BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Initial- and Processive-Cut Products Reveal Cellobiohydrolase

Rate Limitations and the Role of Companion Enzymes
Jerome M. Fox,"* Seth E. Levine,"* Douglas S. Clark,** and Harvey W. Blanch**

TEnergy Biosciences Institute and “Department of Chemical and Biomolecular Engineering, University of California, Berkeley,

California 94720, United States

© Supporting Information

ABSTRACT: Efforts to improve the activity of cellulases, which catalyze
the hydrolysis of insoluble cellulose, have been hindered by uncertainty
surrounding the mechanistic origins of rate-limiting phenomena and by an
incomplete understanding of complementary enzyme function. In
particular, direct kinetic measurements of individual steps occurring after
enzymes adsorb to the cellulose surface have proven to be experimentally
elusive. This work describes an experimental and analytical approach,
derived from a detailed mechanistic model of cellobiohydrolase action, for
determining rates of initial- and processive-cut product generation by
Trichoderma longibrachiatum cellobiohydrolase I (TICel7A) as it catalyzes
the hydrolysis of bacterial microcrystalline cellulose (BMCC) alone and in
the presence of Talaromyces emersonii endoglucanase II (TemGHS). This
analysis revealed that the rate of TICel7A-catalyzed hydrolysis of crystalline

cellulose is limited by the rate of enzyme complexation with glycan chains, which is shown to be equivalent to the rate of initial-
cut product generation. This rate is enhanced in the presence of endoglucanase enzymes. The results confirm recent reports
about the role of morphological obstacles in enzyme processivity and also provide the first direct evidence that processive length
may be increased by the presence of companion enzymes, including small amounts of TemGHS. The findings of this work
indicate that efforts to improve cellobiohydrolase activity should focus on enhancing the enzyme’s ability to complex with
cellulose chains, and the analysis employed provides a new technique for investigating the mechanism by which companion

enzymes influence cellobiohydrolase activity.

C ellobiohydrolases comprise a major class of cellulase
enzymes, which catalyze the hydrolysis of insoluble
cellulose into soluble sugars. In Nature, they are the largest
single component of the multicellulase mixtures secreted by
cellulolytic fungi;' in industry, they are a common target of
enzyme engineering strategies that aim to develop more
efficient saccharification systems for the production of cellulosic
biofuels.> Efforts to understand and improve cellobiohydrolase
activity in cellulolytic mixtures have been hindered by the
experimental difficulties presented by the heterogeneous
biocatalytic systems in which they participate.* ™

Once adsorbed to the cellulose surface, cellobiohydrolases
participate in a series of reaction steps that are difficult to study in
isolation.®™® Experimental evidence of a particular rate-limiting
kinetic step has therefore remained elusive. In this work, we
employed an experimental approach, based on a detailed
mechanistic model of cellobiohydrolase action, to identify the
rate limitations imposed upon Trichoderma longibrachiatum
cellobiohydrolase 1 (TICel7A) as it catalyzes the hydrolysis of
bacterial microcrystalline cellulose (BMCC) alone and in the
presence of Talaromyces emersonii endoglucanase II (TemGHS).

Cellobiohydrolases (CBHs, EC 3.2.1.91) and endoglucanases
(EGs, EC 3.2.1.4) represent the two broad cellulase classes.
Both have active sites consisting of two glutamate and/or
aspartate residues positioned to promote general acid-catalyzed
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hydrolysis of the $-1,4-bonds that link the repeating cellobiose
subunits of cellulose chains.”'" The distance between these
catalytic residues (5.5 or 10 A) determines whether hydrolysis
results in a retention or inversion of the anomeric carbon’s
configuration. In cellobiohydrolases, which hydrolyze cellulose
processively from either the reducing or non-reducing chain end,
the active site is located within a tunnel that can accommodate
6—10 glucosyl units.">"> In endoglucanases, which catalyze
hydrolysis within cellulose chains, it is located within a 3—
S-residue binding site cleft."* In both cases, the catalytic domain is
linked via a 6—109-residue polypeptide linker to a smaller
cellulose binding module (CBM), which facilitates adsorption to
insoluble cellulosic substrates."® Endoglucanases sometimes lack a
CBM, but cellobiohydrolases with such architectures have not
been found.

The TICel7A and TemGHS enzymes used in this study are
thermostable examples of GH7 and GHS cellulases. TICel7A is
a retaining cellobiohydrolase with a 10-residue binding site
tunnel that facilitates processive hydrolysis from the reducing
ends of cellulose chains.'> TemGHS, which has been less
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extensively studied, is a retaining endoglucanase that appears to
lack a CBM domain and binds cellulose with a binding site cleft
that allows it to catalyze hydrolysis from a position within
cellulose chains.'®"”

Possible reaction paths used by these enzymes as they
hydrolyze insoluble, heterogeneous cellulosic materials have been
proposed in the literature (Figure 1).> (1) A cellobiohydrolase
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Figure 1. General conceptual picture of the reaction path used by
cellobiohydrolases as they hydrolyze insoluble cellulose. Steps for strict
endoglucanases are similar, but they do not engage in processive
catalysis.
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adsorbs to the crystalline regions of the cellulose surface via its
CBM domain.'*™*° (2) It diffuses along the surface and forms
complexes with a cellulose chain end via its catalytic domain.*" (3)
It catalyzes an initial hydrolysis event, generating glucose,
cellobiose, or cellotriose (Gj, G,, or Gs, respectively).”~>* (4) It
catalyzes subsequent hydrolysis events, generating only G,, as it
processively moves along the chain.**® (5) It decomplexes from
the cellulose chain.*” (6) It recomplexes with a cellulose chain or
desorbs from the surface. Endoglucanases undergo similar steps,
but they are generally thought to engage in a nonprocessive
random attack of less crystalline regions with single chains exposed.
These enzymes generate both soluble and insoluble products,
depending on the length of the polymer they are hydrolyzing and
the position of the hydrolyzed glycosidic linkage being broken.

