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Background: Synergism between enzymes is a prerequisite for the efficient degradation of cellulose, but its molecular
mechanisms are not fully understood.
Results: Endoglucanase increased the rate constant of cellobiohydrolase-catalyzed cellulose hydrolysis.
Conclusion: A mechanism whereby endoglucanase avoids the stalling of processive cellobiohydrolase is proposed.
Significance: Understanding the mechanisms of synergism helps to design more efficient enzyme mixtures for cellulose
degradation.

Synergistic cooperation of different enzymes is a prerequisite
for efficient degradation of cellulose. The conventional mecha-
nistic interpretation of the synergism between randomly acting
endoglucanases (EGs) and chain end-specific processive cello-
biohydrolases (CBHs) is that EG-generated new chain ends on
cellulose surface serve as starting points for CBHs. Here we
studied the hydrolysis of bacterial cellulose (BC) by CBH
TrCel7A and EG TrCel5A from Trichoderma reesei under both
single-turnover and “steady state” conditions. Unaccountable
by conventional interpretation, the presence of EG increased
the rate constant of TrCel7A-catalyzed hydrolysis of BC in
steady state. At optimal enzyme/substrate ratios, the “steady
state” rate of synergistic hydrolysis became limited by the veloc-
ity of processive movement of TrCel7A on BC. A processivity
value of 66 � 7 cellobiose units measured for TrCel7A on 14C-
labeled BCwas close to the leveling off degree of polymerization
of BC, suggesting that TrCel7A cannot pass through the amor-
phous regions on BC and stalls. We propose a mechanism of
endo-exo synergism whereby the degradation of amorphous
regions by EG avoids the stalling of TrCel7A and leads to its
accelerated recruitment. Hydrolysis of pretreated wheat straw
suggested that this mechanism of synergism is operative also in
thedegradationof lignocellulose.Althoughbothmechanismsof
synergism are used in parallel, the contribution of conventional
mechanism is significant only at high enzyme/substrate ratios.

Cellulose is the most abundant biopolymer on Earth and has
great potential as a renewable energy source (1). Cellulose is the
main component of plant cell walls, but it is also produced by
some animals and microorganisms like bacteria and algae. Cel-
lulose consists of linear chains of anhydroglucose units linked
through �-1-4 glycosidic bonds. Degree of polymerization
(DP)2 in native celluloses ranges from a few thousand to tens of

thousands of glucose units. Linear chains interact with each
other, forming tightly packed crystalline structures like micro-
fibrils and fibers. In plant cell walls, cellulose is associated with
other polysaccharides like hemicelluloses and heterogeneous
polymer of phenolic units, lignin. All of this makes cellulose
recalcitrant for enzymatic as well as chemical breakdown (2, 3).
In nature, cellulose is degraded mainly by fungi and bacteria,
which secrete a set of cellulolytic enzymes (4). These include
cellulases and hemicellulases but also enzymes involved in
lignin breakdown. The simplest classification groups cellulases
into cellobiohydrolases (CBHs), endoglucanases (EGs) and
�-glucosidases. CBHs are processive enzymes that start the
hydrolysis from cellulose chain ends, whereas EGs non-proces-
sively attack cellulose chains at random positions. �-Glucosi-
dases hydrolyze cellobiose, the product of the action of CBHs,
to glucose, thus relieving the product inhibition of CBHs. To
date, the best characterized cellulolytic system is that of soft rot
fungus Tricoderma reesei. The major component of the
T. reesei cellulolytic system is glycoside hydrolase family 7
(CAZy database, available on the World Wide Web) (6) CBH,
TrCel7A. TrCel7A has a modular structure consisting of a cat-
alytic domain that is connected through the linker peptide (7)
to a carbohydrate binding module (CBM) (8). The tunnel-
shaped active site resides in the catalytic domain and contains
10 anhydroglucose unit binding sites (9). It is well documented
that CBM is required for efficient binding of TrCel7A to the
crystalline cellulose (10). CBMs have also targeting function
(11–14), and it has been demonstrated thatTrCel7A is targeted
to the hydrophobic phases of cellulose crystal (14). Although
molecular dynamics simulations have predicted more intimate
roles for CBM in catalysis like disengagement of cellulose
chains from the crystal lattice (15) or aiding processive move-
ment (16), the biochemical evidence of such roles is elusive (17).
Besides TrCel7A, T. reesei also secretes a less abundant CBH,
TrCel6A, and a number of EGs that include TrCel7B, TrCel5A,
and TrCel12A. The active site of EGs is more opened and
groove-shaped. It is well recognized that CBHs are more effi-
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cient in degradation of crystalline cellulose, whereas EGs pref-
erentially target less ordered amorphous regions.
Synergistic cooperation between cellulases is a prerequisite

for efficient degradation of cellulose (18, 19). The first mecha-
nistic explanation of synergism was put forward by Reese et al.
(20) more than 50 years ago. The first, unknown component
(C1) was supposed to carry out so-called amorphogenesis of
crystalline cellulose, exposing single cellulose chains and cel-
looligosaccharides that were then degraded by the Cx compo-
nent, identified as EG (20). Although numerous non-hydrolytic
proteins that can induce amorphogenesis and act synergisti-
cally with cellulases have been identified (21), their contribu-
tion to lignocellulose degradation remains elusive. After dis-
covery of CBHs (referred to as C1 for some time) (22, 23), the
mechanistic explanation of endo-exo synergy was put forward,
whereby randomly acting EG generates new chain ends on cel-
lulose that serve as starting points for processive CBHs (24).
Although alternative explanations like removal of obstacles by
EG (surface “cleaning”) to aid the processivemovement of CBH
have also been proposed (25, 26), the conventional “starting
point generation” mechanism is still the most widely accepted
one. Synergistic action has been shown to be reciprocal, mean-
ing that not only does CBH benefit from the action of EG, but
also the action of CBH renders the substrate more accessible to
EG (25, 27). Synergism between twoCBHs (exo-exo synergism)
has also been reported (28–32). Because one of the CBH com-
ponents has been proposed to employ also the endo-mode of
initiation (endo-processive CBH), the mechanistic interpreta-
tion of the conventional endo-exo synergismwas adopted (30–
32). Recently, a new type of synergism between enzymes that
employ oxidative chemistry to break glycosidic bonds and
hydrolytic enzymes was reported in chitin degradation (33).
The enigmatic synergism between non-hydrolytic glycoside
hydrolase family 61 proteins and cellulases has since found a
mechanistic interpretation (34–37). This has lead to the resur-
gence of C1-Cx theory with the oxidative enzyme identified as
C1 (19, 35, 38). To make it all more complex and challenging,
Gao et al. (39) demonstrated that synergism was dependent on
the glycosylation pattern of CBH.
For the quantitative description of synergism, the degree of

