and Cel7A from H. jecorina is strongly
dependent on enzyme and substrate concentrations. The highest degree of synergy
was found at high enzyme concentration and low Avicel concentration (condition
C). The synergy between Cel6A and Cel7A was increased when we lowered
substrate concentration (B>A or D>C) and also increased if we increased the
enzyme concentration (A>C or B>D). We suggest when the cellobiohydrolases
are in a situation when easily accessible chain ends are available the exo-exo
synergy becomes less beneficial. Furthermore the higher number of attack sites at
high substrate loads do also minimize the probability that the enzymes work in the

same area.

Exo-Exo Synergy is influenced by the Linker and CBM

Synergy between the truncated cellobiohydrolases without CBM and linker was
also determined. As presented earlier and in many previous studies the linker and
CBM strongly influence the kinetics and adsorption of the cellobiohydrolases and
apparently also on the exo-exo synergy between them. Here we found that notably
more exo-exo synergy occurs between the full length enzymes compared to the
isolated core enzymes under all conditions tested. We are aware that part of the
difference in the synergy factor might simply be caused by higher degree of
conversion for the wt enzymes compared to the core enzymes under some
conditions, but the synergy is higher for the full length enzymes even at conditions
where the overall conversion was higher for the core-core mixture. In Figure 29 the
degree of synergy (DS) is summarized for the Cel6A-Cel7A mixtures and the core-
core mixtures. To further investigate how the CBM influences the synergy, we also

measured the synergy in wt-core combination. Both CBMs seem to contribute to
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an increased synergy, but the presence of CBM on Cel7A seems to impact the

synergy more than the CBM on CelGA.
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Figure 29 The degree of synergy (DS) between Cel6A and Cel7A and between the two core

enzymes at the different experimental conditions: A) 12 g/L Avicel [E]= 200 nM, B) 60 g/L

Avicel [E]= 200 nM, C) 12 g/L Avicel [E]= 2 uM and D) 60 g/L Avicel [E]= 2pM. Adapted
from Article II.

Another important aspect of this work deal with the way DS is obtained
experimentally. From our synergy data, like Figure 28, we noticed that the mono-
component curves diluted in buffer are far from linear, especially with the highest
enzyme loads. This non-linear relation between enzyme dose and activity is well
established (Sattler et al., 1989, Bezerra and Dias, 2004) likewise it is the
fundament of enzyme saturation and the inverse MM approach covered in Chapter
2. However, in studies investigating exo-exo synergy the estimated DS is most
often based on the assumption of linearity. Here the estimation of DS is based on
only one mono-component activity at one enzyme concentration. We find this
inappropriate since a simplified determination of the synergy by drawing a line

from the two mono-component outer points would in many cases result in an
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overestimation of the synergism. An illustration of this is shown in Figure 30 where
the dashed blue and red lines assume linearity and the resulting sum of the two
(dashed black line) shows the hypothetic estimated sum of the activity of the two
core enzymes. From the actual sum of the experimental values (dotted line) it
appears that the dashed line is a gross underestimate and that the DS calculated
from this would give a maximal DS=1.6 even though only minor synergy actually

occur (DS<1.1) in this particular experiment.
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1.0 09 08 0.7 06 05 04 0.3 0.2 0.1 0.0
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Figure 30 Illustration of the consequence of assuming linear dose-activity relationships for
monocomponent enzymes and its effect on synergy calculations. The experimental sum of
monocomponent activities (dotted black line) appear much higher than the hypothetic sum
(dashed black line). Synergy between core enzymes at condition D) 60 g/L Avicel [E]= 2 nM.
Based on data in Article II.

The widespread use of the linear dose-activity approximation in synergy
measurements may be unacceptable under some conditions and we strongly
recommend measuring several enzyme concentrations when performing such
studies. We also notice that this type of hypothetic estimate would have hid the
interesting difference in synergy between full length enzymes and catalytic domain
enzymes in our study, corresponding to early results presented by Tomme et al

(1988).
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Endo-Character of Cel6A and Cel7A

One of the dominant interpretations of exo-exo synergy is that the synergy occurs
because of endo-activity of the cellobiohydrolases in particular Cel6A (Boisset et
al., 2000, Poidevin et al., 2013, Payne et al., 2015). This interpretation means that
exo-exo synergy is actually a sort of endo-exo synergy. The more open tunnel with
flexible loops of Cel6A (Figure 6) compared to the more closed tunnel of Cel7A
support the idea of Cel6A as being an endo-processive CBH (Zou et al., 1999). Our
data support that both Cel6A and Cel7A have some degree of activity on for
instance carboxymethyl cellulose (CMC) as shown in (Stahlberg, 1993), but we
find no results supporting that Cel6A has more endo-character than Cel7A. On the
contrary all experiments presented in Article II illustrate higher endo-activity for
Cel7A compared to Cel6A, which is supported by earlier findings (Henrissat et al.,
1985, Irwin et al., 1993). We estimated endo-activity in 3 different ways. First we
estimated activity on the substituted cellulose CMC that are often used for endo-
activity. Then we measured the drop in viscosity of the same substrate, since
viscosity correlates with the degree of polymerization (DP). Finally we measured
the release of azurine from the insoluble azurine crosslinked cellulose (AZCL-HE-
Cellulose). This is summarized in Table 8 where we have calculated the relative

activity compared to the endoglucanase Cel7B.

Table 8 Relative endo-activity of Cel7A and Cel6A compared to the endoglucanase Cel7B on
carboxymenthyl cellulose (CMC) and azurine crosslinked cellulose (AZCL-HE-Cellulose)
(calculated from data presented in Article II)

AZCL-HE CMC CMC
Cellulose Activity Drop in viscosity” Activityt
Cel7A 4.2:10+4 1.1-10° 5.7-10°3
Cel6A 1.8-104 1.3-104 4.8-103
Cel7B 1 1 1

*Relative drop in viscosity (nM™!) after 60 min calculated from 0.01uM Cel7B
"Relative activity (nM™' L/g) estimated after 10 min. We do also correlates for the 10 x lower CMC concentration

compared to measurements with Cel6A and Cel7A.

64



The endo-lytic activity of both Cel6A and Cel7A is very small compared to the
endoglucanase Cel7B as expected. In all three assays Cel7B showed 10*-10* times
higher endo-activity than the two cellobiohydrolases. This minor endo-lytic activity
of Cel6A and Cel7TA agree with the observation that the cellobiohydrolases only
produce a small amount or no new reducing ends on bacterial cellulose (BC)
(Kipper et al., 2005, Kurasin and Véljamée, 2011). Considering the natural habitat
of the CBHs from H. jecorina, they are secreted together with numerous EGs
(including Cel7B) (Vinzant et al., 2001, Martinez et al., 2008) and the evolutionary
advantage or necessity of endo-lytic activity of the two CBHs might be
questionable along with the many endo-specific enzyme. The minor endo-activity
might instead be residual activity of common ancestors. Based on our findings in
Table 8 we strongly doubt that the appearance of exo-exo synergy is caused by
endo-attack of Cel6A. When focusing on the structure of Cel6A we suggest that
the tunnel structure contribute to other purposes than the probability of endo-lytic
cleavage. Instead we believe that the more open and flexible tunnel can explain the

higher off and on-rate as argued earlier.

It has also been suggested that Cel6A has high preference for amorphous cellulose
with only minor activity on crystalline regions, but that Cel7A prefer crystalline
regions (Stahlberg, 1993, Gruno et al., 2004, Ganner et al., 2012, Bubner et al.,
2013). Our results support that Cel6A has higher activity on amorphous cellulose
compared to Cel7A illustrated by activity on RAC in Figure 31. On Avicel with
both amorphous and crystalline regions also Cel6A show more activity compared
to CelTA and on the more crystalline cellulose substrate BMCC we found very
similar activity. Comparable activity of the two CBHs on BMCC has earlier been
reported (Valjamée et al., 1998, Palonen et al., 1999), but in contrast to Ganner
(2012) that reported very low activity of Cel6A on crystalline cellulose. Even
though Cel6A and Cel7A seem to have similar activity towards crystalline cellulose
within the short timescale presented here it is obviously that the two CBHs have

different specificities towards cellulose.
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Figure 31 Real time activity of Cel6A (red) and Cel7A (black) in the first 5 min of hydrolysis
on the amorphous substrate RAC (1 g/L), the microcrystalline substrate Avicel (60 g/L) and
the more highly crystalline substrate BMCC (1 g/L) using PDH-biosensors. The enzyme loads
is 50 nM and in the graphs show duplicate measurements of each enzyme (unpublished data).

Enzyme Specificity can explain Exo-Exo Synergy

Another explanation for the appearance of exo-exo synergy is enzyme specificity.
At first the obvious difference in specificity is caused by Cel6A attacking non-
reducing ends while Cel7A attacks reducing ends, which means that they don’t
compete against the same attack sites. Also, as we just described, that Cel6A has

high activity on amorphous cellulose, while Cel7A prefer crystalline regions.

Cellulose is heterogeneous even in pure cellulose substrates such as Avicel, where
both amorphous and crystalline regions are present. We imagine that new chain
ends or better substrate will be exposed if one enzyme removes regions that are
problematic for the other enzyme to convert. This will increase or facilitate
targeting of the cellobiohydrolases and the ability to find new attack sites. In a
crystal fibril a cellulose layer will probably also be removed faster and more easily
because of the interplay between Cel6A and Cel7A working from each ends

compared to just one of the CBHs working alone. This could result in a more
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continuous flow of new exposed attack sites each time another layer is revealed. A
related and probably more essential explanation for the observed synergy is
clearance of each other’s path by removal of obstacles. This is very important if we
assume that many cellobiohydrolase are adsorbed to the cellulose surface without
being active. This idea that one enzyme can reduce the amount of another
unproductively bound enzyme and facilitate the processive hydrolysis of that
enzyme has earlier been suggested to explain endo-exo synergy (Valjamée et al.,
1998, Eriksson et al., 2002, Jalak et al., 2012). Considering the dissociation rate as
rate limiting the synergistic effect facilitates the dissociation of the CBHs which
will result in higher activity. One example could be that Cel6A degrade amorphous
regions from the surface that otherwise will appear as obstacles for the processive
movement of Cel7A. Instead of being stuck in front of the hindrance, in this case
amorphous cellulose, Cel7A can now continue in the processive movement. This
concept together with another hypothetic situation where structures in the crystal

block for the processive movement of Cel6A is illustrated in Figure 32.
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Figure 32 A proposed concept behind exo-exo synergy where two cellobiohydrolases are non-
productively bound, because of obstacles either crystal chain ends or amorphous cellulose. By
exo-exo synergy the two CBHs provides better substrate for each other.

If we assume that exo-exo synergy is partly caused by a lower fraction of non-
productively bound enzymes this also support why the synergy is much higher

between wt enzymes compared to a pair of core enzymes. First the core enzymes
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have already a higher inherent ability to dissociate from the cellulose surface
compared to the wt enzymes and the benefits from the synergistic interplay
become less pronounced. Another explanation is that the targeting of the core
enzymes is reduced and they might not be able to clear obstacles for each other.
From the significant differences between core enzymes and their wild types in the
inverse MM plot with enzyme excess (Figure 21) we did earlier suggest that the
isolated core domains have a reduce number of attack sites compared to their
respective wild types. This could support that the core enzymes are less sufficient

to clean the cellulose surface from obstacles.

To summarize we found that exo-exo synergy depend on the experimental
conditions and the presence of linker and CBM. We suggest that differences in
substrate targeting at least partly governed by the CBM are essential when
understanding the phenomenon. The different targeting and substrate specificity of
Cel6A and Cel7A results in clearance of each other’s path which improve the
overall hydrolysis. This means than at exo-exo synergy less cellobiohydrolases will
be non-productive bound to cellulose. Even though these two enzymes are
responsible for the primary hydrolysis we should remember that the fungus, in this
case Hypocrea jecorina also secretes other enzymes such as endoglucanases. In the
organism of the fungus and in industrial enzyme cocktails, where more cellulases
and more diverse enzymes are present, this contributes to another and more
complex level of the understanding of synergistic behavior. Also, when transfer
from pure cellulose substrates to real biomass the complexity of synergy becomes

even higher.
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Concluding Remarks

The work throughout this thesis is based on a direct kinetic comparison of the two
cellobiohydrolases Cel6A and Cel7A from H. jecorina. These enzymes account for
the majority of the enzymes expressed in cellulose degrading fungi as well as being
the two major components of industrial enzyme cocktails. This clearly
demonstrates that a better kinetic understanding of the two enzymes and
especially their individual advantages and challenges can provide information for

future enzyme engineering.

The present investigations of Cel6A and Cel7A has given us comparative insights
about their kinetics, adsorption behavior, their synergy, their interactions with the
substrate and the role of the different domains of the enzymes. To summarize we
applied two different kinetic models where we either saturated the enzymes with
substrate or opposite saturated substrate with enzymes. With this combined
analysis we discovered very distinct kinetic properties of the two CBHs. We found
that Cel6A is a much faster cellobiohydrolase than Cel7A and we suggest that the
difference in activity is caused by an inherent ability of Cel6A to dissociate more
rapidly. On the contrary Cel7A has a much higher ability to locate attack sites.
Thus when Cel6A is a catalytically fast cellulase that discriminates strongly
against good and poor sites Cel7A is on the other hand a slower cellulase that is
able to degrade less accessible cellulose and in that way reach high cellulose
conversion. We called Cel6A a fast, but picky enzyme, while Cel7A is a very

promiscuous enzyme.

In order to investigate the role of the domains of the enzymes, different variants
were made. Core enzymes without CBM and linker behaved kinetically different
that their respective wild types. Interestingly both isolated core enzymes showed

higher maximal rate, which can be explained by a higher rate of dissociation. At
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substrate saturation the core enzymes lag behind indicating that they are very
picky with very few binding and attack sites. CBM swap between Cel6A and
Cel7A and also linker modifications of Cel7A seems to affect the behavior of the
enzymes suggesting that all domains are directly involved in the hydrolysis of

cellulose.

We found very strong enzyme-substrate interactions in the catalytic tunnel of
Cel6A using isothermal titration calorimetry. At least as strong as those reported
for Cel7A. Unlike Cel7A our results do not indicate a high affinity product site.
We suggest therefore that the dynamic architecture of the catalytic domain of
Cel6A might be the driving force for the forward processive movement of the

enzyme.

When studying the two CBHs Cel6A and Cel7A we will naturally close with a few
remarks on their strong synergistic interplay. The Exo-exo synergy depends on the
experimental conditions and the presence of CBMs. The synergy was strongest
between wt enzymes at high enzyme concentration and low substrate
concentration. We found minor endo-lytic activity of both Cel6A and Cel7A, but
suggest another interpretation to explain the current synergy. Instead we suggest
that their different specificities for the substrate results in better substrate for each

other by removing potential obstacles and by releasing new attack sites.

In conclusion we have provided insight into a better understanding of the two
abundant cellobiohydrolases Cel6A and Cel7A by comparing them kinetically both
mutual and by including selected variants. Even though industrial conditions vary
from those presented here we believe that such information will be relevant when

engineering cellulases for the production of sustainable bioethanol.

70



References

Arola, S. & Linder, M.B., 2016. Binding of cellulose binding modules reveal differences
between cellulose substrates. Scientific Reports, 6, 35358.

Bajzer, 7. & Strehler, E.E., 2012. About and beyond the Henri-Michaelis-Menten rate
equation for single-substrate enzyme kinetics. Biochemical and Biophysical
Research Communications, 417, 982-985.