Over the past 30 years, numerous mechanistic models
describing the kinetics of cellulase-catalyzed hydrolysis of
cellulose have been developed to determine the rate limitations
of enzymatic hydrolysis.****™>> Often relying on simplified
representations of cellulose (including those of a soluble
polymer, a bulk phase substrate, a multicomponent mixture, or
a periodic flat surface), these studies have been limited in their
ability to determine kinetic limitations arising form the nature
of the cellulose surface (surface diffusion, chain abstraction,
processivity, and decomplexation).”**"** Almost all of these
studies conclude that more experimental insights into surface
reactions are required. Experimental efforts have been made to
measure the rates of steps 1, 4, and S for Cel7A; however,
conclusions about the sensitivity of overall hydrolysis kinetics to
these steps have been difficult to draw in the absence of rate
data for steps 2 and 3.>%*73%3

Initial- and processive-cut TICel7A product profiles can be
employed to reveal the kinetic limitations imposed by com-
plexation of an adsorbed cellobiohydrolase with chain ends
and by subsequent processive catalysis. When compared to
initial rate measurements on soluble cello-oligosaccharide
chain ends, initial-cut product profiles from crystalline
hydrolysis can reveal kinetic impediments associated with
adsorption and complexation. Together with initial-cut time
courses, processive-cut profiles can reveal limitations associated
with processivity.

Endoglucanase enzymes engage in complementary hydrolysis
activities that reveal the limitations of initial and processive
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modes of cellobiohydrolase catalysis. Endoglucanases increase
the concentration of free chain ends on the substrate surface and,
by acting preferentially on partially exposed cellulose chains, may
decrease the amount of solution-exposed pseudoamorphous
regions.36 The response of initial- and processive-cut TICel7A
product profiles to the presence of increasing concentrations of
endoglucanase enzymes can reveal not only the surface features
that limit TICel7A complexation and processivity but also the
kinetic limitations imposed by them.

We used measurements of cello-oligosaccharide production
from bacterial microcrystalline cellulose (BMCC) obtained
with either (1) identical concentrations of TICel7A and
different concentrations of TemGHS or (2) different con-
centrations of TICel7A acting alone to calculate time course
profiles for the rates of initial and processive cellobiohydrolase
hydrolysis events. We show that initial-cut products are
reporters of the complexation of adsorbed cellobiohydrolases
with glycan chains and that ratios of processive- to initial-cut
products at later times serve as a measure of processive length.
Profiles of initial-cut products, processive-cut products, and the
ratio of the two permit assessment of the extent to which the
overall hydrolysis process is limited by the reaction steps
associated with an adsorbed cellobiohydrolase’s engagement
with cellulose chain ends and by those associated with its
subsequent processive hydrolysis. This represents the first
experimental attempt to directly study (1) cellobiohydrolase
complexation kinetics and their impact on overall rates of
cellulose hydrolysis and (2) the influence of endoglucanase
enzymes on cellobiohydrolase complexation kinetics and on
processive length.

B EXPERIMENTAL PROCEDURES

Enzyme Purification. Both T. longibrachiatum cellobiohy-
drolase 1 (TICel7A) and Ta. emersonii EG2 (TemGHS) were
purchased from Megazyme and purified to single-band purity as
described in the Materials and Methods of the Supporting
Information. A S5 h assay of each enzyme against 10 g/L
carboxymethyl cellulose ensured TICel7A purity. At 0.27 uM,
TemGHS hydrolyzed ~50% of the substrate in 5 h, but
TICel7A had no detectable activity against it, indicating no
endoglucanase contamination of TICel7A (Materials and
Methods of the Supporting Information).

Cellulose Preparation. Pretreatment effects were mini-
mized in the preparation employed here by the exclusion of
steps involving strongly acidic or basic solutions.

A 20 uL freezer stock of Acetobacter xylinum (ATCC 53582)
was used to inoculate 1 L of medium as described previously.>”
This inoculum was grown in a 2 L Erlenmeyer flask for 7 days
at 25 °C in a shaker at 250 rpm; the resulting cellulose was
purified as described in the Materials and Methods of the
Supporting Information. The final cellulose concentration was
measured with the phenol sulfuric acid method.*”>*

Measurement of the TICel7A Initial-Cut Product
Distribution. The first-cut product distribution generated by
TICel7A after it binds to cellohexaose was measured with initial
rate experiments. Sugar production was monitored for 2 min in
100 pL reaction mixtures containing 0.01 uM TICel7A, 1390 uM
cellohexaose (Gg), and SO mM sodium acetate buffer (pH 4.8).
The Gg solution (with buffer) was incubated for 5 min in a 96-
well polymerase chain reaction plate at 50 °C before 4.2 uL of
the enzyme was added to bring the total volume to 100 pL.
Reactions were stopped at 0, 20, 40, 60, 80, 100, and 120 s with
100 uL of a 0.100 M NaOH solution. Concentrations of
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glucose (G,), cellobiose (G,), cellotriose (G;), cellotetraose
(Gy), and cellopentaose (Gs) were measured with a Dionex
ICS-3000 instrument equipped with a CarboPac PA200 column
and a Dionex Electrochemical Cell detection unit. All reactions
were conducted in triplicate.