synergistic effect (DSE) is often used. DSE is the ratio of the
activity of synergistic mixture to the sum of the activities of
individual components. Besides the nature of synergistic com-
ponents, DSE has also been shown to depend on themolar ratio
of the components (31, 40); surface density of bound cellulases
(30, 41, 42); and properties of cellulose like DP (25, 43), crystal-
linity (44), and allomorph composition (45). Because cellulose
properties can change with hydrolysis, the dependence of DSE
on hydrolysis time has also been reported (25, 31, 46). Usually, a
small molar fraction (a few percent) of EG results in the highest
DSE (31, 40), but the optimal fraction of EG depends on the
nature of the EG as well as the substrate used (25, 31). Data on
the effect of the surface density of bound enzymes on DSE are
controversial. Some studies have shown that DSE is highest in
the case of low surface coverage (41), whereas others support
the importance of proximity (i.e. high surface density) of syner-
gistic components (30, 42, 47, 48). Among cellulose substrates,
the highest DSE is observed on substrates with high DP and

intermediate crystallinity (45) like filter paper or bacterial cel-
lulose (BC), whereas lowormoderateDSE is observed onhighly
crystalline substrates (25, 46, 49). All of these findings indicate
that endo-exo synergism is far more complex than appears
from the conventional, “starting point generation” mechanism.
Here we studied the hydrolysis of BC by CBH TrCel7A and

EGTrCel5Aunder both single-turnover and “steady state” con-
ditions. EG was found to increase the rate constant of CBH-
catalyzed cellulose hydrolysis in “steady state.” Amechanism of
endo-exo synergism is proposed, whereby the degradation of
amorphous regions of BC by EG avoids the stalling of proces-
sive CBH and leads to its accelerated recruitment.

EXPERIMENTAL PROCEDURES

Materials—Glucose, cellobiose, 4-methylumbelliferyl-�-lac-
toside (MUL), para-nitrophenyl-�-lactoside (pNPL), bovine
serum albumin (BSA), and papain were purchased from Sigma-
Aldrich. D-U-14C-Labeled glucose with a specific activity of
262 mCi/mmol was from Hartmann Analytic GmbH. Scin-
tillationmixture was fromMerck. All chemicals were used as
purchased.
Enzymes—TrCel7A andTrCel5Awere purified from the cul-

ture filtrate of T. reesei QM 9414 as described previously (50,
51). Catalytic domain of TrCel7A (CDTrCel7A) was prepared by
limited proteolysis of intact TrCel7A with papain according
to Ref. 10. Aspergillus �-glucosidase was purified from
Novozyme� 188 (C6105, Sigma) as described before (52).
Enzyme concentrationwas determined from absorbance at 280
nm using molar extinction coefficients of 84,400, 78,000,
78,250, and 180,000 M�1 cm�1 for TrCel7A, TrCel5A,
CDTrCel7A, and �-glucosidase, respectively.
Celluloses—BC was prepared by laboratory fermentation of

the Gluconobacter xylinum strain ATCC 53582 as described
(53). 14C-Labeled bacterial cellulose (14C-BC) was prepared as
BC, but the glucose carbon source was supplemented with 14C-
glucose. In the case of 14C-BC, the cultivation flasks were also
providedwith aCO2 trap, andO2was supplied by slowly pump-
ing the air through the culture medium. 14C-BC had a specific
activity of 450,000 dpm/mg. Amorphous cellulose (AC) was
prepared from Avicel according to Ref. 53. The total concen-
tration of cellulose was determined by the anthrone sulfuric
acid method. Pretreated wheat straw (hereafter referred to as
lignocellulose) was from Inbicon (Skærbæk, Denmark). Hydro-
thermal pretreatment of wheat straw was performed in the
Inbicon IBUS pilot plant (54). Glucan, Klason lignin, xylan, and
ash content of lignocellulose on a dry weight basis was 58.5,
26.4, 5.3, and 2.6%, respectively. For purification and handling
of lignocellulose, see Ref. 55.
Hydrolysis of Cellulose under Single-turnover Conditions—

Experiments were performed in 50 mM sodium acetate buffer,
pH 5.0, containing BSA (0.1 mgml�1) at 25 °C. Cellulases (sup-
plemented with 0.12 �M �-glucosidase) were mixed with uni-
formly 14C-labeled bacterial cellulose (14C-BC, 0.5 mgml�1) to
start the hydrolysis. At the selected time, an equal volume of
non-labeled AC (10 mg ml�1) was added to trap all unbound
cellulases. Under these conditions, each bound cellulase was
allowed to perform only a single processive run on 14C-BC. For
time points, 0.2-ml aliquots were withdrawn and added to 20�l
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of 1 M NaOH to stop the reaction. After separation of cellulose
by centrifugation, the radioactivity in the supernatant was
quantified using a liquid scintillation counter. For the back-
ground measurements (“leakage” of trap), separate experi-
ments were performed where AC was added to 14C-BC before
cellulases. Because of the dynamic exchange between cellulases
bound to 14C-BC and the AC trap, there will always be a small
number of attacks on 14C-BC after the addition of an AC trap.
This is represented by the leakage of trap, and all hydrolysis data
were corrected for the corresponding leakage (56). The magni-
tude of leakage was dependent on the concentration and com-
position of the enzyme mixture, but in most cases it remained
within 10% of the radioactivity reading of the corresponding
hydrolysis experiments. In the experiments performed in the
presence of EG, the radioactivity released by EG for the
moment of the trap addition (no detectable release of radioac-
tivity by EG was observed after the AC trap addition) was also
subtracted. Thus, the data represent the radioactivity released
by CBH.
Determination of [ES]trap—The concentration of cellulase-

cellulose complex at the moment of the trap addition ([ES]trap)
was measured by quantification of the inhibition of the hydrol-
ysis of MUL by BC (56). For that, BC (0.5 mg ml�1) was incu-
bated with cellulases in the presence of 5 �M MUL in 50 mM

sodium acetate buffer, pH 5.0, containing BSA (0.1 mg ml) at
25 °C. Reactions were supplemented with 0.85 �M �-glucosi-
dase to avoid the inhibition of MUL hydrolysis by cellobiose
released from BC. Hydrolysis was stopped by the addition of an
equal volume of 0.2 M ammonium hydroxide. After separation
of cellulose by centrifugation, the released 4-methylumbellifer-
one (MU) was quantified from the fluorescence of the superna-
tant. Excitation and emission wavelengths were set to 360 and
450 nm, respectively. The concentration of the population of
TrCel7A with the free active site (i.e. free to hydrolyze MUL;
[TrCel7A]FA) was found from the calibration curves of MUL
hydrolysis made in the absence of cellulose. [ES]trap was
found as the difference of total concentration of TrCel7A
([TrCel7A]Total) and [TrCel7A]FA (56).
Hydrolysis of Cellulose under “Steady State” Conditions—All

experiments were performed in 50 mM sodium acetate buffer,
pH 5.0, containing BSA (0.1 mg ml�1) and �-glucosidase (0.85
�M) at 25 °C. BC (0.1–2.5 mg ml�1) was incubated with 0.5 �M