Bansal, P., Hall, M., Realff, M.J., Lee, J.H. & Bommarius, A.S., 2009. Modeling
cellulase kinetics on lignocellulosic substrates. Biotechnol Adv, 27, 833-48.

Barr, B.K., Hsieh, Y.L., Ganem, B. & Wilson, D.B., 1996. Identification of two
functionally different classes of exocellulases. Biochemistry, 35, 586-92.

Beckham, G.T., Bomble, Y.J., Matthews, J.F., Taylor, C.B., Resch, M.G., Yarbrough,
J.M., Decker, S.R., Bu, L., Zhao, X., Mccabe, C., Wohlert, J., Bergenstrahle, M.,
Brady, J.W., Adney, W.S., Himmel, M.E. & Crowley, M.F., 2010a. The O-
glycosylated linker from the Trichoderma reesei Family 7 cellulase is a flexible,
disordered protein. Biophys J, 99, 3773-81.

Beckham, G.T., Matthews, J.F., Bomble, Y.J., Bu, L., Adney, W.S., Himmel, M.E.,
Nimlos, M.R. & Crowley, M.F., 2010b. Identification of Amino Acids
Responsible for Processivity in a Family 1 Carbohydrate-Binding Module from a
Fungal Cellulase. The Journal of Physical Chemistry B, 114, 1447-1453.

Beckham, G.T., Matthews, J.F., Peters, B., Bomble, Y.J., Himmel, M.E. & Crowley,
M.F., 2011. Molecular-level origins of biomass recalcitrance: decrystallization free
energies for four common cellulose polymorphs. J Phys Chem B, 115, 4118-27.

Bezerra, R.M. & Dias, A.A., 2004. Discrimination among eight modified michaelis-
menten kinetics models of cellulose hydrolysis with a large range of
substrate/enzyme ratios: inhibition by cellobiose. Appl Biochem Biotechnol, 112,
173-84.

Boisset, C., Fraschini, C., Schiilein, M., Henrissat, B. & Chanzy, H., 2000. Imaging the
enzymatic digestion of bacterial cellulose ribbons reveals the endo character of
the cellobiohydrolase Cel6A from Humicola insolens and its mode of synergy
with cellobiohydrolase Cel7A. Appl Environ Microbiol, 66, 1444-52.

Boraston, A.B., Bolam, D.N., Gilbert, H.J. & Davies, G.J., 2004. Carbohydrate-binding
modules: fine-tuning polysaccharide recognition. Biochem J, 382, 769-81.

Bu, L., Beckham, G.T., Crowley, M.F., Chang, C.H., Matthews, J.F., Bomble, Y.J.,
Adney, W.S., Himmel, M.E. & Nimlos, M.R., 2009. The Energy Landscape for
the Interaction of the Family 1 Carbohydrate-Binding Module and the Cellulose
Surface is Altered by Hydrolyzed Glycosidic Bonds. The Journal of Physical
Chemistry B, 113, 10994-11002.

Bubner, P., Plank, H. & Nidetzky, B., 2013. Visualizing cellulase activity. Biotechnol
Bioeng, 110, 1529-49.

71



Cannella, D., Mollers, K.B., Frigaard, N.U., Jensen, P.E., Bjerrum, M.J., Johansen, K.S.
& Felby, C., 2016. Light-driven oxidation of polysaccharides by photosynthetic
pigments and a metalloenzyme. Nat Commun, 7, 11134.

Carrard, G. & Linder, M., 1999. Widely different off rates of two closely related
cellulose-binding domains from Trichoderma reesei. Eur J Biochem, 262, 637-43.

Claeyssens, M., Tomme, P., Brewer, C.F. & Hehre, E.J., 1990. Stereochemical course of
hydrolysis and hydration reactions catalysed by cellobiohydrolases I and II from
Trichoderma reesei. FEBS Lett, 263, 89-92.

Claeyssens, M., Van Tilbeurgh, H., Tomme, P., Wood, T.M. & Mcrae, S.I., 1989.
Fungal cellulase systems. Comparison of the specificities of the cellobiohydrolases
isolated from Penicillium pinophilum and Trichoderma reesei. Biochem J, 261,
819-25.

Colussi, F., Sgrensen, T.H., Alasepp, K., Kari, J., Cruys-Bagger, N., Windahl, M.S.,
Olsen, J.P., Borch, K. & Westh, P., 2015. Probing substrate interactions in the
active tunnel of a catalytically deficient cellobiohydrolase (Cel7). J Biol Chem,
290, 2444-54.

Cruys-Bagger, N., Elmerdahl, J., Praestgaard, E., Borch, K. & Westh, P., 2013a. A
steady-state theory for processive cellulases. FEBS J, 280, 3952-61.

Cruys-Bagger, N., Elmerdahl, J., Praestgaard, E., Tatsumi, H., Spodsberg, N., Borch,
K. & Westh, P., 2012a. Pre-steady-state kinetics for hydrolysis of insoluble
cellulose by cellobiohydrolase Cel7A. J Biol Chem, 287, 18451-8.

Cruys-Bagger, N.; Ren, G., Tatsumi, H., Baumann, M.J., Spodsberg, N., Andersen,
H.D., Gorton, L., Borch, K. & Westh, P., 2012b. An amperometric enzyme
biosensor for real-time measurements of cellobiohydrolase activity on insoluble
cellulose. Biotechnol Bioeng, 109, 3199-204.

Cruys-Bagger, N., Tatsumi, H., Ren, G.R., Borch, K. & Westh, P., 2013b. Transient
kinetics and rate-limiting steps for the processive cellobiohydrolase Cel7A: effects
of substrate structure and carbohydrate binding domain. Biochemistry, 52, 8938-
48.

Davies, G. & Henrissat, B., 1995. Structures and mechanisms of glycosyl hydrolases.
Structure, 3, 853-9.

Davies, G.J., Wilson, K.S. & Henrissat, B., 1997. Nomenclature for sugar-binding
subsites in glycosyl hydrolases. Biochem J, 321 ( Pt 2), 557-9.

Divne, C., Stahlberg, J., Reinikainen, T., Ruohonen, L., Pettersson, G., Knowles, J.K.,
Teeri, T.T. & Jones, T.A., 1994. The three-dimensional crystal structure of the
catalytic core of cellobiohydrolase I from Trichoderma reesei. Science, 265, 524-8.

Divne, C., Stahlberg, J., Teeri, T.T. & Jones, T.A., 1998. High-resolution crystal
structures reveal how a cellulose chain is bound in the 50 A long tunnel of
cellobiohydrolase I from Trichoderma reesei. J Mol Biol, 275, 309-25.

Emaze, 2016.  https://www.emaze.com/QAWOLTCIT /Molecules-of-Life:-Cellulose-
copyl-copy?2 [online|. [Accessed Access Date 16th December 2016].

Eriksson, T., Karlsson, J. & Tjerneld, F., 2002. A model explaining declining rate in
hydrolysis of lignocellulose substrates with cellobiohydrolase I (Cel7A) and

72


https://www.emaze.com/@AWOLTCIT/Molecules-of-Life:-Cellulose-copy1-copy2
https://www.emaze.com/@AWOLTCIT/Molecules-of-Life:-Cellulose-copy1-copy2

endoglucanase I (Cel7B) of Trichoderma reesei. Applied Biochemistry and
Biotechnology, 101, 41-60.

Farrell, A.E., Plevin, R.J., Turner, B.T., Jones, A.D., O'hare, M. & Kammen, D.M.,
2006. Ethanol can contribute to energy and environmental goals. Science, 311,
506-8.

Fagerstam, L.G. & Pettersson, G.L., 1980. The 1.4-Bglucan cellobiohydrolase of
Trichoderma reesei QM 9414 - A new type of cellulolytic synergismThe 1.4-B-
glucan cellobiohydrolase of Trichoderma reesei QM 9414 - A new type of
cellulolytic synergism. FEBS LETTERS, 119, 97-100.

Ganner, T., Bubner, P., Eibinger, M., Mayrhofer, C., Plank, H. & Nidetzky, B., 2012.
Dissecting and reconstructing synergism: in situ visualization of cooperativity
among cellulases. J Biol Chem, 287, 43215-22.

Golan, A.E., 2011. Cellulase: Types, Actions, Mechanisms and Uses New York: Nova
Science Publishers, Inc.

Gruno, M., Véljamée, P., Pettersson, G. & Johansson, G., 2004. Inhibition of the
Trichoderma reesei cellulases by cellobiose is strongly dependent on the nature of
the substrate. Biotechnol Bioeng, 86, 503-11.

Hall, M., Bansal, P., Lee, J.H., Realff, M.J. & Bommarius, A.S., 2011. Biological
pretreatment of cellulose: enhancing enzymatic hydrolysis rate using cellulose-
binding domains from cellulases. Bioresour Technol, 102, 2910-5.

Harjunpéé, V., Teleman, A., Koivula, A., Ruohonen, L., Teeri, T.T., Teleman, O. &
Drakenberg, T., 1996. Cello-oligosaccharide hydrolysis by cellobiohydrolase II
from Trichoderma reesei. Association and rate constants derived from an
analysis of progress curves. Eur J Biochem, 240, 584-91.

Harrison, M.J., Nouwens, A.S., Jardine, D.R., Zachara, N.E., Gooley, A.A., Nevalainen,
H. & Packer, N.H., 1998. Modified glycosylation of cellobiohydrolase I from a
high cellulase-producing mutant strain of Trichoderma reesei. Eur J Biochem,
256, 119-27.

Henrissat, B., Driguez, H., Viet, C. & Schiilein, M., 1985. Synergism of Cellulases from
Trichoderma reesei in the Degradation of Cellulose. Nature Biotechnology, 3,
722-726.

Himmel, M.E., Ding, S.Y., Johnson, D.K., Adney, W.S., Nimlos, M.R., Brady, JJW. &
Foust, T.D., 2007. Biomass recalcitrance: engineering plants and enzymes for
biofuels production. Science, 315, 804-7.

Himmel, M.E.; Ruth, M.F. & Wyman, C.E., 1999. Cellulase for commodity products
from cellulosic biomass. Curr Opin Biotechnol, 10, 358-64.

Hoffrén, A.M., Teeri, T.T. & Teleman, O., 1995. Molecular dynamics simulation of
fungal cellulose-binding domains: differences in molecular rigidity but a
preserved cellulose binding surface. Protein Eng, 8, 443-50.

Horn, S.J., Sgrlie, M., Varum, K.M., Viljaméde, P. & Eijsink, V.G., 2012. Measuring
processivity. Methods Enzymol, 510, 69-95.

Hoshino, E., Shiroishi, M., Amano, Y., Nomura, M. & Kanda, T., 1997. Synergistic
actions of exo-type cellulases in the hydrolysis of cellulose with different
crystallinities. Journal of Fermentation and Bioengineering, 84, 300-306.

73



Igarashi, K., Uchihashi, T., Koivula, A., Wada, M., Kimura, S., Okamoto, T., Penttil4,
M., Ando, T. & Samejima, M., 2011. Traffic jams reduce hydrolytic efficiency of
cellulase on cellulose surface. Science, 333, 1279-82.

Irwin, D.C., Spezio, M., Walker, L.P. & Wilson, D.B., 1993. Activity studies of eight
purified cellulases: Specificity, synergism, and binding domain effects. Biotechnol
Bioeng, 42, 1002-13.

Jalak, J., Kurasin, M., Teugjas, H. & Valjamae, P., 2012. Endo-exo Synergism in
Cellulose Hydrolysis Revisited. The Journal of Biological Chemistry, 287, 28802-
28815.

Jalak, J. & Viljamée, P., 2010. Mechanism of initial rapid rate retardation in
cellobiohydrolase catalyzed cellulose hydrolysis. Biotechnol Bioeng, 106, 871-83.

Jalak, J. & Viljamée, P., 2014. Multi-Mode Binding of Cellobiohydrolase Cel7A from
Trichoderma reesei to Cellulose. PLoS One, 9, e108181.

Jeoh, T., Ishizawa, C.I., Davis, M.F., Himmel, M.E.,; Adney, W.S. & Johnson, D.K.,
2007. Cellulase digestibility of pretreated biomass is limited by cellulose
accessibility. Biotechnol Bioeng, 98, 112-22.

Jorgensen, H., Bach Kristensen, J. & Felby, C., 2007. Enzymatic conversion of
lignocellulose into fermentable sugars: challenges and opportunities. Biofuels,
Bioprod. Bioref, 1, 119-134.

Kari, J., Andersen, M., Borch, K. & Westh, P., 2017. An inverse Michaelis-Menten
approach for interfacial enzyme kinetics. Submitted catalysis.

Kari, J., Kont, R., Borch, K., Buskov, S., Olsen, J.P., Cruyz-Bagger, N., Viljamae, P.
& Westh, P., 2016. Anomeric Selectivity and Product Profile of a Processive
Cellulase. Biochemistry, 167-178.

Kari, J., Olsen, J., Borch, K., Cruys-Bagger, N., Jensen, K. & Westh, P., 2014. Kinetics
of cellobiohydrolase (Cel7A) variants with lowered substrate affinity. J Biol
Chem, 289, 32459-68.

Kim, 1.J., Lee, H.J., Choi, [.G. & Kim, K.H., 2014. Synergistic proteins for the enhanced
enzymatic hydrolysis of cellulose by cellulase. Appl Microbiol Biotechnol, 98,
8469-80.

Kipper, K., Viljamae, P. & Johansson, G., 2005. Processive action of cellobiohydrolase
Cel7A from Trichoderma reesei is revealed as 'burst' kinetics on fluorescent
polymeric model substrates. Biochem J, 385, 527-35.

Klemm, D., Heublein, B., Fink, H.P. & Bohn, A., 2005. Cellulose: fascinating
biopolymer and sustainable raw material. Angew Chem Int Ed Engl, 44, 3358-
93.

Knott, B.C., Crowley, M.F., Himmel, M.E., Stahlberg, J. & Beckham, G.T., 2014a.
Carbohydrate-Protein Interactions That Drive Processive Polysaccharide
Translocation in Enzymes Revealed from a Computational Study of
Cellobiohydrolase Processivity. Journal of the American Chemical Society, 136,
8810-8819.

Knott, B.C., Haddad Momeni, M., Crowley, M.F., Mackenzie, L.F., Gotz, A.-W.,
Sandgren, M., Withers, S.G., Stahlberg, J. & Beckham, G.T., 2014b. The
mechanism of cellulose hydrolysis by a two-step, retaining cellobiohydrolase

74



elucidated by structural and transition path sampling studies. J Am Chem Soc,
136, 321-9.

Knowles, J., Lehtovaara, P. & Teeri, T., 1987. Cellulase families and their genes.
TIBTECH, 5, 255-261.

Koivula, A., Kinnari, T., Harjunpéda, V., Ruohonen, L., Teleman, A., Drakenberg, T.,
Rouvinen, J., Jones, T.A. & Teeri, T.T., 1998. Tryptophan 272: an essential
determinant of crystalline cellulose degradation by Trichoderma reesei
cellobiohydrolase Cel6A. FEBS Lett, 429, 341-6.

Koivula, A., Ruohonen, L., Wohlfahrt, G., Reinikainen, T., Teeri, T.T., Piens, K.,
Claeyssens, M., Weber, M., Vasella, A., Becker, D., Sinnott, M.L., Zou, J.Y.,
Kleywegt, G.J., Szardenings, M., Stahlberg, J. & Jones, T.A., 2002. The active
site of cellobiohydrolase Cel6A from Trichoderma reesei: the roles of aspartic
acids D221 and D175. J Am Chem Soc, 124, 10015-24.