Measurement of Cellotriose Hydrolysis Rates. The
Michaelis—Menten kinetic parameters for the activity of
TICel7A and TemGHS on cellotriose were calculated with
nonlinear regression of initial rate data (Datagraph, Figure
S2A,B of the Supporting Information). Hydrolysis was
monitored in 100 uL reaction mixtures with 0.051 yM TICel7A
or 0.074 uM TemGHS in 50 mM sodium acetate (pH 4.8)
buffer (50 °C). Initial cellotriose concentrations of 10.13, 50.65,
202.6, 506.5, and 919.804 uM were used for TICel7A and 7.61,
50.03, 194.25, 476.02, 865.07, and 3323.6 uM for TemGHS.
Reactions were stopped after 1, 2, 3, and 4 h with 100 uL of
0.10 M NaOH, and glucose production was measured on the
Dionex high-performance liquid chromatography system.

Measurement of Cello-Oligosaccharide Production in
Various Mixtures. Cello-oligosaccharide production by de-
fined mixtures of TICel7A and TemGHS acting on BMCC was
monitored discretely over the course of 120 h. In humidified
shakers at SO °C (200 rpm), reactions were conducted in
250 mL Erlenmeyer flasks containing 25.25 mL of 1 g/L
BMCC, 50 mM sodium acetate buffer (pH 4.8), 0.01% sodium
azide, and enzyme concentrations as described in Table 1.

Table 1. Enzyme Loadings in Various Mixtures

[Cel7A] [GHS] [Cel7A] [GHS]
reaction (uM) (uM) reaction (uM) (uM)
1 0 0 3B 0.152 0
2A 0 0.022 3C 0.305 0
2B 0 0.037 4A 0.076 0
2C 0 0.19 4B 0.076 0.0187
2D 0 0.37 4C 0.076 0.093S
2E 0 0.74 4D 0.076 0.187
3A 0.015 0 4E 0.076 0.374

Samples were taken from reaction mixtures 1, 3A—3C, and
4A—A4E at the following times: 0, 1.17, 2.22, 3.42, 4.6, 5.93, 7.8,
13.15, 16.42, 20.87, 37.47, 45, 59.63, 68.33, 75.6, 86.08, 97.73,
110.4, and 120.6 h. Samples were taken from reaction mixtures
2A—2C at the following times: 0, 1.75, 6.3, 16.5, 21.4, 26.9,
32.3, 49, 98.1, and 121.1 h. At all time points, two 20 uL
aliquots were withdrawn individually frozen and diluted with
0.05 M NaOH before being run on a Dionex system. All
reactions were conducted in duplicate.

Analysis of Kinetic Data. Prior to detailed kinetic analysis,
measurements likely to be erroneous were detected with a
MATLAB program written for this study. When a single measure-
ment increased the standard error associated with an average of
four measurements of the same phenomenon to >10%, that
measurement was removed from the data analyzed. Of the total
data set, 19 measurements were removed; these represented
~2% of the total measurements. Bias resulting from the
removal of this small percentage of data is unlikely to affect the
results of this work.

Derivation of Equations for 7. The development of
equations for #, the fraction of enzymes that are not directly
engaged in hydrolyzing the insoluble substrate, is described in
section 1 of the Supporting Information.
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Development of Equations for f. Derivations of
equations for f, the fraction of cellotriose generated by
TemGHS within TemGHS/TICel7A mixtures, are detailed in
section 2 of the Supporting Information.

B RESULTS

Determination of T/Cel7A Initial- and Processive-Cut
Product Generation Rates. The differences in product
distributions generated by cellobiohydrolases hydrolyzing
cellulose processively and nonprocessively permit the exper-
imental assessment of the kinetic limitations of binding to,
processing along, and dissociating from cellulose chains. Upon
forming a complex with a glycan chain, TICel7A generates G,
G,, and G; in a fixed ratio. The rate of TICel7A initial-cut
product (icut product) formation can therefore be written in
terms of the rate of generation of G; from chain ends:

d[icut product]rjce7a
dt
_ d[G3]TlCel7Aicut (1 + o+ B)
dt )
where
d[Gilmicera icut d[Gy)nicera icut
o dt Ca dt
dlGslriceraicn AlGslricerraieat
dt dt

A material balance for G; can be used to express the right side
of eq 1 in terms of measurable quantities. Both the initial cuts
of TICel7A and the “random attack” of TemGHS on BMCC
generate G;, and both enzymes can catalyze its hydrolysis. The
following equation for G; production takes these processes into
account:

d[G3lobserved _ d[Galniceraicat |, Gslremgrsemcc
dt dt dt
d[G3]G3hyd
dt ()

Equations 1 and 2 can be combined to yield

dlicut product]rycepra
dt
diG d[G3:|G
=(1+o+p) [ d3t]°bs +— o
_ d[GslremgHsBMCC
dt

©)

In egs 2 and 3, soluble cello-oligosaccharide chains consisting
of more than three glucosyl units are not considered as separate
sources of G; production. While cellotetraose (G,), cellopen-
taose (Gs), and cellohexaose (Gg) are slowly generated by the
action of TemGHS on cellulose, they are quickly hydrolyzed by
the same enzyme; thus, their production is included in the last
term of either equation. Cello-oligosaccharide chains with more
than six glucose subunits are insoluble.

While retaining glycosyl hydrolase enzymes have been shown
to be capable of catalyzing transglycosylation, this activity has
been measured to be minor in comparison with their hydrolytic
activities by Harjunpaa et al,*® Gusakov et al,,> and V¥anska et
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al** Thus, as in kinetic models presented by Okazaki et al.,>”
Bezzera et al,* Praestgaard et al,*! and Nidetzky et al,®
transglycosylation by TICel7A and TemGHS was neglected in
this analysis.

If the initial concentrations of all species are assumed to be
zero, eq 3 can be integrated to obtain an expression for the
concentration of initial-cut products that have been generated
at any given time:

[icutproduct]ricerya

= (1 + o+ B)([G3]obs + |:G3]G3hyd

4)

Each term on the right-hand side represents some discretely
measurable or estimatable quantity.