TrCel7A or CDTrCel7A. If present, the concentration of EG
(TrCel5A) was 0.1 �M. At selected times (between 1 and 30
min), 0.45-ml aliquots were withdrawn and added to 5 �l of 10
mMMUL.After 30 s, 0.45ml of 0.2M ammoniumhydroxidewas
added to stop the reaction. Cellulose was separated by centrif-
ugation, and the concentration ofMUwas found from the fluo-
rescence of the supernatant. After fluorescencemeasurements,
0.105 ml of 1 M acetic acid was added to 0.8 ml of supernatant,
and the concentration of glucose was measured using a glucose
oxidase peroxidase assay as described (55). Zero data points
were treated identically, but the enzymes were added after
ammonium hydroxide. [TrCel7A]FA was found from the
released [MU] using calibration curves of MUL hydrolysis
made in the absence of cellulose. The concentration ofTrCel7A
with the active site occupied by the cellulose chain

([TrCel7A]OA) was found from the difference [TrCel7A]OA �
[TrCel7A]Total - [TrCel7A]FA.

In the case of lignocellulose, lignocellulose (1.0–10 mg ml�1

dry matter) was incubated (shaking at 500 rpm) with 2.5 �M

TrCel7A or CDTrCel7A in the presence of 0.5 mM pNPL. If pres-
ent, the concentration of EG (TrCel5A) was 0.25 �M. After 30
min of hydrolysis, the reaction mixtures were rapidly pressed
through a glass fiber filter (GF/D fromWhatman)mounted to a
1-ml syringe. The filtrate was centrifuged (1 min, 10,000 � g),
and 0.4 ml of supernatant was added to 0.4 ml of 0.2 M ammo-
nium hydroxide. Released para-nitrophenol (pNP) was quanti-
fied fromtheabsorbance at 414nm. [TrCel7A]FA ([TrCel7A]OA�
[TrCel7A]Total� [TrCel7A]FA)was found from [pNP] using the
calibration curves of pNPL hydrolysis made in the absence of
cellulose. After absorbancemeasurements, 0.105ml of 1 M ace-
tic acid was added to 0.8 ml of supernatant, and the concentra-
tion of glucose was measured using the hexokinase assay as
described (55). Control experiments without pNPLwere run in
parallel to account for the background absorbance from ligno-
cellulose. Zero data points were treated identically, but the
enzymes were added after ammonium hydroxide.
Determination of the Values of the Observed Rate Constant

(kobs)—This was performed essentially as described (55). The
time courses of glucose formation in hydrolysis of BC under
“steady state” conditions were first converted to the rates of
glucose formation. For that, the hydrolysis datawere fitted to an
empirical function that explicitly and without systematic devi-
ation described the data. Rates of glucose formation were cal-
culated using the values of parameters obtained from the above
mentioned fitting of the data and the first order derivative of the
empirical function (55). The values of kobs were found from the
rates of cellobiose formation (taken as a half of the correspond-
ing rate of glucose formation) and [TrCel7A]OA according to
Equation 6. Values of [TrCel7A]OA were found from the inhi-
bition of the hydrolysis of MUL by BC.
In the case of lignocellulose substrate, average velocities after

30min of hydrolysis were used to calculate kobs values. Here the
[TrCel7A]OA values were found from the inhibition of the
hydrolysis of pNPL by lignocellulose.
Determination of the DSE in Hydrolysis of Cellulose—The

values of DSE were found at three different levels. (i) DSE at the
level of glucose formation (DSEGlc) represents the ratio of glu-
cose produced by the mixture of TrCel7A and TrCel5A to glu-
cose produced by individual TrCel7A. Low levels of glucose
produced by individual TrCel5A were not accounted for in cal-
culating DSEGlc. (ii) DSE at the level of [TrCel7A]OA (DSEOA)
represents the ratio of [TrCel7A]OA measured for the mixture
ofTrCel7A andTrCel5A to [TrCel7A]OAmeasured for individ-
ual TrCel7A. (iii) DSE at the level of kobs (DSEk) represents the
ratio of kobs measured for themixture of TrCel7A and TrCel5A
to kobs measured for individual TrCel7A.
Inhibition of TrCel7A by Cellobiose—All experiments were

performed in 50 mM sodium acetate buffer, pH 5.0, containing
BSA (0.1 mg ml�1) at 25 °C. In the case of the single-turnover
approach 14C-BC (0.5 mg ml�1) was incubated with 1.0 �M

TrCel7A in the presence of added cellobiose (0–20 mM). If
present, the concentration of TrCel5A was 0.1 �M. Series made
without added cellobiose were provided with 0.125 �M �-glu-
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cosidase. The AC trap was added after 10 or 30 s from the
initiation of the hydrolysis of 14C-BC for the seriesmadewith or
without the presence of TrCel5A, respectively. Suspensions of
AC were also supplemented with cellobiose at appropriate
concentrations.
To study the cellobiose inhibition of TrCel7A in “steady

state,” the hydrolysis of 14C-BC (0.25 mg ml�1) by TrCel7A
(0.25 �M) in the presence of added cellobiose was followed. If
present, the concentration of TrCel5A was 0.025 �M. Series
without added cellobiose were provided with 0.125 �M �-glu-
cosidase. Hydrolysis was started with the addition of enzymes,
and at selected times, 0.2-ml aliquots were withdrawn and
added to 20 �l of 1 M NaOH to stop the reaction. After separa-
tion of cellulose by centrifugation, the radioactivity in the
supernatant was quantified using a liquid scintillation counter.
Inmaking zero time points, NaOHwas added to 14C-BC before
enzymes.