Kraulis, J., Clore, G.M., Nilges, M., Jones, T.A., Pettersson, G., Knowles, J. &
Gronenborn, A.M., 1989. Determination of the three-dimensional solution
structure of the C-terminal domain of cellobiohydrolase I from Trichoderma
reesei. A study using nuclear magnetic resonance and hybrid distance geometry-
dynamical simulated annealing. Biochemistry, 28, 7241-57.

Kurasin, M. & Viljamae, P., 2011. Processivity of cellobiohydrolases is limited by the
substrate. J Biol Chem, 286, 169-77.

Kuusk, S., Sgrlie, M. & Véljamée, P., 2015. The predominant molecular state of bound
enzyme determines the strength and type of product inhibition in the hydrolysis
of recalcitrant polysaccharides by processive enzymes. J Biol Chem, 290, 11678-
91.

Kyriacou, A., Neufeld, R.J. & Mackenzie, C.R., 1989. Reversibility and competition in
the adsorption of Trichoderma reesei cellulase components. Biotechnol Bioeng,
33, 631-7.

Langsford, M.L., Gilkes, N.R., Singh, B., Moser, B., Miller, R.C., Warren, R.A. &
Kilburn, D.G., 1987. Glycosylation of bacterial cellulases prevents proteolytic
cleavage between functional domains. FEBS Lett, 225, 163-7.

Le Costaouéc, T., Pakarinen, A., Varnai, A., Puranen, T. & Viikari, L., 2013. The role
of carbohydrate binding module (CBM) at high substrate consistency:
comparison of Trichoderma reesei and Thermoascus aurantiacus Cel7A (CBHI)
and Cel5A (EGII). Bioresour Technol, 143, 196-203.

Lemos, M.A., Teixeira, J.A., Domingues, M.R.M., Mota, M. & Gama, F.M., 2003. The
enhancement of the cellulolytic activity of cellobiohydrolase I and endoglucanase
by the addition of cellulose bindingdomains derived from Trichoderma reesei.
Enzyme Microb Technol, 32, 35-40.

Levasseur, A., Drula, E., Lombard, V., Coutinho, P.M. & Henrissat, B., 2013.
Expansion of the enzymatic repertoire of the CAZy database to integrate
auxiliary redox enzymes. Biotechnol Biofuels, 6, 41.

Linder, M., Lindeberg, G., Reinikainen, T., Teeri, T.T. & Pettersson, G., 1995a. The
difference in affinity between two fungal cellulose-binding domains is dominated
by a single amino acid substitution. FEBS Lett, 372, 96-8.

I6)



Linder, M., Mattinen, M.L., Kontteli, M., Lindeberg, G., Stahlberg, J., Drakenberg, T,
Reinikainen, T., Pettersson, G. & Annila, A., 1995b. Identification of
functionally important amino acids in the cellulose-binding domain of
Trichoderma reesei cellobiohydrolase I. Protein Sci, 4, 1056-64.

Linder, M., Salovuori, I., Ruohonen, L. & Teeri, T.T., 1996. Characterization of a
double cellulose-binding domain. Synergistic high affinity binding to crystalline
cellulose. J Biol Chem, 271, 21268-72.

Lo Leggio, L., Welner, D. & De Maria, L., 2012. A structural overview of GH61 proteins
- fungal cellulose degrading polysaccharide monooxygenases. Comput Struct
Biotechnol J, 2, e201209019.

Lynd, L.R., Cushman, J.H., Nichols, R.J. & Wyman, C.E., 1991. Fuel ethanol from
cellulosic biomass. Science, 251, 1318-23.

Mansfield, S.D., Mooney, C. & Saddler, J.N.; 1999. Substrate and Enzyme
Characteristics that Limit Cellulose Hydrolysis. Biotechnol Prog, 15, 804-816.

Martinez, D., Berka, R.M., Henrissat, B., Saloheimo, M., Arvas, M., Baker, S.E.,
Chapman, J., Chertkov, O., Coutinho, P.M., Cullen, D., Danchin, E.G.,
Grigoriev, 1.V., Harris, P., Jackson, M., Kubicek, C.P., Han, C.S., Ho, [,
Larrondo, L.F., De Leon, A.L., Magnuson, J.K., Merino, S., Misra, M., Nelson,
B., Putnam, N., Robbertse, B., Salamov, A.A., Schmoll, M., Terry, A., Thayer,
N., Westerholm-Parvinen, A., Schoch, C.L., Yao, J., Barabote, R., Barbote, R.,
Nelson, M.A., Detter, C., Bruce, D., Kuske, C.R., Xie, G., Richardson, P.,
Rokhsar, D.S., Lucas, S.M., Rubin, E.M., Dunn-Coleman, N., Ward, M. &
Brettin, T.S., 2008. Genome sequencing and analysis of the biomass-degrading
fungus Trichoderma reesei (syn. Hypocrea jecorina). Nat Biotechnol, 26, 553-60.

Mattinen, M.L., Kontteli, M., Kerovuo, J., Linder, M., Annila, A., Lindeberg, G.,
Reinikainen, T. & Drakenberg, T., 1997a. Three-dimensional structures of three
engineered cellulose-binding domains of cellobiohydrolase I from Trichoderma
reesei. Protein Sci, 6, 294-303.

Mattinen, M.L., Linder, M., Teleman, A. & Annila, A., 1997b. Interaction between
cellohexaose and cellulose binding domains from Trichoderma reesei cellulases.
FEBS Lett, 407, 291-6.

Mayes, H.B., Knott, B.C., Crowley, M.F., Broadbelt, L.J., Stahlberg, J. & Beckham,
G.T., 2016. Who's on base? Revealing the catalytic mechanism of inverting
family 6 glycoside hydrolases. Chemical Science, 7, 5955-5968.

Mecfarlane, H.E., Déring, A. & Persson, S., 2014. The cell biology of cellulose synthesis.
Annu Rev Plant Biol, 65, 69-94.

Medve, J., Karlsson, J., Lee, D. & Tjerneld, F., 1998. Hydrolysis of microcrystalline
cellulose by cellobiohydrolase I and endoglucanase II from Trichoderma reesei:
adsorption, sugar production pattern, and synergism of the enzymes. Biotechnol
Bioeng, 59, 621-34.

Medve, J., Stahlberg, J. & Tjerneld, F., 1994. Adsorption and synergism of
cellobiohydrolase I and II of Trichoderma reesei during hydrolysis of

microcrystalline cellulose. Biotechnol Bioeng, 44, 1064-73.

76



Medve, J., Stahlberg, J. & Tjerneld, F., 1997. Isotherms for adsorption of
cellobiohydrolase I and II from Trichoderma reesei on microcrystalline cellulose.
Appl Biochem Biotechnol, 66, 39-56.

Murphy, L., Bohlin, C., Baumann, M.J., Olsen, S.N., Sgrensen, T.H., Anderson, L.,
Borch, K. & Westh, P.; 2013. Product inhibition of five Hypocrea jecorina
cellulases. Enzyme Microb Technol, 52, 163-9.

Nasdaq, 2016. http://www.nasdaq.com/markets/crude-oil.aspx?timeframe=3y. visited
27 th December 2016.

Nelson & Cox, 2008. Lehninger principles of biochemistry, 5. ed. New York:
W.H.Freeman.

Nidetzky, B., Steiner, W. & Claeyssens, M., 1994a. Cellulose hydrolysis by the cellulases
from Trichoderma reesei: adsorptions of two cellobiohydrolases, two

endocellulases and their core proteins on filter paper and their relation to
hydrolysis. Biochem J, 303 ( Pt 3), 817-23.

Nidetzky, B., Steiner, W., Hayn, M. & Claeyssens, M., 1994b. Cellulose hydrolysis by
the cellulases from Trichoderma reesei: a new model for synergistic interaction.
Biochem J, 298 Pt 3, 705-10.

Nimlos, M.R., Beckham, G.T., Matthews, J.F., Bu, L., Himmel, M.E. & Crowley, M.F.,
2012. Binding preferences, surface attachment, diffusivity, and orientation of a
family 1 carbohydrate-binding module on cellulose. J Biol Chem, 287, 20603-12.

Nimlos, M.R., Matthews, J.F., Crowley, M.F., Walker, R.C., Chukkapalli, G., Brady,
J.W., Adney, W.S., Cleary, J.M., Zhong, L. & Himmel, M.E., 2007. Molecular
modeling suggests induced fit of Family I carbohydrate-binding modules with a
broken-chain cellulose surface. Protein Eng Des Sel, 20, 179-87.

Olsen, J.P., Alasepp, K., Kari, J., Cruys-Bagger, N., Borch, K. & Westh, P., 2015.
Mechanism of product inhibition for cellobiohydrolase Cel7A during hydrolysis
of insoluble cellulose. Biotechnol Bioeng.

Olsen, J.P., Kari, J., Borch, K. & Westh, P., 2017. A quenched-flow system for
measuring heterogeneous enzyme kinetics with sub-second time resolution.
Microbial Technology submitted.

Pakarinen, A., Haven, M.O., Djajadi, D.T., Varnai, A., Puranen, T. & Viikari, L., 2014.
Cellulases without carbohydrate-binding modules in high consistency ethanol
production process. Biotechnol Biofuels, 7, 27.

Palonen, H., Tenkanen, M. & Linder, M., 1999. Dynamic interaction of Trichoderma
reesei cellobiohydrolases Cel6A and Cel7A and cellulose at equilibrium and
during hydrolysis. Appl Environ Microbiol, 65, 5229-33.

Payne, C.M., Bomble, Y.J., Taylor, C.B., Mccabe, C., Himmel, M.E., Crowley, M.F. &
Beckham, G.T., 2011. Multiple functions of aromatic-carbohydrate interactions
in a processive cellulase examined with molecular simulation. J Biol Chem, 286,
41028-35.

Payne, C.M., Jiang, W., Shirts, M.R., Himmel, M.E., Crowley, M.F. & Beckham, G.T.,
2013a. Glycoside hydrolase processivity is directly related to oligosaccharide
binding free energy. J Am Chem Soc, 135, 18831-9.

7


http://www.nasdaq.com/markets/crude-oil.aspx?timeframe=3y

Payne, C.M., Knott, B.C., Mayes, H.B., Hansson, H., Himmel, M.E., Sandgren, M.,
Stahlberg, J. & Beckham, G.T., 2015. Fungal Cellulases. Chem Rev.

Payne, C.M., Resch, M.G., Chen, L., Crowley, M.F., Himmel, M.E., Taylor, L.E.,
Sandgren, M., Stahlberg, J., Stals, 1., Tan, Z. & Beckham, G.T., 2013b.
Glycosylated linkers in multimodular lignocellulose-degrading enzymes
dynamically bind to cellulose. Proc Natl Acad Sci U S A, 110, 14646-51.

Percival Zhang, Y.H., Himmel, M.E. & Mielenz, J.R., 2006. Outlook for cellulase
improvement: screening and selection strategies. Biotechnol Adv, 24, 452-81.

Poidevin, L., Feliu, J., Doan, A., Berrin, J.G., Bey, M., Coutinho, P.M., Henrissat, B.,
Record, E. & Heiss-Blanquet, S., 2013. Insights into exo- and endoglucanase
activities of family 6 glycoside hydrolases from Podospora anserina. Appl
Environ Microbiol, 79, 4220-9.

Praestgaard, E., Elmerdahl, J., Murphy, L., Nymand, S., Mcfarland, K.C., Borch, K. &
Westh, P., 2011. A kinetic model for the burst phase of processive cellulases.
FEBS J, 278, 1547-60.

Receveur, V., Czjzek, M., Schiilein, M., Panine, P. & Henrissat, B., 2002. Dimension,
shape, and conformational flexibility of a two domain fungal cellulase in solution
probed by small angle X-ray scattering. J Biol Chem, 277, 40887-92.

Reese, E.T., 1976. History of the cellulase program at the U.S. army Natick
Development Center. Biotechnol Bioeng Symp, 9-20.

Reese, E.T., Siu, R.G. & Levinson, H.S., 1950. The biological degradation of soluble
cellulose derivatives and its relationship to the mechanism of -cellulose
hydrolysis. J Bacteriol, 59, 485-97.

Rosgaard, L., Pedersen, S., Langston, J., Akerhielm, D., Cherry, J.R. & Meyer, A.S.,
2007. Evaluation of minimal Trichoderma reesei cellulase mixtures on differently
pretreated Barley straw substrates. Biotechnol Prog, 23, 1270-6.

Rouvinen, J., Bergfors, T., Teeri, T., Knowles, J.K. & Jones, T.A., 1990. Three-
dimensional structure of cellobiohydrolase II from Trichoderma reesei. Science,
249, 380-6.

Ruiz, D.M., Turowski, V.R. & Murakami, M.T., 2016. Effects of the linker region on the
structure and function of modular GH5 cellulases. Sci Rep, 6, 28504.

Sammond, D.W., Payne, C.M., Brunecky, R., Himmel, M.E., Crowley, M.F. &
Beckham, G.T., 2012. Cellulase linkers are optimized based on domain type and
function: insights from sequence analysis, biophysical measurements, and
molecular simulation. PLoS One, 7, e48615.

Sattler, W., Esterbauer, H., Glatter, O. & Steiner, W., 1989. The effect of enzyme
concentration on the rate of the hydrolysis of cellulose. Biotechnol Bioeng, 33,
1221-34.

Shen, H., Schmuck, M., Pilz, 1., Gilkes, N.R., Kilburn, D.G., Miller, R.C. & Warren,
R.A., 1991. Deletion of the linker connecting the catalytic and cellulose-binding
domains of endoglucanase A (CenA) of Cellulomonas fimi alters its conformation
and catalytic activity. J Biol Chem, 266, 11335-40.

78



Sonan, G.K., Receveur-Brechot, V., Duez, C., Aghajari, N., Czjzek, M., Haser, R. &
Gerday, C., 2007. The linker region plays a key role in the adaptation to cold of
the cellulase from an Antarctic bacterium. Biochem J, 407, 293-302.

Srisodsuk, M., Reinikainen, T., Penttila, M. & Teeri, T.T., 1993. Role of the
interdomain linker peptide of Trichoderma reesei cellobiohydrolase I in its
interaction with crystalline cellulose. J Biol Chem, 268, 20756-61.

Strobel, K.L., Pfeiffer, K.A., Blanch, HW. & Clark, D.S., 2015. Engineering Cel7A
Carbohydrate Binding Module and Linker for Reduced Lignin Inhibition.
Biotechnol Bioeng.

Stahlberg, J., 1993. Trichoderma reesei has no true exo-cellulase: all intact and
truncated cellulases produce new reducing end groups on cellulose. Biochimica et
biophysica acta. General subjects. - Amsterdam, 1157, 107-113.

Stahlberg, J., Divne, C., Koivula, A., Piens, K., Claeyssens, M., Teeri, T.T. & Jones,
T.A., 1996. Activity studies and crystal structures of catalytically deficient
mutants of cellobiohydrolase I from Trichoderma reesei. J Mol Biol, 264, 337-49.

Stahlberg, J., Johansson, G. & Pettersson, G., 1991. A New Model For Enzymatic
Hydrolysis of Cellulose Based on the Two-Domain Structure of Cellobiohydrolase
I. Nat Biotech, 9, 286-290.