An expression for the concentration of processive-cut
products at any given time can be derived in a fashion identical
to that described above (eq 5):

- [G3lrempGanmcc)

[pcut product]ricera

= [Galobs = [Galay,, = [Galremarsemcc

)

Measurement of Initial-Cut Product Distributions by
TICel7A on Chain Ends. The kinetic analysis employed here
relies on previous reports that cellobiohydrolase enzymes
generate glucose, cellobiose, and cellotriose as initial-cut
products and that the initial-cut product distribution is the
same for both soluble and solid substrates. The first assumption
is supported well by the existing literature.”> >** The second
is based on a hypothesis that the factors influencing
cellobiohydrolase product formation patterns result from
substrate binding within the active site tunnel, rather than
outside of it. Previous efforts to investigate processivity of
cellobiohydrolases and chitinases suggest that initial-cut
product distributions result from the tendency of the terminal
glucosyl unit to occupy the +1, +2, and +3 sites located after
the catalytic residues.**’ For Trichoderma reesei Cel7A,
crystallographic data have revealed that the interaction between
the enzyme and bound glycan is determined (1) by an
extensive network of direct and indirect hydrogen bonds lining
the entire tunnel and (2) by four tryptophan residues
responsible for the —7, —4, —2, and +1 binding sites. 2
These data reveal an active site located seven binding sites into
the enzyme, meaning that the dominant environment of a cello-
oligosaccharide chain prior to being cleaved is the enzyme’s
interior. As the molecular determinants of binding are located
inside the enzyme, the initial-cut product distribution that they
influence should not depend on whether the substrate was
soluble or abstracted from a surface. In this work, we have
assumed this to be the case, and that substrate morphology is
more likely to affect the rate at which initial cuts are generated
and the rate with which chains are fed into the tunnel than the
pattern of their cleavage once they get there. The limitations of
this assumption are addressed below.

The initial-cut (G;—G;) product distribution for TICel7A
acting on insoluble substrate chain ends was determined from
the initial rates of cellohexaose hydrolysis (Gg). A high
cellohexaose concentration (~100K,,), a low enzyme—substrate
loading, and short reaction times were used to ensure that
TICel7A operated at a V,, corresponding to its rate of catalysis

- [G2]TlCeI7A icuts
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at chain ends. Measured rates of G, and G, production were
observed to be almost equivalent to the respective rates of Gs
and G, production (Table 2 and Figure S2 of the Supporting

Table 2. Kinetic Parameters

enzyme substrate parameter value source
TICel7A Gq (d[G,)/dt); 0.0142 uM/s measured
TICel7A Gg (d[G,]/dt); 0.0038 uM/s measured
TICel7A Gg (d[G5]/dt); 0.0118 uM/s measured
TICel7A Gg (d[G,)/dt); 0.0033 uM/s measured
TICel7A Gg (d[Gs]/dt); 0.012 uM/s measured
TICel7A Gq keaticerna 457! measured
TICel7A Gg Kyricara 14.9 uM measured
TICel7A G; keaericera 58.1h7! measured
TICel7A G, Kyricea 107.3 uM measured
TICel7A GGy  Ka 10000 M 3
TICel7A G-Gy  Ka 100 uM 31-33
TICel7A Gg a 241 measured
TICel7A Gq p 0.64 measured
TICel7A BMCC P 2.7 estimated
TICel7A BMCC Ky 0.592 yuM measured
TemGHS G; KeaTemas 910 h™* measured
TemGHS G; KuremGHs 960 uM measured
TemGHS  Gy—Gy K 10000 3
TemGHS  Gy—Gs  Kis 500 30
TemGHS BMCC P 1 estimated
TemGHS BMCC Ky 0.088 uM measured

Information), suggesting that these products correspond only
to initial cuts.*>**

Cellotriose Hydrolysis by TICel7A and TemGH5.
Cellotriose hydrolysis by both enzymes was observed to follow
Michaelis—Menten behavior modified to include competitive
inhibition by G, and G, (Figure S2A,B of the Supporting
Information):**

d [G3] hyd
dt
- kcatTlCel7AnTlCel7A [ Tlcel7A]total [G3]

[G,] [G,]
[G3] + KMTICel7A(1 + o+ o 2 )
1G2Cel7A

Kigicerra (6)
d[G3]hyd _ _kcatTemGHsnTemGH5[TemGHS]total[G3]
dt [Gy] [G,] )
G;| + K 1+ +
[Gs] MTemGHS( Kigitemgns  KigaTemGHs (7)

where 7cpy and 7y represent the fractions of each enzyme that
are free to interact with soluble substrates (17 = [enzyme free in
solution or adsorbed to the cellulose but not complexed with
cellulose chains]/[total enzyme]), i.e, uncomplexed with
cellulose chains. Previous work has shown that such enzyme
speciation exists.”>”** All relevant kinetic constants from eqs 6
and 7 were measured from initial rate experiments or estimated
from the literature>**™* (Table 2).

Values of #cpy and 7 were estimated from constitutive
equations based on three assumptions. (1) Cellulases can move
to complexation sites only after becoming adsorbed to cellulose
(complexation and adsorption are not coincident). (2)
Cellulase adsorption and complexation are in equilibrium.>
(3) The total enzyme concentration and total number of
surface sites (adsorption sites and complexation sites) are
assumed to be within 1 order of magnitude of each other.””**!
An equation for 7y based on these assumptions takes the
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form (Appendix and section 1 of the Supporting Information):

_ [TZC617A]total
Nricelza = Pricel7a Kiqnicara + [TICel7Al oy

(8)

where pcpy is a proportionality constant that can be estimated
from data provided by Kurasin et al*’ and Kigcpn is the
apparent equilibrium dissociation constant for complexed
enzymes (Appendix and sections 1 and 2 of the Supporting
Information). The equation for 77 is identical in form. Values
of p and K, for each enzyme are included in Table 2.