RESULTS

Hydrolysis of Cellulose under Single-turnover Conditions—
Recently, we described a method for the measurement of the
apparent processivity (Papp) of CBHs under single-turnover
conditions (56). The method relies on the hydrolysis of uni-
formly 14C-labeled bacterial cellulose (14C-BC). Cellulases are
mixed with 14C-BC to start the hydrolysis, and after a short
interval, an excess of non-labeled AC is added to trap all
unbound cellulases. Under these conditions, each bound cellu-

lase is allowed to perform only a single processive run on 14C-
BC. The time course of the formation of 14C-cellobiose (14CB)
should follow the exponent in the form,

�14CB� � �14CB�max�1 � e�kt� (Eq. 1)

where [14CB]max is the leveling off value of [14CB], and k is the
pseudo first order rate constant for passing through one pro-
cessive run. The value of [14CB]max depends on (i) the concen-
tration of productive cellulase-cellulose complexes at the
moment of the trap addition ([ES]trap) and (ii) an average num-
ber of cellobiose units released during a single run (i.e. the Papp
of cellulase) (56). To meet single-turnover conditions, the trap
must be added before the enzyme has dissociated after comple-
tion of a processive run. Fig. 1A shows the release of 14C-cello-
biose in hydrolysis of 14C-BC by TrCel7A with different times
of the addition of trap. Hydrolysis datawere fitted to Equation 1
to obtain [14CB]max and k values. Higher [14CB]max values were
observed with increasing the time of the trap addition, whereas
the values of k were unaffected (supplemental Table S1). The
increase in [14CB]max values with increasing time of the trap
addition can be a result of repeated initiations and/or an
increased number of first initiations (higher [ES]trap). In the
latter case, Papp should be independent of the time of the trap
addition, whereas in the former case, Papp is expected to
increase with increasing time of the trap addition. To find Papp
from the value of [14CB]max, the value of [ES]trap must be avail-

FIGURE 1. Hydrolysis of 14C-BC by TrCel7A under single-turnover conditions. A, 14C-BC (0.5 mg ml�1) was incubated with 1.0 �M TrCel7A. An AC trap was
added after 10 s (�), 30 s (�), or 60 s (‚) of hydrolysis, and the release of 14CB in time was followed. B, [TrCel7A]OA was measured from the inhibition of the
hydrolysis of MUL by BC (0.5 mg ml�1). [TrCel7A] was 0.1 �M (E), 0.25 �M (‚), 0.5 �M (�), or 1.0 �M (�). Solid lines are from the non-linear regression according
to Equation 2. C, data from A divided by the corresponding concentration of TrCel7A at the moment of the AC trap addition ([ES]trap). Values of [ES]trap were
taken from B using an assumption that [ES]trap � [TrCel7A]OA. D, average [14CB]/[ES]trap ratios over experiments with different TrCel7A concentrations and
different times of trap addition. Shown is non-linear regression according to the single exponent (Equation 3; dotted line) or to the sum of two exponents
(Equation 4; solid line). The dashed line and the dashed and dotted line represent the fast and slow components of Equation 4, respectively. Error bars show S.D.
and are from at least three independent measurements.
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able. For TrCel7A, a recently developed method for the quan-
tification of the TrCel7A population with the active site occu-
pied by the cellulose chain ([TrCel7A]OA) can be applied to find
the values of [ES]trap (55, 56). Assuming that initial binding
through the active site is productive, we can use [TrCel7A]OA to
account for [ES]trap. Although this seems a plausible assump-
tion for TrCel7A in the early stage of the reaction (first 30 s)
(55), it cannot be generalized. This is the reason for the mixed
use of the terms [ES]trap and [TrCel7A]OA here. Whereas
[ES]trap is the correct term to appear in the equations, the use of
[TrCel7A]OA to account for [ES]trap assumes that all complexes
that prevent the hydrolysis of MUL are productive cellulase
cellulose complexes. Fig. 1B shows the build-up of [TrCel7A]OA
in time measured using the hydrolysis of MUL as a reporter
reaction. Binding kinetics was consistent with a simple expo-
nential function (solid lines in Figs. 1B and 2B),

�TrCel7A�OA � �TrCel7A�OA�max�1 � e�kon(obs)t� (Eq. 2)

where [TrCel7A]OA-max is the plateau value of TrCel7A bound
toBCvia the active site, and kon(obs) is the pseudo first order rate
constant for binding that depends on cellulose concentration.
Transit times for binding (1/kon(obs)) measured at a BC concen-
tration of 0.5 mg ml�1 were between 5 and 10 s. For the values

of [TrCel7A]OA-max and kon(obs) at different TrCel7A concen-
trations, see supplemental Table S2. Provided with [ES]trap,
Equation 1 can now be expressed in the following form.

�14CB�

�ES�trap
�

�14CB�max

�ES�trap
�1 � e�kt� � Papp�1 � e�kt� (Eq. 3)

After dividing the released [14CB] with corresponding [ES]trap,
all curves made with different times of the trap addition merge
(Fig. 1C) and result in the samePapp valuewithin the error limits
(supplemental Table S1). This confirms that the number of
repeated initiations was not significant within the studied
conditions. Increasing the concentration of TrCel7A resulted
in increased [14CB]max, but the Papp was independent of
[TrCel7A] (supplemental Fig. S1 and Table S1). However, obvi-
ous systematic deviation was observed in fitting the data (up to
1800 s) to Equation 3 (Fig. 1D), and an equation consisting of a
sumof two exponentswas necessary to fit the data (Equation 4),

�14CB�

�ES�trap
� ��14CB�max

�ES�trap
�

1

�1 � e�k1t� � ��14CB�max

�ES�trap
�

2

�1 � e�k2t�

(Eq. 4)

where subscripts 1 and 2 denote the parameters for the first and
the second exponent, respectively. The second exponent had an
about 10-fold longer transit time and smaller amplitude than
the first exponent (Fig. 1D). We propose that the second expo-
nent represents the small population of enzymes that progress
with higherPapp. Another possibility is that the twopopulations
have the same Papp but different velocity of the processive
movement. Because [TrCel7A]OA accounts only for total
[ES]trap, it is not possible to discriminate between these two
possibilities experimentally. Therefore, we further focused on
the first 180 s of the time course where the systematic deviation
from Equation 3 was negligible. Combining the data obtained
using different times of the trap addition and differentTrCel7A
concentrations (supplemental Table S1) resulted in an average
Papp value of 66 � 7 (Table 1).
The rate constant k in Equations 1 and 3 is related to the

catalytic constant (kcat) that represents the rate constant lead-
ing from one productive complex through catalytic events to
another productive complex 1 cellobiose unit further on the
cellulose chain according to Equation 5,

k �
kcat

Papp
�

kcat

nfree
�

kcat

DP
� koff (Eq. 5)

where nfree is the average length of the obstacle-free path (in
cellobiose units) on cellulose (55), DP is the degree of polymer-
ization of cellulose (in cellobiose units), and koff is the dissocia-
tion rate constant ofTrCel7A from cellulose (s�1). koff is related
to kcat and intrinsic processivity (PIntr) according to koff � kcat/
(PIntr � 1) (57). Depending of the values of nfree, DP, and PIntr,
the value of Papp may be governed by the properties of the sub-
strate (low nfree or DP) or the properties of the enzyme (low
PIntr, i.e. high koff). An average DP of 14C-BC is around 1000
cellobiose units. In our previous study, we have estimated aPIntr
value of 4000 � 570 cellobiose units (koff value of 0.0007 �
0.0001 s�1) for TrCel7A on reduced BC and proposed that Papp