Sgrensen, T.H., Cruys-Bagger, N., Borch, K. & Westh, P., 2015a. Free Energy Diagram
for the Heterogeneous Enzymatic Hydrolysis of Glycosidic Bonds in Cellulose. J
Biol Chem, 290, 22203-11.

Sgrensen, T.H., Cruys-Bagger, N., Windahl, M.S., Badino, S.F., Borch, K. & Westh, P.,
2015b. Temperature Effects on Kinetic Parameters and Substrate Affinity of
Cel7A Cellobiohydrolases. J Biol Chem, 290, 22193-202.

Sgrensen, T.H., Windahl, M.S., Mcbrayer, B., Kari, J., Olsen, J.P., Borch, K. & Westh,
P., 2017. Loop variants of the thermophile Rasamsonia emersonii Cel7A with
improved activity against cellulose. Biotechnol Bioeng, 114, 53-62.

Takashima, S., Ohno, M., Hidaka, M., Nakamura, A., Masaki, H. & Uozumi, T., 2007.
Correlation between cellulose binding and activity of cellulose-binding domain
mutants of Humicola grisea cellobiohydrolase 1. FEBS Letters, 581, 5891-5896.

Teeri, T.T., 1997. Crystalline cellulose degradation: new insight into the function of
cellobiohydrolases. Trends in Biotechnology, 15, 160-167.

Teugjas, H. & Viljamée, P., 2013. Product inhibition of cellulases studied with 14C-
labeled cellulose substrates. Biotechnol Biofuels, 6, 104.

Ting, C.L., Makarov, D.E. & Wang, Z.G., 2009. A kinetic model for the enzymatic
action of cellulase. J Phys Chem B, 113, 4970-7.

Tomme, P., Heriban, V. & Claeyssens, M., 1990. ADSORPTION OF 2
CELLOBIOHYDROLASES FROM TRICHODERMA-REESEI TO AVICEL -
EVIDENCE FOR EXO-EXO SYNERGISM AND POSSIBLE LOOSE
COMPLEX-FORMATION. Biotechnology Letters, 12, 525-530.

Tomme, P., Van Tilbeurgh, H., Pettersson, G., Van Damme, J., Vandekerckhove, J.,
Knowles, J., Teeri, T. & Claeyssens, M., 1988. Studies of the cellulolytic system
of Trichoderma reesei QM 9414. Analysis of domain function in two
cellobiohydrolases by limited proteolysis. Eur J Biochem, 170, 575-81.

79



Untc, 2016. Paris Agreement:

https://treaties.un.org/pages/ViewDetails.aspx?src=TREATY &mtdsg no=XXVII-7-

d&chapter=27&clang=_en. Visited 26th January 2017.

Vaaje-Kolstad, G., Westereng, B., Horn, S.J., Liu, Z., Zhai, H., Sgrlie, M. & Eijsink,
V.G., 2010. An oxidative enzyme boosting the enzymatic conversion of

recalcitrant polysaccharides. Science, 330, 219-22.

Van Tilbeurgh, H., Tomme, P., Claeyssens, M., Bhikhabhai, R. & Pettersson, G., 1986.
Limited proteolysis of the cellobiohydrolase I from Trichoderma reesei. FEBS
Letters, 204, 223-227.

Vinzant, T.B., Adney, W.S., Decker, S.R., Baker, J.O., Kinter, M.T., Sherman, N.E.,
Fox, JJW. & Himmel, M.E., 2001. Fingerprinting Trichoderma reesei hydrolases
in a commercial cellulase preparation. Appl Biochem Biotechnol, 91-93, 99-107.

Von Ossowski, 1., Eaton, J.T., Czjzek, M., Perkins, S.J., Frandsen, T.P., Schiilein, M.,
Panine, P., Henrissat, B. & Receveur-Bréchot, V., 2005. Protein disorder:
conformational distribution of the flexible linker in a chimeric double cellulase.
Biophys J, 88, 2823-32.

Vérnai, A., Siika-Aho, M. & Viikari, L., 2013. Carbohydrate-binding modules (CBMs)
revisited: reduced amount of water counterbalances the need for CBMs.
Biotechnol Biofuels, 6, 30.

Viljamée, P., Sild, V., Pettersson, G. & Johansson, G., 1998. The initial kinetics of
hydrolysis by cellobiohydrolases I and II is consistent with a cellulose surface-
erosion model. Eur J Biochem, 253, 469-75.

Wolfenden, R. & Snider, M.J.; 2001. The depth of chemical time and the power of
enzymes as catalysts. Acc Chem Res, 34, 938-45.

Yang, B., Willies, D.M. & Wyman, C.E., 2006. Changes in the enzymatic hydrolysis
rate of Avicel cellulose with conversion. Biotechnol Bioeng, 94, 1122-8.

Zechel, D.L. & Withers, S.G., 2000. Glycosidase Mechanisms: Anatomy of a Finely
Tuned Catalyst. Accounts of Chemical Research, 33, 11-18.

Zhang, Y.H. & Lynd, L.R., 2004. Toward an aggregated understanding of enzymatic
hydrolysis of cellulose: noncomplexed cellulase systems. Biotechnol Bioeng, 88,
797-824.

Zou, J., Kleywegt, G.J., Stahlberg, J., Driguez, H., Nerinckx, W., Claeyssens, M.,
Koivula, A., Teeri, T.T. & Jones, T.A., 1999. Crystallographic evidence for
substrate ring distortion and protein conformational changes during catalysis in
cellobiohydrolase Cel6A from trichoderma reesei. Structure, 7, 1035-45.

80


https://treaties.un.org/pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_en
https://treaties.un.org/pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_en

Direct Kinetic Comparison of the two
Cellobiohydrolases Cel6A and Cel7A from

Hypocrea jecorina

Accepted for publication, In press







Accepted Manuscript

Direct kinetic comparison of the two cellobiohydrolases Cel6A
and Cel7A from Hypocrea jecorina

Proteins and

Proteomics

Silke Flindt Badino, Jeppe Kari, Stefan Jarl Christensen, Kim
Borch, Peter Westh

PII: S1570-9639(17)30196-6
DOI: doi: 10.1016/j.bbapap.2017.08.013
Reference: BBAPAP 39998

To appear in:

Received date: 12 April 2017
Revised date: 25 July 2017
Accepted date: 14 August 2017

Please cite this article as: Silke Flindt Badino, Jeppe Kari, Stefan Jarl Christensen, Kim
Borch, Peter Westh , Direct kinetic comparison of the two cellobiohydrolases Cel6A and
Cel7A from Hypocrea jecorina, (2017), doi: 10.1016/j.bbapap.2017.08.013

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


http://dx.doi.org/10.1016/j.bbapap.2017.08.013
http://dx.doi.org/10.1016/j.bbapap.2017.08.013

Direct kinetic comparison of the two cellobiohydrolases

Cel6A and Cel7A from Hypocrea jecorina

Silke Flindt Badino!, Jeppe Kari!, Stefan Jarl Christensen!, Kim Borch? and Peter Westh!

1. Research Unit for Functional Biomaterials, Department of Science and Environment, Roskilde
University. 1 Universitetsvej, Build. 28.C, DK-4000, Roskilde, Denmark. Email:
sbadino@ruc.dk , jkari@ruc.dk, sjarlc@ruc.dk , pwesth@ruc.dk

2. Novozymes A/S, Krogshejvej 36, DK-2880, Bagsveerd, Denmark. E-mail:

kimb@novozymes.com

*Corresponding author: Email: pwesth@ruc.dk ; Telephone: +45 4674 2879; Fax: +45 4674
3011



Abstract

Cellulose degrading fungi such as Hypocrea jecorina secrete several cellulases including the
two cellobiohydrolases (CBHs) Cel6A and Cel7A. The two CBHs differ in catalytic
mechanism, attack different ends, belong to different families, but are both processive multi-
domain enzymes that are essential in the hydrolysis of cellulose. Here we present a direct
kinetic comparison of these two enzymes acting on insoluble cellulose. We used both
continuous- and end-point assays under either enzyme- or substrate excess, and found
distinct kinetic differences between the two CBHs. Cel6A was catalytically superior with a
maximal rate over four times higher than Cel7A. Conversely, the ability of Cel6A to attack
diverse structures on the cellulose surface was inferior to Cel7A. This latter difference was
pronounced as the density of attack sites for Cel7A was almost an order of magnitude
higher compared to Cel6A. We conclude that Cel6A is a fast but selective enzyme and that
Cel7A is slower, but promiscuous. One consequence of this is that Cel6A is more effective
when substrate is plentiful, while Cel7A excels when substrate is limiting. These diverse
kinetic properties of Cel6A and Cel7A might elucidate why both cellobiohydrolases are

prominent in cellulolytic degrading fungi.



1. Introduction

Cel6A and Cel7A are the two most abundant cellulases secreted from Hypocrea jecorina
(teleomorph of Trichoderma reesei) [1-3] and these cellobiohydrolases (CBHs) are essential for
an efficient cellulose degradation. They are both multi domain enzymes [4, 5] composed by a
large catalytic domain (CD) and a small carbohydrate binding domain (CBM) connected by
a flexible and glycosylated linker. They also share the properties of primarily attacking the
cellulose chain from the end, and processively hydrolyzing one cellulose strand, which is
bound in a long catalytic tunnel [4, 5]. The two enzymes differ in several other aspects. They
have different overall folds and belong to different GH families. They also have different
mechanisms as Cel7A attacks reducing ends of cellulose strands and performs a retaining
hydrolytic reaction. Conversely, Cel6A attacks non-reducing ends and utilizes an inverting
mechanism [6, 7]. The overall arrangements of domains are opposite in the sense that the
CBM makes up the C-terminal for Cel7A, while it is the N-terminal in Cel6A. Another
difference, which may be particularly important from a kinetic point of view, is the design of
the substrate binding region. Cel7A has a 50 A long cleft in the CD, which is covered by 4
pairs of loops that protrude from each side of the cleft [4, 8]. Although these peripheral
loops are not connected by any covalent bonds, they essentially cover the cleft and hence
give rise to a tunnel shaped binding region with the active site towards the product end.
Cel6A, on the other hand, has a shorter binding cleft, which is covered by 2 loops that are
proposed to be more flexible [5, 8-12], and this more open and dynamic structure may be
associated with a faster and facilitated substrate binding and dissociation from the substrate
for Cel6A [13].

One appealing interpretation of the prevalence of Cel6-Cel7 mixtures in the secretome of H.
jecorina and other cellulose degrading fungi is that differences in their activities and
specificities help the organisms degrade diverse structures of cellulose in plant biomass.
This idea is supported by the observation of a significant degree of synergy between Cel7A
and Cel6A during the break-down of pure cellulose [14-17]. The level of kinetic
understanding for the two types of CBHs varies. Hence, kinetic aspects of a number of
fungal Cel7 enzymes, in particular Cel7A from H. jecorina, has been studied quite
comprehensively (see [18] for a review), and this has made Cel7A-kinetics the best
understood among cellulases. Cel6A, on the other hand, is less investigated although
important progress has been made [12, 13, 19]. Direct kinetic comparisons of the two
enzymes have not been made, and this hampers discussions of their roles and
interrelationships in the cellulolytic process. Particularly so as cellulase kinetics is notorious
for its dependence on substrate properties and experimental conditions, thus making kinetic
parameters from different studies hard to compare. Here, we report a thorough kinetic
characterization using methods that allow direct comparison of Cel6A and Cel7A. The
results unveiled distinctive kinetic differences between the enzymes. In particular we found

that Cel6A is a much faster enzyme with a maximal initial rate about four times higher than



Cel7A. Conversely, Cel6A is far inferior with respect to the ability to attack diverse sites on
the substrate surface. Thus, Cel6A only recognized comparably few sites for enzymatic
attack, while Cel7A was able to initiate catalysis on most of its adsorption sites. We
speculate that these differences could be important for the efficacy of Cel6A-Cel7A mixtures

against complex lignocellulosic biomass.

2. Materials and Methods
2.1 Enzymes and substrate

Enzymes were expressed heterologously in Aspergillus oryzae and purified as described
elsewhere [20, 21]. Concentrations were determined by UV absorption at 280 nm using
theoretical [22] extinction coefficients of 97,790 M-'cm (Cel6A), 86,760 M-lcm (Cel7A) and
177,880 M-'em™ (B-glucosidase). All experiments were performed in 50 mM NaAcetate pH
5.0 at 25°C and Avicel (PH101, Sigma Aldrich 11365), that had initially been washed and
precipitated five times in buffer, was used as substrate. Avicel consists of microcrystalline
cellulose, and the product used here has a typical particle size of 10-50 pum [23]. The
quenched flow instruments works better with smaller particles, and the substrate used here
was dispersed for 10 min with an ultra Turrax T25 Basic (IKA, Staufen, Germany) coaxial
homogenizer with a nominal final particle size of 5 um. Earlier work has shown that the

crystallinity of the dispersed Avicel was not changed [24].
2.2 Reducing Sugar Activity Assays

Activity assays were based on quantification of reducing sugars using the para-
hydroxybenzoic acid hydrazide (PAHBAH) method [25] following an experimental
procedure described elsewhere [21]. We used 0.2 uM of enzyme and substrate loads ranged
from 1 g/L to 80 g/L Avicel (including controls with no substrate). After 1 h hydrolysis, the
reaction was quenched by centrifugation at 2000 g, and 11 ul 1 uM p-glucosidase from
Aspergillus oryzae was added to 100 pl supernatant. This mixture was allowed to react for 1 h
at room temperature to convert all soluble sugars to glucose. After the PAHBAH reaction,
concentrations were determined in a plate reader (Spectra Max 3, Molecular Devices,
Sunnyvale, Ca) using absorption at 405 nm and a glucose standard series from 0-500 uM. In
the inverse MM approach a constant substrate load of 2 g/L. Avicel was used with varying
enzyme concentrations ranging from 0.1 pM to 10 uM all in the presence of 0.1 uM (-
glucosidase. All experiments were carried out in triplicates.

2.3 Binding isotherms



Binding isotherms were made with different enzyme concentrations ranging from 0.1-6 uM
on Avicel. On Thurax dispersed Avicel the enzyme concentration range was 0.05-8 uM. In
both cases, standards with the same enzyme concentrations in buffer were also made. After
30 min equilibration time, the Avicel samples were centrifuged at 2000 g and the
concentration of enzyme in the supernatant was determined from the intrinsic fluorescence
as described previously [21]. In addition to the 100 uL supernatant we added another 50 uL
buffer to each well before measuring the intrinsic fluorescence, since the larger volume
resulted in less noisy fluorescence measurement. 10 g/L. washed Avicel or 10 g/L. washed

and turraxed Avicel was used as substrate.
2.4 Real time activity

Real time hydrolysis was measured using a pyranose dehydrogenase (PDH) biosensor,
which detects both a- and B-anomers of soluble sugars. PDH biosensors were prepared
according to a previously published protocol [26] except that benzoquinone was used as
mediator. In the hydrolysis experiments we used 40 g/L. Avicel and doses of 100 nM enzyme
(final concentration). Progress curves at 25°C were followed over 5 min in experiments with
either one dosage at t=0 or two dosages at t=0 and t=150 s (the latter giving a total enzyme
concentration of 200 nM). Comparisons of single and double dose experiments were used to
elucidate the enzymes’ sensitivity to small substrate modifications. The sensors were
calibrated with cellobiose solutions ranging from 0-50 uM as described in detail elsewhere
[26].