For each mixture described in Table 1, rates of G; hydrolysis
at 18 different time points were calculated from soluble cello-
oligosaccharide measurements and the parameters described
above using eqs 6 and 7 (Figure S3A of the Supporting
Information). Fits to d[Gs]g, /dt versus t data were then
integrated to yield time course profiles for G; hydrolysis
(Figure S3B of the Supporting Information).

Estimation of Cellotriose Production by TemGH5.
Cellotriose resulting from the action of TemGHS on BMCC
was estimated as a fraction f of the total G; produced in each
reaction:

[G3lremgrssmce = f([Gstotal] + [Ganyal) ©)

[Galremgusemce = M([Gagorall + [G3nyal) (10)

where

- (G2 )remGrsBMCC

[G3]remGusemcc

In solutions containing TemGHS alone, A did not vary
significantly with time (Figure S4 of the Supporting
Information). This observation is consistent with the “random
attack” mechanism proposed for this enzyme, where it cleaves
randomly within chains, generating soluble products either by
cleaving near chain ends or by generating multiple cuts near the
initial cut. Even if the degree of polymerization (DP) on the
surface decreases throughout hydrolysis, a change in the pattern
of glucose, cellobiose, or cellotriose generated from terminal
glycosidic linkages is unlikely to result from a change in the
number of such linkages on the surface. If these products are
generated by multiple cuts close together, their ratio will also be
independent of DP.

Values of f are difficult to measure, but upper and lower
bounds can be estimated from eqs 11 and 12:

total G5 by TemGHS alone
total G3 by TemGHS and TICel7A mix

ft) =

— [G3]totTemGH5i
|:G3]totallTemGH5i + [G3:|totTlCel7Ai (11)

1(6) = [G3iotal by TemEG2i
L4([G3)iotal TemGhsi + [Galiotal Ticel7ai) (12)

Equation 11 overestimates f by relying on an underestimate of
the total amount of G; generated by a two-enzyme mixture (the
denominator); TICel7A and TemGHS are assumed to act in
concert as they would in isolation (subscript i = isolation;
Appendix and section 3A of the Supporting Information).
Equation 12 underestimates f; in this equation, the concerted
action of both enzymes is assumed to lead to an increase in G;
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production that is identical to the average increase in overall
hydrolysis commonly reported when these enzymes are
combined (Agpendix and section 3B of the Supporting
Information).> This increase is often described by the ratio

defined by eq 13:
[Geq]mix

[Geglricerza + [GeqlremGHs

(13)

where G, is the glucose equivalent of soluble products formed.
In the reactions employed in this work, the average value of this
ratio was 1.4 (Appendix and section 3C of the Supporting
Information). Averages of upper and lower bounds of f(t) were
used to evaluate eqs 9 and 10 at each time point.

B DISCUSSION

Complexation Limits Hydrolysis. The significance of
rates of generation of initial-cut products from solid substrates
can be explored through a comparison to rates on soluble
substrates (Table 3). With 1.39 mM cellohexaose, a soluble

Table 3. Initial Rates of Initial-Cut Product Generation”

icut product rate [uM s~

step [substrate] [GHS] M TICel7A)™"]

icut on 1 g/L BMCC 0 0.015
BMCC

icut on 1 g/L BMCC 0.019 0.021
BMCC

icut on 1 g/L BMCC 0.094 0.044
BMCC

icut on 1 g/L BMCC 0.187 0.093
BMCC

icut on 1 g/L BMCC 0.374 0.108
BMCC

icut on Cg 1.39 mM Cg¢ - 3.0

“Initial rates (averages of hydrolysis for the first 3 h) are normalized by
TICI7A concentration to facilitate comparison with the initial-cut
experiments with TICel7A on cellohexaose, where a lower
concentration of enzyme had to be used to facilitate initial rate
measurements. Rates reported here correspond to reactions 4A—4E in
Table 1, where the TICel7A concentration is held constant but the
TemGHS concentration is increased. These rates are 30—300 times
slower than initial rates of initial-cut product generation on
cellohexaose [3 uM s~ (uM TICel7A)™].

substrate, TICel7A generated initial-cut products at a rate of
3 uM s! (uM TICel7A)™". This cellohexaose concentration is
~100 times the Ky of TICel7A for this substrate; the rate
observed, therefore, is dependent only on the enzyme
concentration and the intrinsic rate of catalysis (k). On 1 g/L
BMCC, TICel7A generated initial-cut products at initial rates
of 0.01—0.1 uM s~ (uM TICel7A)™" (Table 3); these rates are
30—300 times slower than those on the soluble substrate.
Unlike rates with cellohexaose as the substrate, however, the
rates with insoluble substrates are not necessarily measured
where [chain ends] > Ky (moles per surface area). To
determine the maximal rates of hydrolysis where the chain end
concentration was not limiting, TemGHS endoglucanase was
added to provide additional cellulose chain ends for TICel7A
action. In Table 3, the rate at which initial-cut TICel7A
products are generated from cellulose appears to reach a point
at which it is independent of chain end surface concentration.
The last two data points indicate that when the endoglucanase
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Figure 2. TICel7A initial- and processive-cut product generation within various mixtures. For panels A—C, lines represent arbitrary fits for the
following discretely measured quantities within each TICel7A/TemGHS mixture (1 g/L BMCC, pH 4.85, 50 °C): (A) initial-cut products, (B)
processive-cut products, and (C) the ratio between the two (p/i ratio = [pcut products]/[icut products]). The red line (X) corresponds to the
mixture with 0.076 yM TICel7A and no endoglucanase. All other mixtures have 0.076 M TICel7A and concentrations of TemGHS that are
proportional to their shades of blue from lightest to darkest: 0.019, 0.09, 0.19, and 0.37 uM, respectively. For the reactions with TICel7A alone, p/i
ratio values are given in panel D. TICel7A concentrations increase from light red to dark red: 0.0152, 0.076, 0.152, and 0.305 uM, respectively. Lines

represent arbitrary fits to guide the eye.