FIGURE 2. Synergism in hydrolysis of 14C-BC by TrCel7A and EG TrCel5A
under single-turnover conditions. �, TrCel7A; �, TrCel7A 	 EG; ‚,
CDTrCel7A; Œ, CDTrCel7A 	 EG. Concentration of TrCel7A or CDTrCel7A was 1.0 �M.
If present, the concentration of EG (TrCel5A) was 0.1 �M. A, release of 14CB in
hydrolysis of 14C-BC (0.5 mg ml�1). AC trap was added after 10 s of hydrolysis.
B, concentration of TrCel7A with the active site occupied by the cellulose
chain ([TrCel7A]OA) was measured from the inhibition of the hydrolysis of
MUL by BC (0.5 mg ml�1). Solid lines are from the non-linear regression
according to Equation 2. Error bars show S.D. and are from at least three
independent measurements.
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was limited by nfree (57). The results presented here are in
accord with this. Combining the values of k (0.033� 0.006 s�1)
and Papp (66 � 7) resulted in a kcat value of 2.2 � 0.5 s�1 for
TrCel7A on 14C-BC (Table 1). This value is well in line with
earlier estimates of kcat derived either from the rate measure-
ments (57–60) or direct observations of the processive move-
ment of TrCel7A along the cellulose chain (32, 61). Using the
rate measurements over the period of 1–3 h, Fox et al. (62)
concluded that the steady state rate of the hydrolysis is limited
by the slow complex formation between BC and Cel7A from
Trichoderma longibrachiatum. However, cellulose hydrolysis is
more complicated because it displays burst kinetics where the
steady state is preceded by the transient burst of activity (59, 60,
63, 64). As a result of the burst kinetics, the values of observed
rate constants are primarily dependent on the measurement
period (60, 64). Recent pre-steady state measurements of the
activity of TrCel7A on cellulose demonstrated that the rates
must be measured within first few s of hydrolysis to reveal the
kcat value (60). Because of the specific reaction conditions, a
single-turnover approach employed here allows us to measure
kcat values without the need of a special apparatus for transient
kinetics.
The performance of CDTrCel7A, the truncated form of

TrCel7A that lacks CBM, was also tested under single-turnover
conditions. CDTrCel7A displayed an about 3-fold lower
[14CB]max than intact TrCel7A (Fig. 2 and Table 1). The low
[14CB]max value resulted in a large uncertainty in the estimate of
k forCDTrCel7A (Table 1). Because of the low level of binding,we
were not able to measure the [ES]trap value and, therefore, also
Papp and kcat values for CDTrCel7A.
Synergism between Endoglucanase and Cellobiohydrolase—

Firstwe studied the effect of EGon the performance ofTrCel7A
under single-turnover conditions. Supplementation of 1.0 �M

TrCel7A with 0.1 �M EG TrCel5A resulted in an about 2-fold
increase in [14CB]max, whereas the value of k remained unaf-
fected (Fig. 2 and Table 1). Because TrCel5A has no MUL
hydrolyzing activity, [TrCel7A]OA and hence [ES]trap can be
measured also in the presence of TrCel5A. EG resulted in an
about 3-fold increase in [ES]trap. Because the increase in [ES]trap
exceeded the increase in [14CB]max, somewhat lower Papp and
kcat values were observed in the presence of EG (Table 1). The
addition of EG promoted the binding of CDTrCel7A to the level
that allowed the quantification of [ES]trap, Papp, and kcat also for
CDTrCel7A (Fig. 2 and Table 1).

If the AC trap is omitted, “steady state” is established in
hydrolysis of BC by TrCel7A (Fig. 3A). Note that in most parts
of this study, we use the term “steady state” merely to distin-
guish between experimental conditions (i.e. “steady state” ver-
sus single-turnover conditions). The term is enclosed in quota-
tionmarks to indicate this use. The addition of 0.1 �MTrCel5A
to 0.5 �M TrCel7A resulted in an about 8-fold increase in the
“steady state” rate of hydrolysis. A synergistic effect between
TrCel5A and CDTrCel7A was also evident, but the activity of the
CDTrCel7A-containing mixture was far lower (Fig. 3A). In the
case of individual enzymes, about 70 and 20% of TrCel7A and
CDTrCel7A, respectively, were bound via the active site, and
these values were fairly constant in time (Fig. 3B). Somewhat
higher [TrCel7A]OA values were observed in the presence of
EG. The situation was more complicated with synergistic mix-
ture containing CDTrCel7A. In this case, an initial increase in
[CDTrCel7A]OA was followed by its rapid decrease, and after 30
min of hydrolysis, the amount of CDTrCel7A bound through the
active site was negligible (Fig. 3B). Provided with the rate of
cellobiose formation (vCB) and [TrCel7A]OA, one can calculate
the value of the observed rate constant for cellulose hydrolysis
(kobs) using Equation 6 (55).

kobs �
vCB

�TrCel7A�OA
(Eq. 6)

Note that although the experiments were performed in the
presence of excess �-glucosidase activity and the formation of
glucose was measured, it is more appropriate to express the
rates and kobs values on the basis of cellobiose formation, which
is the main product of the TrCel7A-catalyzed hydrolysis of cel-
lulose. As seen in Fig. 3C, the presence of EG caused a signifi-
cant increase in kobs values in the case of both TrCel7A and
CDTrCel7A.
All of the measurements described above (Fig. 3, A–C) were

performed at a BC concentration of 0.5 mg ml�1. Because the
synergistic hydrolysis of BC is inhibited by the substrate (42),
we next measured [TrCel7A]OA and kobs values at different BC
concentrations. At the level of glucose formation, the substrate
inhibition was revealed only in the case of a synergistic mixture
containing intact TrCel7A (Fig. 3D). Although TrCel7A clearly
outperformed CDTrCel7A at low [BC] values, their activities
were the same at the highest [BC] tested (Fig. 3D). Plotting
[TrCel7A]OA as a function of [BC] demonstrates higher binding

TABLE 1
Values of kinetic parameters for TrCel7A from single-turnover experiments