2.5 Quench flow

Quenched flow measurements were made on a system recently developed for enzyme
reactions on solid substrates catalysis [27], and used to estimate the specific activity at the
initial rapid phase. We used 10 g/L turraxed Avicel and 0.5 uM of enzyme in this assay,
where a flow of enzyme and substrate generated by a peristaltic pump are mixed in a
mixing tee and subsequently “aged” by passing through loops of tubing of different length
[27]. By using different flow rates and different loops the enzyme substrate solution was
quenched with 0.1 M NaOH giving a hydrolysis time resolution ranging from 250 ms to
3000 ms. All samples were run in triplicate (three separate experiments through the same
loop). Samples were collected in a deepwell plate and supernatants were isolated from the
insoluble Avicel by centrifugation (1000 g, 3 min). Hereafter analyzed by High-Performance
Anion-Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD)
using a Dionex ICS-5000 instrument fitted with a CarboPac PA10 column (Thermo Scientific,
Waltham, MA). Cellobiose contents were calculated against an 8-point external standard.
Blanks were subtracted the samples and carried out as the samples except that the enzymes
were quenched with NaOH prior to the experiments.



3. Results and data analysis

The initial hydrolysis rate for cellulases generally levels off towards a constant value when
either the substrate load or the enzyme concentration is increased [28-31]. This is sometimes
called “double saturation” [32] and it implies that a saturation curve for the initial rate can
be acquired from two types of experiments. The first is the conventional Michaelis Menten
approach, where experiments are set up with a low, constant enzyme concentration and the
initial, steady state rates is measured for gradually increasing substrate loads (see [33-35] for
examples with cellulases). Alternatively, one may strive for the opposite limit and conduct
the experiments at a constant and low substrate load and excess of enzyme. In this latter case,
initial rates are measured and plotted as a function of the enzyme concentration (c.f. Fig. 1B).
This idea of using enzyme excess is unusual, but has nevertheless been suggested within
different areas of enzymology [36-40]. We have recently argued [41] that both experimental
conditions (enzyme excess and substrate excess) may be analyzed by a simple steady-state
treatment, and that combined interpretation of the kinetic parameters from each of these two
approaches provide particular insights into a given cellulase-substrate system. In the current

work we will use this combined analysis to highlight differences between Cel7A and Cel6A.

Initial steady-state rates measured under substrate excess were plotted against the substrate
load in Fig. 1C and analyzed with respect to eq. (1).

con
convy, vvmax SO

V=m0 ()

conv
Ku +S,

Henceforth, we will call eq. (1) the conventional Michaelis Menten (MM-) equation and identify
its parameters by the superscript conv. In eq. (1), v is the rate measured under substrate
excess, and So is the load of substrate in g/L. It follows that «*Ku, the substrate load at half-
saturation, also has units of mass per volume (c.f. Fig. 1A). The validity of this simple MM
equation for processive enzymes (like Cel7A or Cel6A) has been discussed earlier [33]. This
work showed that the steady state rate could be expressed by eq. (1), although there were
some differences in the meaning of the kinetic parameters compared to simple MM theory.
These differences are discussed in detail elsewhere [33], but they are not important for the

comparative analysis presented here.

Steady-state rates measured under enzyme excess were plotted against the enzyme
concentration in Fig. 1D, and analyzed with respect to eq. (2), which we will call the inverse
MM equation [41],
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In eq. (2), Eo is the total enzyme concentration in pM, and "Ku is the concentration (uM)
required to reach half saturation (c.f. Fig. 1B). Lines in panels with experimental data
represent non-linear regression with respect to eq. (1) (Fig. 1C) or eq. (2) (Fig. 1D), and the
kinetic parameters conoVma/Eo, K1, "Vnax/So and "Ku derived from the regression analyses
are listed in Tab. 1.

Figurel

Figure 1 Principles of interpretation and experimental data for conventional and inverse Michaelis
Menten analysis. The top panel shows a simplified illustration of how we interpret results by
respectively the conventional (panel A) and inverse (Panel B) Michaelis Menten (MM) equation. The
substrate is depicted as flakes with a chess-board pattern representing the reaction points or attack
sites for the enzyme. Two types of saturation are considered. In the conventional approach, addition
of high loads of substrate eventually binds all enzymes, and this situation parallels MM-saturation in
normal bulk reactions. For the inverse approach, addition of high enzyme concentrations (to a low
load of substrate) leads to the saturation of all attack sites, while free enzyme builds up in the
aqueous bulk. The lower panels shows experimental data for Cel7A and Cel6A using the
conventional steady-state approach where 200 nM enzyme were saturated with Avicel (Panel C) and
the inverse steady-state approach where 2 g/L Avicel was saturated with enzyme (panel D).

Conventional MM plot Inverse MM plot
conoViuax/Eo conv Ky L VA inv Ky
(s7) (g liter?) (umol g s7) (M)
Cel6A 0.87 +0.05 32+4 0.033 +0.001 0.51+0.05
Cel7A 0.20+0.01 9+2 0.057 £ 0.001 1.34+£0.11

Table 1 Kinetic parameters from the conventional- and inverse Michaelis Menten analysis.
Standard errors are from the the fit of eq. 1 and eq. 2 to the experimental data.

In the conventional MM plot (Fig 1C) Cel6A showed higher steady-state rates at all substrate
loads, and the specific maximal rate «“"Vuaw/Eo was > 4 times higher for Cel6A (0.87 s7)
compared to Cel7A (0.20 s'). The conventional Michaelis constant, ©"K», was approximately
3 times higher for Cel6A indicating lower substrate affinity. In the inverse analysis, on the
other hand, Cel7A showed higher activity, and the maximal specific rate, "*Vu/So, was 0.057
pumol g's? for Cel7A compared to 0.033 pmol g's* for Cel6A.

The kinetic response to two sequential enzyme doses was tested by biosensor
measurements. Results in Fig. 2 show that the cellobiose production by Cel6A over 150 s was
about two-fold higher than for Cel7A (100 nM enzyme and 40 g/L Avicel in both cases).



When a second enzyme dose was added after 150 s (raising the total concentration to 200
nM) we found a significant reduction in the kinetic response for Cel6A (see insert). In other
words the specific activity of the enzymes in the second dose was lower compared to the
enzymes in the first dose (the second dose generated about 57% of the cellobiose produced
by the first dose over the 150 s course). It is worth noticing that this reduction in specific
activity happened although the degree of substrate conversion (about 0.01 %) and enzyme
coverage of the substrate (about 2% of saturation, c.f. Fig. 4 below) were both very low. For
Cel7A, which had similar low conversion and coverage, we observed a smaller difference
between the first and second dose of enzyme. Here the product made by the second dose
was 83% of the first dose. We conclude that Cel6A is more sensitive than Cel7A to changes
brought about as the reaction progresses. The distinctive reduction in specific activity even
for very low coverage and degree of conversion suggests that high Avicel conversion will be
hard to attain even in prolonged reactions with these mono-component enzymes. This, in
turn, may be related to the pronounced synergy of Cel6A and Cel7A (so-called exo-exo
synergy), which probably reflects specificity for different types of surface structures and
hence the ability of one enzyme to exhume good attack sites for the other [42, 43], but we

will not pursue this topic further in the current work.
Figure 2

Figure 2 Kinetic response to two sequential enzyme dosages of Cel6A and Cel7A. Both panels show
data for two biosensor measurements. In the first measurement 100 nM enzyme was added to 40
g/LAvicel at t =0 and the progress curve was recorded for 300 s. The second experiment was started in
the same way (and hence the curves are initially superimposed), but at t =150 s a second enzyme
dosage was added (total concentration now 200 nM enzyme). The effect of the second dosage (from t
=150 s to t =300 s) was calculated as the difference between the two curves and plotted together with
the first 150 s of the progress curve in the insert. It appears that the second dosage has less effect on
the progress curve for Cel7A compared to Cel6A.

We used quenched-flow measurements to elucidate the initial substrate attack and the
activity at extremely low degrees of substrate conversion. Results in Fig. 3 show that Cel6A
initiated hydrolysis much faster than Cel7A. Thus, the slope over the first second for Cel6A
corresponded to a turnover of over 10 s?, while the rate for Cel7A was an order of
magnitude lower. After the pronounced initial burst in Cel6A activity, which lasted about
0.8 s, the progress curve for this enzyme became near-linear with a slope corresponding to a
specific rate of 1.3 s'. Cel7A also showed signs of an early burst for t < 0.5 s, but the
amplitude of this effect was very low (0.5 uM), and comparable to the experimental scatter.
Earlier work has shown a strong burst in Cel7A activity with a maximum rate after 5-10 s
[27, 44], i.e. later than the highest times considered in Fig. 3. More work including the use of
higher dilutions and lower temperatures (to slow down the reaction) will be required to

elucidate this possible rapid phase in Cel7A activity. Here we just note that to within the



experimental scatter, the progress curve for Cel7A was linear over the 6 s time interval

covered in Fig. 3. The slope suggested a specific activity of about 0.35 s for Cel7A.
Figure 3

Figure 3 Quenched- flow data for the initial kinetics of Cel6A and Cel7A. In both cases, the final
concentration was 0.5 pM enzyme and 10 g/L turraxed Avicel.

To enable comparisons of the kinetic data and the extent of surface coverage we measured the

concentration of free enzyme, Efe, in 10 g/l Avicel suspensions as a function of the total
E,—E
enzyme concentration. We calculated the surface coverage, Fz( 0 fre% in umol/g
0

cellulose and plotted this parameter against Ef« in Fig. 4. As often seen for cellulases [45], a

free

simple Langmuir isotherm, I'=T"_ K +E
d

, where I'mix and K are respectively saturation

free
coverage and dissociation constant, accounted reasonably for the binding data in this range of
Efe.. We emphasize that a simple Langmuir isotherm, which relies on the assumption that all
sites are equal, only provides a coarse description of the adsorption process. Thus, several
earlier studies [46, 47] have shown that sites with widely differing affinities can be identified
on the surface of cellulose. It follows that parameters derived from the simplified treatment
used here are only apparent values that may not be valid outside the range of experimental
conditions under which they are measured. However, in accord with earlier work [45], we
suggest that the partitioning coefficient, Ky=I'max/Ki may be used as a gauge of cellulase-
substrate affinity; at least in comparative discussions of related enzymes. This is because Kp
signifies the distribution of bound and free enzyme at very low substrate coverage where the
population of weakly-binding sites can be neglected.

The kinetic data was obtained on either unmodified Avicel (PAHBAH-assay and biosensor
measurements) or Avicel that had been dispersed by a Thurax coaxial homogenizer
(quenched-flow measurements). The particle size of the Thurax-dispersed Avicel was lower
and it consequently had a larger surface area for enzyme adsorption. Earlier studies have
shown that the adsorption capacity of typical cellulases approximately doubles after Thurax
treatment of Avicel [24]. Therefore, adsorption isotherms were obtained on both unmodified

Avicel and dispersed Avicel, and Langmuir parameters are listed in Tab. 2.

Figure 4

Figure 4 Binding isotherms for Cel6A (red) and Cel7A (black). Circles represents measurements on
unmodified Avicel (10 g/L), and the solid lines are best fits of the Langmuir equation (see main text).
Triangles and dotted lines are the analogous data for Avicel (10 g/L) that had been dispersed by a



Thurax homogenizer. The latter substrate was used in the quenched-flow measurements while the
former was used in other activity assays.

Binding isotherms Binding isotherms
Avicel Thuraxed Avicel
Fmax Kp Fmax Kp
(umol g1 (literg?) (umol g1 (literg?)
Cel6A 0.17+0.01 0.23 0.49 +0.01 1.01
Cel7A 030+003 0.28 0.75 +0.02 1.77

Table 2 Parameters extracted from the binding isotherms made with 10 g/L Avicel and 10 g/L
thuraxed Avicel.

From the binding isotherms we found a higher saturation coverage (I'j,qy) for Cel7A
compared to Cel6A, and this is in line with earlier reports [45, 48, 49]. Also, the affinity for
Avicel, as indicated by the partitioning constant, K,, was moderately higher for Cel7A as seen
previously [45, 48]. For both Cel6A and Cel7A the saturation coverage increased after the
substrate was homogenized (Thuraxed), probably as a result of a larger specific surface area in

the dispersed samples.

4. Discussion

Many cellulose degrading fungi have secretomes that are dominated by mixtures of
cellobiohydrolases (CBHs) from respectively Glucoside Hydrolase family 6 and 7. CBHs from
both families are processive and primarily exo-lytic enzymes [4-6, 42, 50, 51] although they
both show a small auxiliary endo-activity [14, 42, 52, 53]. They are structurally rather different
and utilize respectively the retaining (GH7) and inverting (GH6) hydrolytic mechanism. The
two CBHs have also been reported to have quite different specificities with respect to the
physical properties of the cellulose surface they attack [54], and perhaps for this reason, they
can show a significant degree of synergy, when they act simultaneously or sequentially on the
same substrate [14-17]. The kinetics of both CBHs has been studied separately and especially
the kinetics of Cel7A has been exposed to comprehensive investigations. However, direct
biochemical comparisons of the two cellobiohydrolases have not been presented. This limits
appraisals of their differences because kinetic studies of cellulases acting on insoluble
substrates tend to give quite variable parameters in different trials, possibly as a result of
subtle differences in the physical properties of the insoluble cellulose (c.f. Fig. 4) and
complications associated with homogenizing the two-phase reaction system. In the current
work we report kinetic measurements for Cel7A and Cel6A from H. jecorina under equal
conditions and use this information to highlight kinetic similarities and differences. We used
the standard substrate, Avicel, which is purified from wood and composed of

10



microcrystalline- and amorphous cellulose [55, 56]. Avicel particles have a complex structure
with a high degree of roughness [23], which probably present a diversity of attack sites for the
enzymes.