concentration is doubled from 0.185 to 0.37 uM, the initial rate
of initial-cut product generation by TICel7A does not double,
increasing instead from 0.093 to 0.107 uM s' (uM TICel7A) .
While more endoglucanse might enhance that rate, this small
rate increase suggests that, in the presence of excess surface
chains ([chain ends] > Ky), the rate is no longer dependent
on the availability of chain ends. The observed values on solid
substrates, even with excess surface chains available, are still
1 order of magnitude lower than the analogous rate on soluble
substrates.

Initial-cut products appear to be reporters for the complex-
ation of TICel7A enzymes with chain ends in the solid
substrate. In accordance with the aforementioned rate
disparities, the intrinsic rate of hydrolysis, which is at least as
fast as the rate of generation of initial-cut products from soluble
cello-oligosaccharides, does not govern the rate at which initial-
cut products are formed from crystalline cellulose. Instead, the
cellobiohydrolases seem to be impeded by the physical
processes associated with their ability to adsorb to the substrate,
diffuse along the cellulose surface, and form a complex with
polymer chain ends. As adsorption has been shown to reach
equilibrium within 1 h, the last two steps, termed complexation
for this discussion, appear to determine the rate of initial-cut
product formation.>

When compared with recently measured rates of Trichoderma
Cel7A processivity, slow cellulose chain association rates appear
to limit overall hydrolysis. In situ observations of TICel7A
cellobiohydrolases made with fast-scan AFM show processive
speeds of ~3.5 + 1 nm/s.”® This speed is approximately equal
to the k., reported for this cellobiohydrolase multiplied by the
length of a cellobiose unit (~1 nm), and it amounts to a
specific activity of ~3.5 uM s™' (uM processive TICel7A)™"
when cellobiose is the dominant product. Rates of processive
catalysis measured by Igarashi et al. are nearly identical to the
rates of generation of initial-cut products from soluble
substrates measured here [3 uM s~ (uM TICel7A)™']; both
appear to be governed by the intrinsic kinetics of the enzyme
(ke). Thus, the kinetics of cellulose hydrolysis are primarily
governed by the rates at which cellobiohydrolases become
processive, not by the rates at which they process.

These results shed some light on the kinetic limitations
imposed by the rate with which processive enzymes decomplex
from cellulose chains. If enzymes that become “unstuck”

447

quickly re-engage in processive hydrolysis, then the rate at
which they disengage with chain ends could limit overall
hydrolysis kinetics. This argument has been made in the
literature.”” We find, however, that, early on, the ability of
TICel7A enzymes to initiate catalysis at chain ends is limited by
the availability of those ends. Faster rates of decomplexation are
only certain to increase rates of overall hydrolysis if
complexation is fast, and we find that it is slow.

Surface Morphology Limits Processivity. The presence
of additional physical and kinetic impediments to processive cello-
biohydrolase action was evidenced in time course profiles showing
the ratios of processive to initial cuts [p/i ratio (Figure 2C)]. The
average number of processive events resulting from a single initial
catalytic event is defined as the processive length (npr). For each
cellulase mixture, the p/i ratio approaches a value of n,, at later
times. The p/i ratios at 110 h (~n,,) can be used as an estimate of
processive length (Table 4); processive length values reported here

Table 4. Estimates of the Processive Length (npr) of Each
Mixture®

[Cel7A] [GHS] R (p/i)® at [Cel7A] [GHS] R (p/i)® at
(M) (uM) 110 h (~n,) X° (M)  (uM) 110 h (~n,) X©
0076 0 13 18 0015 0 8 2
0.076  0.0187 16 26 0.076 0 13 32
0.076  0.0935 12 47 0152 0 18 57
0076 0.187 9 $3 0305 0 21
0.076 0.374 4 60

“Estimates of processive length (n,,) for each enzyme mixture. These
estimates are based on the ratio of concentrations of processive-cut
products to initial-cut products for a processive enzyme; this ratio
levels off to the processive length of that enzyme. Figure 2 confirms
this behavior. Values of processive length (npr) are estimated at 110 h
(the 110 h time points from Figure 2). The dependence of processive
length on the concentrations of TICel7A and TemGHS enzymes is
addressed in Discussion. R (p/i) represents the p/i ratio. °X
represents the percent conversion at 110 h.

are of the same order of magnitude as those reported in other
studies of TICel7A on BMCC.””** As these values are 2 orders of
magnitude lower than estimates of the intrinsic processive length of
the Trichoderma Cel7A enzyme on this substrate (1000—4000),
processive cellobiohydrolases are likely hindered by physical

obstructions or decomplexation-encouraging surface features far
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more frequently than they are stopped by the intrinsic kinetics of
disengagement from cellulose chains. These findings are consistent
with previous work showing that processive length depends on the
nature of the substrate.””

These results also evidence the influence of endoglucanase
enzymes on processive length (Table 4). Mixtures with 0.076 M
TICel7A and 0.0187 uM TemGHS permit longer or equivalent
processive lengths than the reaction with 0.076 uM TICel7A
alone. The failure of low TemGHS concentrations to reduce
processive length by creating cuts in the surface is counter-
intuitive. By preferentially hydrolyzing exposed, pseudoamorphous
cellulose chains on the cellulose surface, the regions upon which
endoglucanases are most active, low concentrations of these
enzymes may remove impediments, increasing the length over
which processive cellobiohydrolase catalysis can occur. Other
authors have provided evidence of the influence of surface
morphology on cellobiohydrolase processive length, but our
data provide evidence that morphological changes generated by
low concentrations of endoglucanase enzymes may influence
processive length.””**>> The mechanism of these endoglucanase-
influenced structural changes is not known.