Enzyme(s)a �14CB�max
b �ES�trap

c Papp
d kb kcate

�M �M CB units s�1 s�1

TrCel7A 15 � 2 0.22 � 0.10 66 � 7 f 0.033 � 0.006 f 2.2 � 0.5f
TrCel7A 	 EG 34 � 2 0.67 � 0.01 50 � 3 0.030 � 0.005 1.5 � 0.2
CDTrCel7A 4.9 � 0.5 0.089 � 0.05
CDTrCel7A 	 EG 11 � 2 0.28 � 0.02 40 � 6 0.031 � 0.025 1.2 � 0.4

a Experimental conditions were as follows: �14C-BC� � 0.5 mg ml�1, �TrCel7A� or �CDTrCel7A� � 1.0 �M, ��-glucosidase� � 0.125 �M, 25 °C, pH 5.0. If present, the concen-
tration of EG (TrCel5A) was 0.1 �M. An AC trap was added after 10 s of hydrolysis.

b Values of �14CB�max and k were found by non-linear regression of �14C-cellobiose� released under single-turnover conditions according to Equation 1.
c Concentration of TrCel7A at the moment of trap addition (�ES�trap) represents the population of TrCel7A with the active site occupied by the cellulose chain (�TrCel7A�OA)
after 10 s of hydrolysis.

d Apparent processivity of TrCel7A (Papp, in cellobiose units) was found from the values of �14CB�max and �ES�trap according to Equation 3.
e The value of kcat was found from the values of k and Papp according to Equation 5.
f These values are averages over values obtained at different TrCel7A concentrations and at different times of trap addition (supplemental Table S1).
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affinity of intact TrCel7A compared with CDTrCel7A. The addi-
tion of EG resulted in an increase in [TrCel7A]OA, whereas the
opposite was observed in the case of CDTrCel7A (Fig. 3E). The
dependence of kobs on [BC] reveals different patterns for indi-
vidual enzymes and synergistic mixtures (Fig. 3F). Synergistic
mixtures displayed a significant decrease in kobs values with
increasing [BC], whereas for individual enzymes, kobs values
were virtually independent of [BC]. About the same kobs values
were found for intactTrCel7AandCDTrCel7A in the case of both
individual enzymes and synergistic mixtures (Fig. 3F). For the
quantitative description of synergism, the DSE values were cal-
culated. Table 2 lists the DSE values at three different levels:
glucose formation (DSEGlc), [TrCel7A]OA (DSEOA), and kobs
(DSEk). For intact TrCel7A, the highest DSE values were
observed at the level of glucose formation, whereas for
CDTrCel7A, the highest DSE was observed at the level of kobs.
Because the rate of glucose (or cellobiose) formation is the
product of [TrCel7A]OA and kobs (Equation 6), the DSEGlc

should also be the product of DSEOA and DSEk. The highest
DSE values on the level of kobs found for CDTrCel7A are due to
the negative effect of EG on [CDTrCel7A]OA (DSEOA values less
than 1; Table 2).With theDSEOA forCDTrCel7A as an exception,
the DSE values at all levels decreased with increasing [BC]
(Table 2).
Synergism was also assessed on lignocellulose as substrate.

As in the case of BC, the affinity of intact TrCel7A toward
lignocellulose was higher than that of CDTrCel7A, but no sub-
strate inhibition was observed within the concentration
range of lignocellulose studied (Fig. 4A). The addition of EG
(10% on a molar basis) resulted in a significant synergistic
effect (Fig. 4A), with average DSEGlc values of 3.2 � 0.3 and
2.5 � 0.2 for TrCel7A and CDTrCel7A, respectively. EG did
not increase the amount of TrCel7AOA (Fig. 4B), suggesting
that the availability of chain ends on lignocellulose was not
limiting under the study conditions, and the synergistic
effect was caused by the increase in kobs values. It must be

FIGURE 3. Synergism in hydrolysis of BC by TrCel7A and EG TrCel5A. TrCel7A (�), TrCel7A 	 EG (�), CDTrCel7A (‚), CDTrCel7A 	 EG (Œ). Concentration of
TrCel7A or CDTrCel7A was 0.5 �M, and that of �-glucosidase was 0.85 �M. If present, the concentration of EG was 0.1 �M. Error bars show S.D. and are from three
independent measurements. In A–C, concentration of BC was 0.5 mg ml�1. A, glucose formation. B, concentration of TrCel7A with the active site occupied by
the cellulose chain ([TrCel7A]OA) was measured from the inhibition of the hydrolysis of MUL by BC (0.5 mg ml�1). C, values of the observed rate constant (kobs)
were found from the rates of cellobiose formation (recalculated from the rates of glucose formation) and values of [TrCel7A]OA according to Equation 6. D–F,
data points were taken after 2, 5, and 10 min of hydrolysis. D, glucose formation after 10 min of hydrolysis. E, average values over all time points are plotted.
Because of systematic variation in time, only 10 min data point values are plotted for the series with CDTrCel7A 	 EG. F, average kobs values over all time points
are plotted. DSE values at different BC concentrations are listed in Table 2.

TABLE 2
DSE between CBH TrCel7A and EG TrCel5A in hydrolysis of BC

BC
TrCel7A and TrCel5Aa CDTrCel7A and TrCel5Aa

DSEGlc
b DSEOA

c DSEk
d DSEGlc

b DSEOA
c DSEk

d

mg ml�1

0.1 23 � 7.9 1.7 � 0.70 14.5 � 5.3
0.25 12 � 1.6 1.5 � 0.32 7.8 � 2.4 5.3 � 1.9 0.25 � 1.30 12.5 � 2.4
0.5 7.7 � 0.8 1.3 � 0.15 5.6 � 1.2 4.8 � 1.3 0.64 � 0.33 5.9 � 1.3
1.0 4.5 � 0.5 1.1 � 0.04 4.0 � 1.3 4.4 � 0.9 0.63 � 0.03 5.2 � 2.4
2.5 3.0 � 0.7 1.1 � 0.03 2.7 � 1.0 2.6 � 0.4 0.81 � 0.14 2.6 � 0.8

a Experimental conditions were as follows: �TrCel7A� or �CDTrCel7A� � 0.5 �M, ��-glucosidase� � 0.85 �M, 25 °C, pH 5.0. If present, the concentration of EG (TrCel5A) was
0.1 �M. Samples were withdrawn after 2, 5, and 10 min of hydrolysis and analyzed for glucose formation and �TrCel7A�OA.

b DSE on the level of glucose formation (DSEGlc) represents the ratio of glucose produced by the mixture of TrCel7A and TrCel5A to glucose produced by individual
TrCel7A. Glucose formation after 10 min of hydrolysis was used in calculations of DSEGlc. Low levels of glucose produced by individual 0.1 �M TrCel5A were not ac-
counted for in calculating DSEGlc.