As illustrated in Fig. 1A, saturation in the conventional MM-approach implies that all enzyme

is complexed, and in analogy with the usual MM-treatment, we may consider the maximal
specific rate, (“**Vmu/Eo) listed in Tab. 1 as a measure of the rate constant, k. at steady-state,
governing the release of product from such complexes. Interestingly, this turnover number is
over four-fold faster for Cel6A (ket = 0.87 s) compared to Cel7A (ke = 0.20 s'), and we deduce
that the former enzyme is superior with respect to catalytic efficacy. Turning to the inverse
maximal rates we found the opposite picture with almost twice as high a value for Cel7A
(respectively 0.057 umolg?'s! and 0.033 pumolg's! for Cel7A and Cel6A, see Tab. 1). To
illustrate the meaning of this, we first introduce a parameter, ¥ in units of umol/(g
cellulose), which enumerates accessible attack sites on the surface of the substrate. These
attack sites represents loci where the enzyme can bind and initiate hydrolysis, and they are
indicated by the small grey-and-white squares in the cartoons in Fig. 1. ¥"["ua is related to the
adsorption saturation I'max (Tab 2), and we will discuss this below, but for now we just
emphasize that these two parameters are different as not all adsorption sites are necessarily
competent for catalysis. When kinetic saturation occurs in inverse MM-experiments (i.e. with a
large excess of enzyme, see Fig. 1B) all attack sites are complexed. Hence, we may say that the
molar concentration of enzyme-substrate complexes is *T'mixSo, and as the rate of product

formation is governed by ke, the hydrolytic rate may be written

iIW\/max = kcat kinr S0 (3)

max

As ™V /S, and k_, = “™_ /E, are known from the experiments (Tab. 1), Eq. (3) provides

a convenient way to an experimental value for ¥"I'mx. Thus, rearrangement gives

kin 1—‘ _ max /SO (4)

e kcat

Insertion of the data from Tab. 1 into eq. (4) gives ¥ values of 0.29+0.02 pumol/g and
0.038+0.003 pumol/g for Cel7A and Cel6A respectively, and these numbers reveal another
central difference between these enzymes. Thus, Cel7A is able to locate almost an order of
magnitude more attack sites on Avicel compared to Cel6A. This means that the higher inverse
maximal rate for Cel7A (Fig. 1D) occurs in spite of the lower catalytic rate of this enzyme. We
interpret this as Cel7A being more efficient in attacking a broad range of structures on the
cellulose surface. One way to perceive this disparity between Cel7A and Cel6A is in terms of
substrate specificity. Typically, specificity describes the relative activity of an enzyme against
chemically distinct substrates. In the current context, we are considering substrate (i.e. attack
sites) of the same chemical composition, but with physical (structural) differences. With this
proviso, we may say that Cel6A showed high specificity and only hydrolyzed a small subset of
the available surface sites. Conversely, Cel7A was a promiscuous cellulase that hydrolyzed

11



almost any site it associated with. This may be further illustrated by comparing “"I'u and the
adsorption saturation parameter, I'max (Tab 2). For Cel7A these parameters were equal whereas
for Cel6A binding saturation (0.17 umol/g) much exceeded the density of attack sites (0.038
umol/g). This again suggests that Cel7A initiates hydrolysis on essentially all sites to which it
binds while Cel6A is unable to attack the majority of its adsorption sites, and hence shows a
larger degree of unproductive binding. Thus Cel6A has a high catalytic speed, but a poor
ability to locate attack sites on Avicel compared to Cel7A. The suggestion that Cel6A is
superior with respect to catalytic speed is corroborated by the quenched flow measurements in
Fig. 3. Hence, the specific rate of Cel6A at very low reaction times (t < 1 s), exceeded 10 s, and
to our knowledge this is the fastest room-temperature rate reported hitherto for a CBH acting
on insoluble cellulose. One possible origin of the higher catalytic rate for Cel6A could be the
inverting (one-step) catalytic mechanism of this enzyme, but the current results support
another interpretation. Thus, the transient specific rate over the first second is an order of
magnitude higher than ka: at steady state (“""Vmax/Eo = 0.87 s; see above). This behavior with
an initial burst followed by a much slower steady state rate parallels the kinetics of Cel7A, and
implies that the rate of enzyme-substrate dissociation at the end of a processive sweep
determines the overall rate at steady state [44, 57-59]. In light of that, the high catalytic efficacy
of Cel6A may reflect weaker interactions with the substrate, which leads to faster dissociation
rate and short residence time of unproductive enzyme-substrate complexes. Faster dissociation
would appear likely for Cel6A as its substrate-binding cleft is less covered compared to Cel7A
[4,5,9].

A weaker binding of Cel6A could also be related to the lower (structural) specificity of this
enzyme (discussed above). This is because transfer of a piece of cellulose strand from its crystal
to the substrate-binding site of the enzyme requires strong interactions to compensate for the
loss of crystal lattice energy [60, 61]. If such interactions are weaker in Cel6A compared to
Cel7A, there will be fewer sites, where this transfer can occur spontaneously for Cel6A. The
kinetic measurements suggested an order of magnitude fewer sites for Cel6A and insufficient
binding energy (low substrate affinity) could potentially underlie this observation. It could also
rely on differences in glycosylation. Thus, in silico studies [62] have suggested attractive forces
between O-glycans on the linker of Cel7A and cellulose, and this could clearly also influence
substrate affinity and dissociation rates. Further progress in these structural interpretations
awaits direct investigations of structure and kinetics of enzyme variants. With respect to
substrate affinity, it is interesting to note that higher temperatures induces a significant release
of Cel7A from the substrate surface [21]. This may suggest that an enzyme with weaker
substrate affinity such as Cel6A becomes less efficient as temperature raises, and this is
relevant in industrial application that usually involves high temperatures.

The limited ability of Cel6A to find appropriate attack sites means that this enzyme
experiences a comparably lower molar concentration of substrate. This interpretation can be
further assessed by the double injection data in Fig. 3. Here it appeared that a second dose of
Cel6A was much less productive than the first dose. This difference between first and second

dose was smaller for Cel7A, and we suggest that this reflect the onset of substrate depletion
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(reduction in number of attack sites) either because the sites are occupied or already
hydrolyzed.

To summarize, the combined analysis of conventional- and inverse MM-measurements
revealed complementary kinetic properties of Cel7A and Cel6A. Cel6A is catalytically
superior, and able to release cellobiose at a much higher rate than Cel7A, when substrate is
plentiful. However, Cel6A is inferior in the sense that it is only capable of attacking a limited
number of sites on the cellulose surface. One may say that the effective (molar) substrate
concentration experienced by Cel6A at a given mass load of cellulose is much lower than the
concentration experienced by Cel7A. For the substrate investigated here (Avicel) this
difference was quite noticeable with an eight-fold higher number of attack sites for Cel7A, and
this may be interpreted as a disparity in the (structural) specificity of the two enzymes. It
appears relevant to further study how these kinetic properties are related to enzyme structure,
and whether the differences are significant for the synergy between Cel6 and Cel7 enzymes. If
indeed so, these differences may be important for the common occurrence of Cel6 and Cel7

CBHs in the secretome of cellulose degrading fungi.
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Highlights BBA

e A direct kinetic comparison of Cel6A and Cel7A elucidates their differences

e A conventional and an inverse Michaelis Menten approach were applied

e The cellobiohydrolase Cel6A was catalytically superior compared to Cel7A

e Cel7Ais able to locate many more attack sites on the cellulose surface than Cel6A
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Endo-lytic Character of the Enzymes







SPOTLIGHT

B Insights Into Exo—Exo Synergy

Synergy between different cellulases is essential for efficient
industrial breakdown of biomass, and has therefore attracted
extensive research interest. The most commonly studied type occurs
from the interplay of endo- and exo-lytic enzymes, but an equally
strong synergy has been observed for pairs of exo-lytic enzymes (so-
called exo-exo synergy). Earlier suggestions to the molecular
underpinnings of exo-exo synergy rely on auxiliary endo-lytic
activity or differences in substrate specificity. Westh and coworkers
address this by investigating the synergy between two exo-lytic
enzymes. They considered both wild types and variants without the
carbohydrate binding module (CBM), and the results showed that the
degree of synergy was much lower for CBM-less enzymes. Very little
endo-activity could be detected for any of the enzymes, and it was
suggested that the pronounced exo—exo synergy observed for this
system reflects different substrate targeting for the two enzymes,
which at least in part relies on the CBM. Page 1639

DOI 10.1002/bit.26145

l Hyperosmolality on Protein Glycosylation in
CHO Cells

Hyperosmolality, which is induced by repeated feeding of medium
concentrates and/or the addition of a base to maintain optimal pH
during fed-batch culture, often negatively affects protein glycosyla-
tion in recombinant CHO (rCHO) cells. However, the mechanism
behind such osmolality-dependent glycosylation variations in rCHO
cells remains unclear. In this work, the Lee group studies a
comprehensive correlation between protein glycosylation and
glycosylation-related gene expression in Fc-fusion protein-produc-
ing rCHO cells under hyperosmotic conditions.

Their study demonstrates that hyperosmolality decreases the
sialylation of Fc-fusion proteins through reducing the highly
sialylated and tetra-antennary N-linked glycans. Thus, decreased
expression of the genes with roles in the N-glycan biosynthesis
pathway correlates with reduced sialic acid content of Fc-fusion
protein caused by hyperosmotic conditions. Further work is
ongoing in the Lee lab to engineer rCHO cells to overcome the
detrimental effect of hyperosmolality on glycoprotein sialylation.
Page 1721
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Il Microfluidic-Based Process to Sort Cells
Efficiently Secreting a Protein

Stable gene transfer in mammalian cells remains an unreliable
process, demanding lengthy screening to find a cell clone that stably
expresses the recombinant protein of interest and secretes it at high
levels. A high-throughput and efficient solution to this issue is still
lacking, which has been hampering both research and the
pharmaceutical development of therapeutic proteins. In this paper,
Droz, Harraghy, Langon et al. report a novel microfluidic-based
process relying on a mix of remanent and non-remanent magnetic
microparticles to sort cells that efficiently secrete a protein of
interest at high speed. Using approaches bridging physics, biology,
and engineering, they design a device and methods that can be used
to sort CHO cells secreting efficiently a therapeutic protein, and this
at frequencies unseen with current state of the art approaches.
Page 1791
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H A Novel, High Fidelity Site-Specific
Integration System for CHO Expression

Development of stable cell lines for expression of large molecule
therapeutics represents a significant portion of the time and
effort required to advance a molecule to clinical studies.
Previously, the cell line development group at Pfizer developed a
site-specific integration system based on Flp recombinase
mediated cassette exchange (RMCE) to specifically target
transgene expression to a pre-determined locus in the CHO
genome. The system has proven to be effective in developing
recombinant cell lines with predictable performance, shortening
the development timeline and reducing effort from molecule
selection to initiation of the manufacturing campaign. To further
improve the targeting efficiency and develop additional CHO host
engineering tools for the production of complex therapeutic
modalities, in this issue, the authors developed a novel RMCE
system based on the highly efficient Bxbl recombinase. The
authors inserted genetic constructs flanked by the recognition
sites of either Bxb1 or Flp in a specific locus in the CHO-S genome
using CRISPR technology and created Bxb1- or Flp-RMCE host
cell lines. They then demonstrated the superior precision of the
Bxb1-RMCE system in delivering targeting expression vector for
monoclonal antibody production. Page 1837

DOI 10.1002/bit.26147
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Exo-Exo Synergy Between Cel6A and Cel7A From
Hypocrea jecorina: Role of Carbohydrate Binding
Module and the Endo-Lytic Character of the
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ABSTRACT: Synergy between cellulolytic enzymes is essential in both
natural and industrial breakdown of biomass. In addition to synergy
between endo- and exo-lytic enzymes, a lesser known but equally
conspicuous synergy occurs among exo-acting, processive cellobiohy-
drolases (CBHs) such as Cel7A and Cel6A from Hypocrea jecorina. We
studied this system using microcrystalline cellulose as substrate and
found a degree of synergy between 1.3 and 2.2 depending on the
experimental conditions. Synergy between enzyme variants without
the carbohydrate binding module (CBM) and its linker was strongly
reduced compared to the wild types. One plausible interpretation of this
is that exo-exo synergy depends on the targeting role of the CBM. Many
earlier works have proposed that exo-exo synergy was caused by an
auxiliary endo-lytic activity of Cel6A. However, biochemical data from
different assays. suggested that the endo-lytic activity of both Cel6A and
Cel7A were 10°-10" times lower than the common endoglucanase,
Cel7B, from the same organism. Moreover, the endo-lytic activity
of Cel7A was 2-3-fold higher than for Cel6A, and we suggest that endo-
like activity of Cel6A cannot be the main cause for the observed
synergy. Rather, we suggest the exo-exo synergy found here depends on
different specificities of the enzymes possibly governed by their CBMs.
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Introduction

Mixtures of different cellulolytic enzymes usually show higher
activity than the sum of the constituent enzymes assayed
separately. This synergy between cellulases was discovered
already in 1950 (Reese et al., 1950), and interest in the
phenomenon has greatly increased as it has become clear that it
is crucially important for industrial degradation of biomass to
soluble sugars. Cellulase synergy has commonly been ascribed
to the combined effect of endo-lytic enzymes such as
endoglucanases (EG) or lytic polysaccharide monooxygenases
(LPMO) on one hand, and processive, exo-lytic cellobiohy-
drolases (CBH) on the other (Eibinger et al., 2014; Henrissat
et al.,, 1985; Kostylev and Wilson, 2012; Vaaje-Kolstad et al.,
2010; Woodward, 1991). This so-called endo-exo synergy may
arise as the EG or LPMO attack the chain internally and thus
produce new chain ends for CBH attacks. This mechanism,
however, does not seem to explain all observations of cellulase
synergy, particularly the commonly observed synergy between
exo-lytic CBHs such as Cel6A and Cel7A. This so-called exo-exo
synergy was first reported by Fagerstam and Pettersson (1980)
and has subsequently been observed for a range of systems and
conditions (Boisset et al., 2000, 2001; Henrissat et al., 1985;
Hoshino et al., 1997; Igarashi et al., 2011; Nidetzky et al., 1994;
Tomme et al., 1988; Viljamde et al., 1998). The extent of the
synergistic effect (the so-called degree of synergy defined
below) is typically quite similar for both exo-exo and endo-exo
synergies (Henrissat et al., 1985; Igarashi et al., 2011; Nidetzky
et al., 1994), and this obviously points toward a significant role
of both modes.

Current suggestions regarding the molecular underpinnings
of exo-exo synergy focus on two main ideas. One interpretation
is based on a potential endo-lytic activity of CBHs; particularly
Cel6A (Boisset et al., 2000, 2001; Divne et al., 1994; Medve et al.,
1994; Poidevin et al., 2013; Stdhlberg, 1993). Thus, if indeed
Cel6A conducts frequent internal attacks on the cellulose strand,
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synergy between Cel7A and Cel6A could simply be a special case
of conventional endo-exo synergy, where Cel6A played the role
of the EG. Alternatively, exo-exo synergy could rely on
differences in enzyme specificity. In this case, synergy could
be envisioned if one enzyme removes certain regions or patches,
and hence reveals a new surface that makes up a better substrate
for the other enzyme. This idea that one enzyme can remove
structures that are problematic to convert for the other, has also
been put forward as an alternative explanation for conventional
endo-exo synergy (Eriksson et al., 2002; Fox et al., 2012; Jalak
et al., 2012; Valjamae et al., 1998).

The suggestion of an (auxiliary) endolytic activity of Cel6A
is generally linked to the architecture of its active site region,
which is more open and dynamic than the analogous region in
Cel7A (Divne et al., 1994; Rouvinen et al., 1990; Varrot et al.,
2003; Zou et al., 1999). This is thought to facilitate internal
association with the cellulose strand and hence endo-lytic
catalysis. This interpretation was used for example by Boisset
et al. (2000), who studied Cel7A and Cel6A from Humicola
insolens. This work used TEM images to elucidate structural
changes in cellulose particles during hydrolysis and concluded
that Cel6A was an endo-processive CBH. Many subsequent
studies have used this classification to rationalize different
types of activity data for Cel6A (see Payne et al., 2015 for a
review). Direct biochemical evidence for endo-lytic activity of
both Cel6A and Cel7A was provided in a ground breaking study
by Stahlberg (1993), but otherwise both qualitative and
quantitative measurements of the endo-Iytic activity of CBHs
remain sparse and it appears that further insights into this is
necessary for a better understanding of the catalytic interplay
of Cel7A and Cel6A. Turning to substrate specificity, the
second plausible cause of exo-exo synergy, some conspicuous
disparities in the preference of respectively Cel6A and Cel7A
has been identified. Firstly, Cel7A attacks the reducing end of
the cellulose strand whereas Cel6A is specific for the non-
reducing end (Claeyssens et al., 1990; Davies and Henrissat,
1995). Secondly, Cel6A has been reported to preferentially
hydrolyse amorphous cellulose, while Cel7A is superior on
crystalline substrates (Bubner et al., 2013; Ganner et al., 2012;
Gruno et al., 2004; Stahlberg, 1993).