At >0.0935 uM, TemGHS begins to restrict the processive
length of TICel7A (Figure 2C). This may result from a
shortening of the average length of exposed cellulose strands or
an enzyme crowding effect at the surface. As the latter has not
previously been observed at the cellulase/cellulose loadings
used in this study, the former is more likely.>***” At high
concentrations, TemGHS may generate cuts within the
crystalline regions to which TICel7A binds, thus reducing the
length over which TICel7A can freely process. Mechanisms
proposed here, however, are only speculative. In the end, the
failure of low endoglucanase concentrations to rapidly decrease
processive length deserves further experimental investigation.

Cellobiohydrolase Enzymes Potentiate Their Own
Activity by Influencing Surface Morphology. In reactions
with TICel7A acting alone, the processive length increased with
TICel7A loading (Figure 2D and Table 4), suggesting that
these enzymes may affect the morphology of the cellulose in a
manner that increases its susceptibility to processive catalysis.
Bacterial microcrystalline cellulose is predominantly in the I,
crystalline phase, which consists of cellulose chains aligned in
parallel.’® Previous work has shown that the TICel7A
cellobiohydrolase enzymes engage in unidirectional processive
catalysis on the hydrophobic face of the crystal.>>>*>* We
speculate that cellobiohydrolases may be able to potentiate
their own activity by clearing obstructions associated with
imperfections in the packing of intertwined or closely aligned
chains.

The change in processive length with cellobiohydrolase
loading may also evidence the minor endo-like activity that has
been reported for cellobiohydrolases.”” This work reveals that
small amounts of endoglucanase can increase processive length.
The minor endo-like activity of cellobiohydrolase enzymes may
function in a similar fashion; as the cellobiohydrolase
concentration is increased, this endo-like activity, while still
minor, may increase and lead to increased processive length in a
manner similar to that of small amounts of endoglucanase.
Previous work has shown that modification or removal of the
four surface loops that form the active site tunnel of Cel7A can
open its active site, increasing its endo-like character.*”® A
processive- and initial-cut analysis similar to that used here but
conducted with endo-like variants of Cel7A may reveal the
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influence of endo activity on the ability of cellobiohydrolase
enzymes to conduct processive catalysis.

Sensitivity of This Approach to Estimates Employed.
These results showing that complexation is slow are unlikely to
change if the initial-cut product distribution for TICel7A is
different on soluble and insoluble substrates. The product
distribution is embedded in the 1 + a + f coefficient of eq 3,
which describes initial-cut products generated from insoluble
cellulose. The 1 + a + f§ term represents the total number of
initial-cut products generated each time cellotriose is generated
from an initial cut. For cellohexaose, the value of 1 + @ + ff was
found to be 4. Initial rates of initial-cut product generation on
solid and soluble substrates were shown to differ by 1 order of
magnitude when the initial-cut product distribution was assumed
to be the same (1 + a + # = 4) on solid and soluble substrates.
For initial rates of initial-cut product generation to be equivalent
on solid and soluble substrates, the value of 1 + o +  would
have to be ~40 for cellulose. In such a case, the processive length
corresponding to the reaction with 0.305 uM TICel7A acting
alone, the longest in this study, would be 2. This is 1 order of
magnitude smaller than any processive length reported for this
enzyme, indicating that a value of 40 for 1 + a + f on solid
cellulose is unrealistic.”” Thus, even if initial-cut product
distributions on solid and soluble substrates are different, they
are unlikely to be sufficiently different to invalidate the result that
complexation is rate-limiting.

The slow complexation result is similarly unaffected by the
processive-cut product distribution. Previous studies have shown
that cellobiose is the dominant product of processive catalysis.”***
In this work, cellobiose is treated as the only product of
processive catalysis. If glucose and cellotriose are generated by
processing cellobiohydrolase enzymes, the analysis employed
within this work will lead to an overestimate for initial rates of
generation of initial-cut products from soluble substrates. That is,
they will be even slower than those reported in Table 4.

Processive length trends are insensitive to the initial-cut
product distribution. The product distribution is incorporated in
the 1 + a + f coefficient in the [G,]icara jcus term of eq S.
Different initial-cut product distributions can increase or decrease
the value of these terms, leading to higher or lower estimates of
initial and processive cuts within all reactions. Processive length
trends within and between reactions, however, are unaffected.

The qualitative trends illustrated by the initial- and
processive-cut TICel7A product profiles are insensitive to
values of 77 and f (section 4 of the Supporting Information).
Plots of eq 8 show that 10—90% of TemGHS or TICel7A is
available to hydrolyze soluble sugars at any given time,
depending on the enzyme loading (Figure S4C,D of the
Supporting Information). Values of p and K affect the value of
n in any given mixture, but they do not affect the
proportionality between 7 and the total enzyme concentration
or the time-invariant nature of #. The trends illustrated in
Figure 2 are most affected by these properties of 7 (section 4 of
the Supporting Information), and thus, they are insensitive to
the manner in which 7 is estimated. Estimates of f have a similar
influence. The method employed to estimate f affects the
TemGHS concentration at which further increases in TemGHS
concentration lead to a reduction in processive length, rather
than an increase, but this general trend, evident in Table 4,
occurs with any f estimate (high, low, or average).