c DSE on the level of �TrCel7A�OA (DSEOA) represents the ratio of �TrCel7A�OA measured for the mixture of TrCel7A and TrCel5A to �TrCel7A�OA measured for individual
TrCel7A. For series with intact TrCel7A, an average value of �TrCel7A�OA taken over all time points was used in calculations of DSEOA, whereas for CDTrCel7A, a
�CDTrCel7A�OA measured after 10 min of hydrolysis was used.

d DSE on the level of observed rate constant (kobs) (DSEk) represents the ratio of kobs measured for the mixture of TrCel7A and TrCel5A to kobs measured for individual
TrCel7A. An average value of kobs taken over all time points was used in calculations of DSEk.
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noted, however, that we observed the binding of pNP (the
product of the hydrolysis of pNPL used as a reporter mole-
cule for [TrCel7AOA]) to lignocellulose. Binding of MU to
lignocellulose was even stronger, and this was the reason
why pNPL was used instead of MUL here. Because of the
binding of pNP to lignocellulose, the measured [TrCel7AOA]
and kobs values are somewhat over- and underestimated,
respectively. For this reason, the DSEOA and DSEk values on
lignocellulose must also be treated with caution. For the
DSEGlc, DSEOA, and DSEk values at different lignocellulose
concentrations, see supplemental Table S3.
Inhibition of TrCel7A by Cellobiose—Inhibition of TrCel7A

by cellobiose was studied using both single-turnover and
“steady state” conditions. The addition of cellobiose clearly
reduced the amount of 14C-cellobiose released under single-
turnover conditions (Fig. 5A). Fitting of the data to Equation 1
revealed that the values of both [14CB]max and k decreased with
increasing concentration of added cellobiose (Fig. 5, B and C).
Because the method for quantification of [TrCel7A]OA is not
applicable in the presence of cellobiose (55), it is not possible to
address the effect of cellobiose on Papp and kcat experimentally.
However, strong limitation of Papp of TrCel7A by nfree on BC
(57) suggests that the decrease in [14CB]max is caused by the
decrease in [ES]trap rather than in Papp. The inhibition of
TrCel7A by cellobiose was also studied in the presence of EG
(supplemental Fig. S2). The effect of cellobiose on [14CB]max

and k observed in the presence of EG was similar to that for
individual TrCel7A (Fig. 5, B andC). IC50 values for cellobiose
inhibition were found by fitting the data to the hyperbolic
functions,

�14CB�max CB

�14CB�max CB � 0
�

1

1 �
�CB�

IC50

(Eq. 7)

and

kCB

kCB � 0
�

1

1 �
�CB�

IC50

(Eq. 8)

where [CB] is the concentration of added cellobiose (mM), and
subscripts CB and CB � 0 refer to the parameters measured in
the presence and the absence of added cellobiose, respectively.
Because of the scattering of data points, the data obtained for
the individual TrCel7A and for the mixture of TrCel7A and
TrCel5A were combined and analyzed together to estimate
IC50 values. In this way, the IC50 values of 3.2 � 0.8 mM and
2.2 � 0.7 mM were found for cellobiose inhibition of [14CB]max
and k, respectively. For the numerical values of [14CB]max and k
measured in the presence of cellobiose, see supplemental Table
S4.
To study cellobiose inhibition of TrCel7A in “steady state,”

the hydrolysis of 14C-BC (0.25 mg ml�1) was followed over a
longer time (2 min to 3 h). The final degree of degradation of
14C-BC ranged from 10 to 80%, depending on the experimental
conditions. Fig. 6, A and B, shows the time courses of degrada-
tion of 14C-BC by individual TrCel7A and by the mixture of
TrCel7A and TrCel5A in the presence of cellobiose at different
concentrations. In the case of series without added cellobiose,
the experiments were provided with �-glucosidase to prevent
the inhibition of TrCel7A by cellobiose released during hydro-

FIGURE 4. Synergism in hydrolysis of lignocellulose by TrCel7A and EG TrCel5A. �, TrCel7A; �, TrCel7A 	 EG; ‚, CDTrCel7A; Œ, CDTrCel7A 	 EG. Concentration
of TrCel7A or CDTrCel7A was 2.5 �M, and that of �-glucosidase was 0.85 �M. If present, the concentration of EG was 0.25 �M. Hydrolysis time was 30 min. Error bars
show S.D. and are from three independent measurements. A, glucose formation. B, concentration of TrCel7A with the active site occupied by the cellulose chain
([TrCel7A]OA) was measured from the inhibition of the hydrolysis of pNPL by lignocellulose. C, values of observed rate constant (kobs) were found from the rates
of cellobiose formation (recalculated from the rates of glucose formation) and values of [TrCel7A]OA according to Equation 6. DSE values at different lignocel-
lulose concentrations are listed in supplemental Table S3.

FIGURE 5. Cellobiose inhibition of TrCel7A on 14C-BC under single-turnover conditions. Error bars show S.D. and are from three independent measure-
ments. A, release of 14CB in the presence of added cellobiose at 0 mM (�), 0.5 mM (‚), 2.0 mM (E), 5.0 mM (�), or 20 mM (�). Concentration of 14C-BC and TrCel7A
was 0.5 mg ml�1 and 1.0 �M, respectively. Series without added cellobiose were provided with 0.125 �M �-glucosidase. An AC trap was added after 30 s of
hydrolysis. B and C, effect of added cellobiose on parameters of single-turnover kinetics, [14CB]max and k. Values of parameters (listed in supplemental Table S4)
were found by non-linear regression of the hydrolysis data in A (for TrCel7A) or supplemental Fig. S2 (for TrCel7A 	 EG) according to Equation 1. Subscripts CB
and CB � 0 refer to the parameters measured in the presence and absence of cellobiose, respectively. �, TrCel7A; �, TrCel7A 	 EG.
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lysis. The strength of cellobiose inhibition was analyzed using
the plots in coordinates ([14CB]CB/[14CB]CB � 0) versus [cello-
biose], where [14CB]CB and [14CB]CB � 0 are the concentrations
of released 14C-cellobiose in the experiments with and without
added cellobiose, respectively (Fig. 6C). The ratio of [14CB]CB/
[14CB]CB � 0 at a certain concentration of added cellobiose was
first found for each time point in Fig. 6, A and B, and Fig. 6C
plots the average values taken over all time points. No or little
systematic variation of [14CB]CB/[14CB]CB � 0 with hydrolysis
time was observed (e.g. see supplemental Table S5). In the case
of a synergistic mixture of TrCel7A and TrCel5A, the amount
of cellobiose released during hydrolysis was significant (the
curve with no added cellobiose and �-glucosidase in Fig. 6B)
and was accounted for in generating the plot in Fig. 6C.
For calculation of IC50 values (listed in Table 3), the data for

synergistic hydrolysis were first fitted to simple hyperbolae for
competitive inhibition,

�14CB�CB

�14CB�CB � 0
�

��14C-BC� � Km��1 � H�

�14C-BC� � Km�1 �
�CB�

Ki
� � H (Eq. 9)

where [CB] is the concentration of added cellobiose, [14C-BC] is
cellulose concentration (mg ml�1), Km is the Michaelis con-
stant for cellulose (mg ml�1), Ki is the inhibition constant for
cellobiose (mM), and H is a parameter that accounts for the
background radioactivity (i.e. the radioactivity reading that is
independent ofTrCel7A). In the non-linear regression analysis,
the value of [14C-BC] was fixed to a value used in the experi-
ments. The values of Km, Ki, andH obtained from the fitting of

the data to Equation 9 were further used to calculate the values
of IC50 using Equation 10.