To elucidate the importance of these two mechanisms, we have
conducted a comprehensive biochemical investigation of mixtures
of Cel7A and Cel6A from Hypocrea jecorina. The work covered a
range of enzyme- and substrate concentrations, and used both
wild type enzymes and truncated variants, where the carbohy-
drate binding module (CBM) and linker had been removed from
one or both enzymes. Based on the synergy data and three
independent assays for the endo-lytic activity we suggest that
substrate specificity, probably governed by the targeting role of
the CBM is the main reason for synergy between Cel7A and
Cel6A.

Materials and Methods

Enzymes were expressed in Aspergillus oryzae and purified
as described elsewhere (Borch et al., 2014; Sgrensen et al.,
2015b) and truncated core enzymes were expressed without
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linker and CBM. Enzyme concentrations were determined by
UV absorption at 280nm using theoretical extinction
coefficients (Gasteiger et al., 2003) of 97,790 M 'em™!
(Cel6A), 82,195 M~ 'em™" (Cel6A core), 86,760 M 'cm ™"
(Cel7A), 80,550 M'em™" (Cel7A core), 74,145 M 'cm™*
(Cel7B), and 177,880 M ‘cm™! (B-glucosidase). Enzyme
activity was determined from the end-point concentration of
reducing ends in 1h trials. The substrate was Avicel PH-101
(Sigma-Aldrich St. Louis, MO) and we used loads of either
12 g/L Avicel (low substrate) or 60 g/L Avicel (high substrate).
In all experiments with mixtures of Cel6A and Cel7A the total
enzyme concentration of CBH was either 0.2 or 2 uM (while
the ratio of the two components was varied systematically). In
the reference experiments with only one CBH, we used
concentrations between either 0 and 0.2 wM or 0 and 2 pM.
The concentrations in these mono-component measurements
were chosen to match the concentration of the component in
the corresponding synergy mixture. All samples contained
10% B-glucosidase (mol BG/mol total enzyme) from
Aspergillus fumigatus, and all experiments were made in
50 mM sodium acetate pH 5.0 at 25°C. Activity was quantified
by the para-hydroxybenzoic acid hydrazide (PAHBAH) method
(Lever, 1973) and experiments were performed, and quenched
as described elsewhere (Sgrensen et al., 2015b).

Endo-lytic activity was estimated by real-time measurements
with a pyranose dehydrogenase (PDH) biosensor. PDH
biosensors were prepared according to a previously published
protocol (Cruys-Bagger et al., 2014) except that benzoquinone
was used as mediator (instead of 2.6-dichlorophenolindophenol).
The substrate used for the PDH measurements was carbox-
ymethylated cellulose (CMC) 90kDa (9004-32-4 Sigma-Aldrich)
with an average molecular mass and degree of substitution
of respectively, 90kDa and 0.7 carboxymethyl substituent
per pyranose ring. Sensors were calibrated several times
daily in CMC against cellobiose solutions ranging from 0
to 100 wM. Experiments with Cel6A and Cel7A were made with
5g/L CMC and 1 uM enzyme while for Cel7B, we used 0.5g/L
CMC and 0.2M enzyme. These differences in conditions
were necessary as the production of cellobiose by Cel7B
was otherwise too high and rapid to be captured by the biosensor
in real time.

Endo activity was further determined in a simple colorimet-
ric assay using the insoluble substrate azurine crosslinked
cellulose; AZCL-HE-Cellulose (Megazyme, Bray, Ireland),
which has previously been used to quantify endo-lytic activity
(Kracun et al., 2015; Li et al., 2011). For Cel6A and Cel7A we
used 10 wM while the enzyme concentration for Cel7B was
0.10 M. We used 5g/L AZCL-HE in all measurements and
the reaction was allowed to progress for 1h at pH 5.0 at
25°C in a thermomixer operating at 1100 rpm. Reactions were
terminated by centrifugation and the endo-lytic activity was
specified as the absorbance in the supernatant at 595nm per
WM enzyme.

Finally, endo-lytic activity was monitored on the basis of
changes in the viscosity of CMC semi-dilute solutions, for
which the viscosity depends very strongly on molar mass.
Steady shear viscosities were measured in a Bohlin VOR
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Figure 1. Activity data (formation of glucose) for Cel6A, Cel7A and their mixtures (left column), and for Cel6A core, Cel7A core, and their mixtures (right column). All
experiments had 10% B-glucosidase (mol BG/mol CBH). Condition (A) 12 g/L Avicel and total [CBH] = 0.2 .M, (B) 60g/L Avicel and total [CBH] =0.2 uM, (C) 12 g/L Avicel and
total [CBH] =2 pM, and (D) 60 g/L avicel and total [CBH] =2 wM. Blue triangles: Cel6A (or Cel6A core) in buffer. Red squares: Cel7A (or Cel7A core) in buffer. Dotted line
indicates theoretical sum of the mono-components. Open circles: activity of mixtures of Cel6A and Cel7A or Cel6A core, and Cel7A core in different enzyme ratios with a
constant enzyme concentration. Symbols are averages of triplicate measurements and error bars represent SD. All activities are plotted as function of fraction of Cel6A/Cel6A
core and Cel7A/Cel7A core.

rheometer using a C14 couette system with a constant steady ~ 0.01 wM for Cel7B. The volume added were 240 wL for all
shear rate of 14.6 s at 25°C (Pedersen et al., 2016). The  runs. The effect of dilution on the viscosity was determined by
viscosity changes of 50g/L CMC were monitored following  addition of 240 L buffer and subtracted the drop in viscosity
addition of 5 uM enzyme for Cel6A and Cel7A and 1, 0.1, and  caused by the enzymes.
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Figure 2. Degree of synergy (DS) calculated according to eq. (1) for pairs of wild-type enzymes (left) and pairs of core variants (right), and plotted as function of enzyme composition.
The different curves in each panel refer to the experimental conditions (A, B, C, or D specified in Fig. 1). Error bars are SD propagated forward from original SD in Figure 1.

Results

Synergy Measurements

The activity of Cel6A, Cel7A, and their mixtures (both wild-types
and truncated core enzymes) was assessed from 1h end-point
measurements. Four different types of experiments were conducted
for each pair of enzymes. These were high enzyme (total

concentration of cellulases 2 and 0.2 M BG), low enzyme
(0.2 uM cellulase plus 0.02 M BG), high substrate (60 g/L Avicel),
and low substrate (12 g/L). Results for enzyme mixtures are given
by black symbols in Figure 1. To calculate the degree of synergy, the
activity of the enzyme mixtures must be compared with the activity
of each component in isolation. To this end we measured the glucose
concentration in experiments with only one component. These
reference experiments were conducted for both enzymes and at
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Figure 3. Activity data (formation of glucose) for Cel6A and Cel7A, Cel6A and Cel7A core, Cel6A core and Cel7A, Cel6A core and Cel7A core, and their mixtures at 12 g/L Avicel
and [CBH] =2 wM in the presence of 10% B.-glucosidase. Blue triangles: Cel6A or Cel6A core in buffer. Red squares: Cel7A or Cel7A core in buffer. Dotted line indicates theoretical
sum of the mono-components. Open circles represent activity of mixtures at different enzyme ratios. Error bars indicates SD from triplicates.
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all seven mono-component concentrations that occurred in the
enzyme mixture measurements. Results for the reference experi-
ments are given in respectively blue (Cel6A) and red (Cel7A)
in Figure 1. The apparent activities of the enzyme mixtures
(black lines) were consistently higher than the sum of the mono-
components (dashed lines) and this is a hallmark of exo-exo
synergy. The extent of this synergy varied strongly among the tested
systems, but it was always higher for pairs of wild-type enzymes
compared to pairs of core variants. To assess this quantitatively, we
calculated the degree of synergy, DS

A
DS — Cel6A+-Cel7A (1)

Aceisn + Acetza

where, Acegascera 1S the apparent activity of the enzyme mixture,
and Aceea and Ace;a are the apparent activities in the corresponding
mono-component experiments (i.e., the two separate experiments
with the same mono-component concentrations as in the mixture).
Values of DS are plotted as a function of the enzyme composition in
Figure 2, and these results underscore that synergy is much stronger
for pairs of wild types (both having a CBM) than for pairs of core
variants. Regardless of whether the enzymes have a CBM (Fig. 2 left)
or not (Fig. 2 right), condition C with low substrate load (12 g/L) and
high enzyme concentration (2 M) gives rise to the strongest
synergy. Conversely, synergy for conditions B and D (with high
substrate load) consistently showed low DS, and under these
conditions synergy between the two core variants could only just be
singled out against the experimental scatter.

To further study the role of the CBM for exo-exo synergy, we
tested Cel6A-Cel7A enzyme pairs composed of one wild type and
one core variant (e.g., Cel6A and Cel7A core). These measure-
ments were all done under condition C (2 wM cellulase and 12 g/L
Avicel), where DS had been shown (Fig. 2) to be strongest. Results
are presented in Figures 3 and 4, which are designed analogously
to Figures 1 and 2. The results for asymmetric pairs of core-wild
type enzymes reiterate the general picture for the symmetric
enzyme pairs in Figure 2. Thus, the overall trend was that DS
decreased when one of the enzymes had no CBM. Closer
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Figure 4. Degree of synergy (DS) calculated according to eq. (1) for the wt-core
combinations at condition C (2uM [CBH] and 12g/L Avicel). Error bars are SD
propagated forward from original SD in Figure 3.

inspection of Figure 4 suggests that the loss of the CBM from
Cel7A had a stronger negative effect on synergy than the loss of
the CBM from Cel6A.

Endo-Lytic Activity

Existing biochemical methods for the distinction of endo- and exo-
lytic cellulase activity have different shortcomings, and we therefore
conducted three independent assays to assess the endo-lytic activity
of the wild-type CBHs. Two of the experimental approaches were
based on CMC, which is the standard substrate used to identify
endo-lytic cellulase activity (McCleary et al., 2012). In the first of
these assays we followed the enzymatic release of soluble sugars in
real time by a PDH biosensor (Cruys-Bagger et al., 2014). Results in
Figure 5A show an initial phase of rapid hydrolysis followed by a
much slower, almost constant reaction rate. The slope in the rapid
phase (first 10-20s in Fig. 5A) is about 10-fold higher than in
the slow phase (after 250s) for both enzymes. The transition
between the fast- and slow phase occurs at 5-10 wM cellobiose,

201 uM Cel6A
—— 1 uM Cel7A

/E\ 154
=2
[0]
8
5 104
S o
o) —wr\:cm
(@] — 1
5,
o 0 100 200 300 400 500 600
Time (sec)
07 T T T T T T
0 100 200 300 400 500
Time (sec)
B 1o
Cel6A 5uM
2 08 Ce|7Ké“ﬁKA“““
8
S 0677 Cel7B 0.01uM
¢ |
2 0
© 4
E’ 0.4 ‘1%%
0.2
Cel7B 0.
0.0 Cel7B 1uM
0 10 20 30 40 50 60
Time(min)

Figure 5. Endolytic activity of Cel6A and Cel7A on carboxymethyl cellulose (CMC)
(A) Real-time recording of hydrolytic activity. The blue and red trace represent
hydrolysis of 5 g/L CMC by respectively, 1 uM Cel6A and 1 uM Cel7A. The black curve
in the inset shows the activity of 0.2 wM Cel7B against 0.5 g/L CMC. Error bars (shown
at every 20s) indicate SD from duplicates. (B) Relative changes in viscosity of 50 g/L
CMC upon enzymatic attack at 25°C, Cel6A (blue), Cel7A (red), and the endoglucanase
Cel7B (black).
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which corresponds to the conversion of less than 0.1% of the CMC,
and we deduce that this small population of CMC is readily
available as substrate for the CBHs, possibly through exo-attack.
This interpretation is in accord with both the viscosimetric
measurements (see Fig. 5B) and estimates based on the degree of
substitution of the CMC. Thus, we estimated the concentration of
unlabeled stretches of pyranose rings at the end of the CMC
molecule that the CBHs could realistically attack on the basis of the
average molecular mass and degree of substitution (see Materials
and Methods section). Unlabeled stretched of four pyranose units,
for example, statistically occurred at a concentration of about 4 WM
for the samples used in Figure 5A, while the analogous number for
stretches of six unlabeled pyranose moieties was about 1 uM. These
concentrations compare well to the location of the transition in
Figure 5A, and we conclude that the degree of substitution of the
CMC does not contradict the above interpretation of the transition
point. Another possible reason for the transition in Figure 5A is
product inhibition, but firstly this would not be expected to show a
discrete change as in the figure and secondly the inhibition constant
for cellobiose of Cel7A acting on polymeric substrate is hundredths
of wM (Gruno et al., 2004; Olsen et al., 2016; Teugjas and Valjamae,
2013), and product inhibition would therefore only induce
insignificant effects on the overall rates in Figure 5A. The inhibition
of Cel6A by cellobiose is still lower (Murphy et al., 2013; Teugjas and
Valjamae, 2013), and it appears that product inhibition is an
unlikely cause for the sharp change of trace in Figure 5A. After this
exo-attack available substrate has been degraded, the biosensor
trace reflects endo-lytic activity of the enzyme. Interestingly, this
interpretation implies about twice as high endo-lytic activity of
Cel7A compared to Cel6A. As a control, the activity against CMC of
H. jecorina Cel7B, which is traditionally categorized as an
endoglucanase, was also measured with the biosensor. Results in
the inset of Figure 5A show much higher activity for this enzyme
(note that both enzyme and substrate concentrations are strongly
reduced compared to the CBH measurements).

We also assessed the endo-lytic activity on the basis of the
reduction in the viscosity of CMC solutions. This approach has been
used extensively (see McCleary et al., 2012 for a review) and its
main advantage is that exo-lytic attacks are essentially mute with
respect to viscosity changes. The analysis applied here has been
described elsewhere (Pedersen et al., 2016). Results in
Figure 5B show that high concentrations (5 wM) of either Cel7A
or Cel6A bring about a moderate reduction in the viscosity of a
50 g/L CMC solution over the time scale studied here. Cel7B, on the
other hand, reduces viscosity dramatically and normalization of the
initial slope in Figure 5B with respect to the enzyme concentration
suggests 10°-10* times higher endo-lytic activity of Cel7B
compared to the CBHs. These results support the above
interpretation of the biosensor measurements inasmuch as the
high initial activity of Cel6A and Cel7A on CMC (Fig. 5A) did not
lead to detectable viscosity changes in the same systems (Fig. 5B).
This behavior is expected if the initial activity burst in
Figure 5A reflects exo-lytic hydrolysis of a small population of
the CMC, which has accessible strand ends (this reaction would
essentially not change the viscosity). More importantly, the results
in Figure 5B are also congruent in the sense that Cel7A shows
2-3-fold higher endo-lytic activity than Cel6A.
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Table 1. Endo-activity of Cel7A, Cel6A, and Cel7B on the endo cellulose-
substrate azurine crosslinked cellulose (AZCL-HE-Cellulose) estimated
from absorption Asgs/iM enzyme after 1h hydrolysis. We used 5g/L
AZCL-HE-Cellulose and 10 wM [E] for Cel7A and Cel6A, and 0.1 wM for
Cel7B.