Enzyme Denaturation. The results of this work are not
sensitive to the slow denaturation of the cellulase enzymes that
were used. When grown on Avicel, T. reesei secretes a mixture
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of cellulases that is dominated by Cel7A; the half-life of this
mixture has been measured to be 43 h at 50 °C within a
cellulose hydrolysis reaction mixture.’’ Ta. emersonii grows at
higher temperatures than T. reesei, and many of its enzymes are
more thermostable.” The halflife of TemGHS has not been
explicitly measured, but we conservatively equate it to that of
TICel7A for the current discussion. Assuming an exponential
model of decay, 95% of the enzymes will remain active in
solution at 50 °C after 3 h, the period over which initial-cut
product generation rates from insoluble cellulose were
measured. This 5% inactivation of the enzyme is not enough
to account for the initial-cut product generation rates being
3000—30000% slower on insoluble cellulose than on soluble
cello-oligosaccharides.

Trends observed between the different reaction mixtures are
similarly unaffected by enzyme denaturation. Each term in the
kinetic equations used to calculate initial- and processive-cut
products exhibits a first-order dependence on enzyme
concentration. Reductions in enzyme concentration due to
denaturation would affect both icut and pcut product
concentrations in proportion to the concentration of enzyme
present in each mixture; the trends observed between different
reaction mixtures would remain unaffected.

Influence of Product Inhibition. The topic of product
inhibition deserves special attention in our discussion of
cellobiohydrolase kinetics. Glucose and cellobiose inhibition of
cellobiohydrolase enzymes is well-known.>*®> In a very recent
study, Bu et al.®® calculated the absolute free energies of
binding of cellobiose to the Cel7A catalytic domain of T. reesei
and found that this product is more stable in the enzyme tunnel
than in free solution. The work of Bu et al. is significant in that
it identifies the residues responsible for the enzyme’s strong
interaction with cellobiose, which acts as a competitive inhibitor
and thereby reduces the effective enzyme concentration. If the
level of inhibition by glucose and cellobiose is reduced,
regardless of the rate-limiting step, rates of Cel7A-catalyzed
cellulose hydrolysis will be increased.

Evidence of a Morphological Element to Enzyme
Synergy. The sensitivity of cellobiohydrolase enzymes to the
nature of the cellulose substrate may provide a rationale for the
evolution of multienzyme mixtures produced by fungi.
Cellulases are often grouped into two main classes (EG and
CBH), but fungi such as T. reesei and Neurospora crassa produce
multiple variants of each."** Several studies have demonstrated
that carbohydrate-active enzymes have binding site preferences
for different surface structures, which focus their activities onto
proximal regions.és’66 Such preferences may allow different
cellulases to interact with and hydrolyze a wider variety of
surfaces, thus relaxing the fidelity and sensitivities that might
otherwise limit two-enzyme mixtures. Recent investigations
into the role of GH61 enzymes, which are produced by N.
crassa and other filamentous fungi, reinforce this hypothesis.
This enzyme, which falls into neither cellulase class, has been
shown to have a stimulatory effect on cellulases that likely
results from an influence on surface morphology or an abili? to
oxidatively generate cuts within crystalline cellulose regions.®”%®

Future Work with CBM-Containing Endoglucanase
Enzymes. The results of this work are likely dependent on the
morphological specificity of the enzymes used. The CBM-less
TemGHS endoglucanase may have a more relaxed fidelity for
particular surface structures than CBM-containing alternatives.
There are 63 different families of CBM domains in the
Carbohydrate Active Enzyme Database,”® and different
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adsorption behaviors and cellulose morphology specificities
have been observed among them.”””" Future work includes
attaching CBMs with demonstrated specificities to the catalytic
domain of TemGHS and assessing the different influence of
these variants on cellobiohydrolase behavior. A crystalline-
specific CBM may make the enzyme less likely to act on
amorphous or paracrystalline cellulose, and therefore less
effective in increasing the processive length of cellobiohydrolase
enzymes. This is speculation, however, and the experiments still
need to be performed.

B CONCLUSIONS

Complexation has been previously assumed to be rate-limiting,
and endoglucanases have been shown to influence complex-
ation rates. This work provides direct experimental measure-
ment of complexation rates to validate these assumptions.
These results complement recently published MD simulations
evidencing high energy barriers associated with glycan chain
abstraction with kinetic measurements showing slow rates of
cellobiohydrolase complexation, a process in which cellulose
chain decrystallization is a key step.>”>”>

This study has several major implications for the design of
better saccharification systems. First, cellobiohydrolase engi-
neering efforts should focus on the development of enzymes
with enhanced abilities to find and form complexes with chain
ends. Results presented here show cellobiohydrolase complex-
ation rates to be slow relative to those of other kinetic steps;
enzymes that can more quickly extract chains from the cellulose
surface are therefore likely to catalyze the hydrolysis of
insoluble cellulose at higher rates. Second, this work presents
the first experimental evidence that cellulases may remove the
physical obstructions that cause cellobiohydrolases to become
stuck. Endoglucanases are shown to potentiate the activity of
cellobiohydrolases, not only by generating free chain ends but
also by altering the surface in a way that increases that enzyme’s
processive length. Cellobiohydrolases are shown to potentiate
their own activity in an identical processive length-enhancing
fashion. Investigations that elucidate the mechanisms of these
morphology-influenced enzyme synergies will facilitate the
design of multicellulase mixtures. Such efforts would be
complementary to recent studies showing that pretreatment-
derived structural changes in the cellulose surface can make it
more susceptible to cellobiohydrolase-catalyzed hydrolysis.”*”*
Ultimately, pretreatment methods, engineered cellulases, and
novel helper enzymes (e.g, GH61 family enzymes) that
facilitate the access of cellobiohydrolases to chain ends and
reduce the incidence of surface obstructions will provide the
most effective means of improving the rate and cost-
effectiveness of the conversion of biomass to sugars.
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