AZCL-HE cellulose activity Asgs/pM Relative activity

Cel7A 0.0133 = 0.0001 423x107*
Cel6A 0.0058 + 0.0003 1.84x 107"
Cel7B 31.300 + 0.2498 1

In the third assay for endolytic activity we measured the release
of azurine from azurine crosslinked cellulose (AZCL-HE-Cellulose).
Results in Table I confirm the interpretation of Figure 5. Thus, we
found a 2-3-fold higher endo-lytic activity for Cel7A compared to
Cel6A and a 10°-10" times higher activity for Cel7B. In conclusion,
we consistently found that the endo-Iytic activity of Cel7A was 2-3
times higher than Cel6A, and that these two CBH are at least 1,000
times less endo-active than Cel7B. As the endo-lytic activity of the
CBHs is so low, we cannot rule out that the results can be influenced
by a slight EG contamination in our samples (a contamination in the
order of 1:10* by Cel7B, e.g, would influence the results, but be
essentially impossible to detect by standard methods). Therefore,
our relative endo-lytic activities of the CBHs (10°~10" times less
than Cel7B) are upper limits, and the true endo-activity of the CBHs
could be even lower. Furthermore we cannot eliminate that
differences in EG contamination could influence the relative endo-
activity of the two CBHs, but since both CBHs are expressed and
purified by exactly the same protocol we find this unlikely.

Discussion

Enzymatic conversion of biomass to fermentable sugars is a key
process in emerging industries that produce sustainable fuels and
alternatives to petrochemicals from lignocellulosic feedstocks. This
conversion (so-called saccharification) requires quite large enzyme
doses and minimization of enzyme consumption is therefore vitally
important for the economic feasibility of the industry. One
important avenue toward lower enzyme consumption is design of
enzyme cocktails with a higher degree of synergy. However, the
degree of synergy has been shown to depend quite markedly on a
range of parameters including surface density of bound enzyme
(Medve et al., 1994; Woodward et al., 1988), physical properties of
the substrate (Hoshino et al., 1997; Valjamae et al., 1999), hydrolysis
time (Boisset et al., 2001; Medve et al., 1998), cellulase mole fraction
and substrate conversion (Jeoh et al., 2006; Olsen et al., 2017), and
this complex behavior has challenged attempts to elucidate
molecular origins of the measured synergy. As a result, discovery
of cellulase cocktails with a high degree of synergy remains
primarily an empirical endeavor. Clearly, better understanding of
the underlying mechanisms would be desirable as it could gradually
promote rational elements in the development of enzyme cocktails
with more efficient synergy. In the current work we have zoomed in
on the origin of the less extensively studied exo-exo synergy.

One central molecular interpretation of exo-exo synergy between
Cel7A and Cel6A has been an auxiliary endo-lytic activity of the latter



(Boisset et al., 2000; Poidevin et al., 2013), and this understanding
has been mainly based on structural evidence (see Introduction
section and Payne et al., 2015 for a review). However, this explanation
was not supported by the biochemical data presented here. We found
alow endo-lytic activity of both wild types, but Cel7A was more endo-
active compared to Cel6A. Our results on the endo-lytic activity of the
CBHs were consistent among the three assays types and also
congruent to some earlier studies. For example, both Cel7A and
Cel6A have been shown to have low activity against CMC (Stahlberg,
1993), and an earlier work also found that Cel7A was slightly more
active than Cel6A on this substrate (Irwin et al., 1993). Our
experiments with both CMC and AZCL-HE cellulose indicated a
relative endo-lytic activity of the two CBHs, which was 10°~10" times
lower than an EG (Cel7B) from the same organism. This minor endo-
lytic activity is in line with the observation that Cel7A only produce a
small amount of new reducing ends on bacterial cellulose (BC)
(Kurasin and Valjamae, 2011). Overall these results suggest that
generation of new chain ends by the CBHs, in particular Cel6A4, is of
limited importance and hence not the main mechanism behind exo-
exo synergy. Finally, we note that in light of the higher endo-lytic
activity of Cel7A found here, the assignment of H. jecorina Cel6A as
an endo-processive enzyme (Boisset et al., 2000) may need further
examination.

In search for an interpretation that is more consistent with the
current observations we note that the CBM promoted exo-exo
synergy under all conditions studied here (Figs. 2 and 4). Thus, the
highest DS (about 2.2, Fig. 2) was found for mixtures of the two wild
type enzymes and removal of one or both CBMs gradually lowered
DS. Mixtures of two core variants on high substrate load (60 g/L)
showed limited or no synergy (DS < 1.2). Results from the
asymmetric mixtures (one core and one wild type, Fig. 4) further
suggested that the CBM on Cel7A was more important for DS than
Cel6As CBM. This behavior is in line with the interpretation that
synergy is connected to the targeting function of the CBM (Carrard
et al., 2000; Fox et al., 2013; Herve et al., 2010; Liu et al., 2011;
McLean et al., 2002). Different targeting of two enzymes may cause
synergy if one enzyme hydrolyzes certain surface structures,
crystalline or amorphous regions, and hence expose better
substrate for the other. This molecular origin of synergy is
independent of whether the enzymes utilize exo- or endo lytic
mechanisms, and it has indeed previously been proposed to
underlie some cases of endo-exo synergy (Eriksson et al., 2002; Fox
et al., 2012; Igarashi et al., 2011; Jalak et al., 2012). In particular,
Jalak et al. (2012) suggested that endo-exo synergy reflected a
preference of the EG for amorphous sections of BC because sparse
amorphous segments make obstacles for the processive movement
of Cel7A. In accordance with this, Fox et al. (2012) found that
presence of EG increased the processive length of Cel7A. As Cel6A
has been suggested to be particularly active on amorphous cellulose
(Ganner et al., 2012), an analogous mechanisms could be
responsible for the exo-exo synergy observed here. This
interpretation is further supported by Igarashi et al. (2011) who
showed that presence of Cel6A improved the mobility of Cel7A
enzymes and thereby reduced enzyme “traffic jams” This
conclusion would also be in line with the reported preference of
Cel7As CBM for the hydrophobic surface of crystalline cellulose
(McLean et al, 2002), as well as an earlier observation that

sequential exo-exo synergy is observed with pretreatment of Cel6A
before action of Cel7A (Valjamae et al., 1998).

Some studies have suggested that in addition to its role in
binding and targeting, the CBM directly assists the catalytic process
(Beckham et al., 2010; Din et al., 1991; Guillen et al., 2010; Hall
et al,, 2011; Lemos et al., 2003; Mulakala and Reilly, 2005; Teeri
et al., 1992), and if indeed so, this could also lead to synergy in
mixtures of enzymes with different CBMs. We note, however, that a
clear positive role of the CBM for activity does not appear from the
current results. Looking, for example, at the data in Figure 1B and D,
we find that at high substrate loads, the pair of core variants had a
comparable or higher activity than the pair of wild types with
CBMs. Synergy, on the other hand, was consistently low in these
high-solid experiments (see Fig. 2). High activity of CBM-free
enzymes in concentrated substrate suspensions, as observed here,
has been reported earlier (Le Costaouec et al., 2013; Pakarinen et al.,
2014; Varnai et al., 2013), and interpreted as a sign of an off-rate
controlled reaction (Serensen et al., 2015a,b). Thus, if enzyme-
substrate dissociation is the rate limiting step, the weaker
association of core-variants will speed up the overall reaction at
high loads of substrate (increase Vy,) (Serensen et al., 2015a,b).
More importantly in the current context, comparison of results for
wild types and core variants in Figures 1 and 2 shows that high
apparent activity and high synergy may occur independently. This
observation is consistent with the mechanism of synergy suggested
by Jalak et al. (2012) (see the Introduction section). These workers
noted that if slow dissociation of enzyme that was stalled in front of
obstacles on the cellulose surface was rate limiting, synergy could
occur if another enzyme specifically removed such obstacle
structures. Jalak et al. (2012) suggested that the obstacles were
amorphous regions of cellulose, but the same argument could
be valid for other putative structures that obstruct the processive
movement of the CBH. For the core variants with higher rates of
dissociation, stalling in front of obstacles is likely to be less
important, and it follows that removal of such obstacles would not
generate the same degree of synergy.

One last aspect of this work concerns the way DS is obtained
experimentally. Thus, many earlier studies have measured mono-
component activity only at one enzyme concentration, typically
corresponding to the total enzyme concentration in the mixtures
(see, e.g., Boisset et al., 2000, 2001; Henrissat et al., 1985; Olsen
et al., 2017; Tomme et al., 1988). The contribution at other mono-
component concentrations that occurred in mixtures was then
estimated based on the assumption of a linear dose-activity
relationship. However, some of the mono-component dose-activity
curves in Figure 1 (red and blue lines) were highly non-linear. This
non-linearity is common for cellulases (Bezerra and Dias, 2004;
Sattler et al., 1989), and neglect of this will severely influence the
calculated value of DS. An extreme example of this can be seen in
Figure 1D, where the core enzymes show essentially no synergy
(black and dashed curves are almost superimposed). This result,
however, is very dependent on the non-linearity of the mono-
component activity curves (Fig. 1D), and for these specific results, a
linear approximation would give (erroneous) DS values up to 1.6.
We strongly suggest that future work includes mono-component
activity measurements at several concentrations as it was recently
done by Igarashi et al. (2011).

1645

Badino et al.: Synergy Between Cel6A and Cel7A

Biotechnology and Bioengineering



In conclusion we have found that Cel6A and Cel7A from
H. jecorina show distinct synergy with DS values exceeding two
under some conditions. The auxiliary endo-lytic activity of both
enzymes was extremely small compared to an endoglucanase from
the same organism, and we suggest that an endo-like activity of the
CBH is not the cause of the synergy observed here. The extent of the
exo-exo synergy gradually decreased if one or both enzymes did not
have a CBM. This observation is consistent with the hypothesis put
forward for conventional exo-endo synergy (Eriksson et al., 2002;
Jalak et al, 2012) that targeting toward different structures on
the cellulose surface can cause synergy. We speculate that the
well-known targeting role of the CBM could be the primary cause of
exo-exo synergy for Cel7A and Cel6A.

This work was supported by Innovation Fund Denmark and Carlsberg
Foundation. We are grateful for the technical assistance of Cynthia Segura
Vesterager.
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Abstract

Hydrolysis of insoluble cellulose occurs in a solid-liquid interface where enzymes in solution
associate to the substrate before catalysis. Many cellulases consist of a non-catalytic carbohydrate
binding module (CBM) besides the catalytic domain (core). Hypocrea jecorina secretes two
processive cellobiohydrolases (CBHs) Cel7A and Cel6A that attack reducing and non-reducing
chain ends and they both contain a very similar CBM. Here we constructed two variants
Cel6Aceracem and Cel7Acesacem where the CBM between Cel6A and Cel7A were exchanged. We
applied two different kinetic analysis in comparison with their wildtypes and isolated core
domains in order to investigate how the CBM swap changed the kinetics of the enzymes.
Surprisingly, both variants exhibited significant reduction in the adsorption to Avicel and very
interestingly an increased maximal catalytic rate at high substrate loads. The inverse relation
between affinity and maximal activity was even more pronounced in wt core comparison of both
Cel6A and Cel7A, but a dramatic change was also observed for Cel6Aceracsm which performed
more similar to the isolated core domain than Cel6A. Contrariwise at low substrate load and high
enzyme concentrations the CBM exchange decreased the activity of Cel6Acezacem and Cel7Aceisacsm
compared to the wildtypes indicating that both number of binding sites, but also the number of
attack sites were reduced by the CBM swap. We speculate if a disrupted interplay between core,

linker and CBM in Cel6Acerzacem and Cel7Acesacsm can explain the observed kinetic behavior.

Introduction

Cellulase kinetics differs from traditional enzyme kinetics in which the substrate, cellulose, is an

insoluble polymer. This means that cellulases need to associate or bind to the substrate before


mailto:pwesth@ruc.dk

catalysis. Many cellulases are multi-domain enzymes that consist of a catalytic core domain and a
non-catalytic carbohydrate binding module (CBM) has been shown to be essential in the
adsorption to cellulose [1-4]. CBMs are a diverse group of domains divided into different families
where family 1 CBM (CBM1) is the smallest among them. All two-domain cellulases, including
cellobiohydrolases and endoglucanases, secreted from Hypocrea jecorina (formerly known as
Trichoderma reesei) have a CBM1. The structure of CBM1 of Cel7A was solved by NMR [5] and the
CBM was shown to consist of two faces; a planar face formed by three aromatic tyrosines and a
more rough face. Based on sequence homology the CBM from Cel6A were suggested a similar
structure [6] with an additional disulfide bond in Cel6A. Several studies have investigated the role
of the different amino acids (aa) in the CBM through site-directed mutagenesis and chemically
synthetic CBM peptides [7-15], where especially the aromatic residues in the planar face have been
addressed to be essential for substrate binding. The arrangement of the domains is mirror images
in Cel6A and Cel7A in which the CBM is attached to the N-terminal of Cel6A and C-terminal of
Cel7A. CBM1 has been exposed to extensive research, but studies with CBM exchange in between
different GH families remain sparse. Many previous studies have shown that isolated core
domains behave kinetically different from the full length enzymes, but how does CBM exchange
affect the enzymes? To investigate this we made two variants; one with the core domain and linker
from Cel7A together with the CBM of Cel6A and opposite core and linker from Cel6A with the
CBM of Cel7A to investigate how this CBM exchange influence the enzymes. The concept of the
two variants together with the protein sequence covering the linker-CBM transition is shown in
Figure 1.

HjCel6a

CBMCcel7a

e

Linker
HjCel7A .SSPGE[TQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL
HjCel7A-CBMcelea ..SSPGPTIQACSSVWGQCGGONWSGPTCCASGSTCVYSNDYYSQCL
HjCel6A QACSSVWGQCGGONWSGPTCCASGSTCVYSNDYYSQCLIGASSSSS..
HjCel6 A-CBMcei7a [TQSHYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL|GASSSSS...

Linker

Figure 1 An illustration of the concept of variants Cel6 Acsmcerra and Cel7 Acsmcesa together with the sequence
covering the CBM and the linker transition. CBM sequences are framed and the three aromatic amino acids
from the planar face highlighted. In HjCel7A-CBMceisa an extra threonine (T) is inserted between linker and

CBM in order to approximate the original transition from HjCel7A.



Experimental Procedures and Kinetic Analysis

Enzymes were expressed in Aspergillus oryzae and purified as described elsewhere [16, 17] and UV
absorption at 280nm and theoretical extinction coefficients were used to determine enzyme
concentrations: 97,790 M-lcm™ (Cel6A), 82,195 M-'cm™ (Cel6A-core), 93,655 M'cm™ (Cel6Acerracsm),
86,760 M-1cm? (Cel7A) and 80,550 M-'cm! (Cel7A-core), 90,895 M'cm'! (Cel6Aceracsm). All
experiments were performed in 50 mM NaAcetate pH 5.0 at 25°C and washed Avicel was used as

substrate.

Activity assays where the amount of soluble reducing sugars produced during hydrolysis was
quantified using the para-hydroxybenzoic acid hydrazide method [18] following the experimental
procedure described in [17]. We used 0.2 uM of enzyme and substrate concentrations ranging
from 1g/L to 80g/L Avicel. After hydrolysis we added 0.1 uM -glucosidase from Aspergillus oryzae
to increase the signal and we used a glucose standard from 0-500 uM. Absorption at 405 nm was
determined. In the inverse MM approach a constant substrate load of 2g/L. Avicel was used with
varying enzyme concentrations ranging from 0.1 uM to 10 uM all in the presence of 0.1 uM (-
glucosidase to prevent product inhibition of the enzymes in particular Cel7A [19, 20]. All

experiments were carried out in triplicates.

Binding isotherms were made with different enzyme concentrations ranging from 0.1