IC50 �
[14C-BC] 	 Km

Km

Ki
�1 � 2H�

(Eq. 10)

It must be noted that, although we used equations for compet-
itive inhibition (Equations 9 and 10), the assumption about the
type of inhibition is not important in the context of deriving
IC50 values. The equations for other types of reversible inhibi-
tion like non-competitive, uncompetitive, or mixed type of
inhibition are equally well suited for this purpose. Likewise, the
values of individual parameters, Km, Ki, and H, are not impor-
tant. Important is their combination (Equation 10) that defines
the value of IC50. Although this simplified approach does not
permit one to distinguish between different types of inhibition,
slightly higher IC50 values obtained at higher TrCel7A concen-

FIGURE 6. Cellobiose inhibition of TrCel7A on 14C-BC in “steady state.” A and B, release of 14CB in hydrolysis of 14C-BC by individual TrCel7A (A) or TrCel7A 	 EG (B).
The concentration of 14C-BC and TrCel7A was 0.25 mg ml�1 and 0.25 �M, respectively. If present, the concentration of EG (TrCel5A) was 0.025 �M. Series without
added cellobiose were provided with 0.125 �M �-glucosidase (�). Concentration of added cellobiose was 0 mM (�), 0 mM without �-glucosidase (�), 0.2 mM

(*), 0.5 mM (‚), 1.0 mM (	), 2.0 mM (E), 5.0 mM (�), or 10 mM (�). C and D, hydrolysis data were rearranged to obtain the ratio of ([14CB]CB/[14CB]CB � 0) for each
time point. Subscripts CB and CB � 0 refer to the measurements in the presence and absence of cellobiose, respectively. Plotted are average values over all time
points (except TrCel7A 	 EG) with corresponding error bars (S.D.). Solid lines are from the non-linear regression according to supplemental Equation S1
(individual enzymes) or Equation 9 (synergistic mixtures). C, TrCel7A (�) and TrCel7A 	 EG (�). D, CDTrCel7A (‚) and CDTrCel7A 	 EG (Œ).

TABLE 3
CB inhibition of TrCel7A in “steady state”

Enzyme(s)a IC50 for CBb

mM

TrCel7A 0.65 � 0.15
TrCel7A 	 EG 0.38 � 0.03
CDTrCel7A 0.72 � 0.28
CDTrCel7A 	 EG 0.46 � 0.07

a Experiment conditions were as follows: �14C-BC� � 0.25 mg ml�1, �TrCel7A� or
�CDTrCel7A� � 0.25 �M, 25 °C, pH 5.0. If present, the concentration of EG
(TrCel5A) was 0.025 �M.

b IC50 for cellobiose was found from the data in Fig. 6, C and D, using non-linear
regression according to supplemental Equation S1 (for individual TrCel7A or its
CD) or Equation 9 (for synergistic mixture).
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trations (supplemental Table S6) suggest non-competitive or
mixed type inhibition. Unlike with the inhibition of synergis-
tic mixture, a simple hyperbola (Equation 9) was not suffi-
cient to describe the inhibition of individual TrCel7A. In the
latter case, an equation accounting for two different modes
of action was necessary to fit the data (supplemental Equa-
tion S1). The cellobiose inhibition of individual TrCel7A was
somewhat weaker than the inhibition of the synergistic mix-
ture (Table 3). Because the cellobiose inhibition of TrCel5A
is more than an order of magnitude weaker than that of
TrCel7A (58), the cellobiose inhibition of the synergistic
mixture apparently represents the inhibition of the CBH
component. The strength (Table 3) and pattern (Fig. 6D and
supplemental Fig. S3) of cellobiose inhibition of CDTrCel7A

and intact TrCel7A was similar in the case of both individual
enzymes and synergistic mixtures.

DISCUSSION

Processive CBHs are the key components of the efficient fun-
gal cellulase systems. However, the molecular mechanisms of
their mode of action are still not fully understood. The major
obstacle in advancing our knowledge has been the lack of bio-
chemical methods for assessing differentmolecular steps of the
hydrolysis of the insoluble and heterogeneous substrate. Here
we attempted to fill this gap by introducing a single-turnover
approach that was used in parallel with “steady state” measure-
ments of TrCel7A-catalyzed hydrolysis of cellulose. A proces-
sive cycle of TrCel7A consists of at least six putative steps (Fig.
7A) (65). Measurement of the formation of [TrCel7A]OA in
time (Figs. 1B and 2B) revealed that the binding through the
active sitewas fast, with the transit times for steps a–c in Fig. 7A
around 10 s. A recent study of transient kinetics also supports
the fast complex formation between TrCel7A and cellulose

FIGURE 7. Hydrolysis of cellulose by processive CBH (A and B) and possible mechanism of synergism with EG (C). A, processive cycle of CBH consists of at
least six putative steps as follows (65). a, CBM-mediated binding to the cellulose surface; b, finding and recognition of cellulose chain end; c, threading of
cellulose chain into active site tunnel and formation of productive enzyme-substrate complex; d, hydrolysis of glycosidic bond; e, expulsion of product CB;
f, threading another cellobiose unit to reform productive complex. Steps d–f are repeated until enzyme happens to dissociate or stops behind an obstacle (55).
Transit times were found from the values of rate constants for the corresponding step(s). B, hydrolysis of cellulose by individual CBH. CBH cannot pass through
the amorphous regions (wavy lines) and stalls. The length of the crystalline regions between amorphous parts defines the length of obstacle-free path (nfree),
which also limits the apparent processivity (Papp) of CBH. The steady state rate of cellobiose formation is governed by the slow dissociation (koff value was taken
from Ref. 57) of stalled CBH. C, synergistic hydrolysis of cellulose. EG accelerates the recruitment of CBH by degrading amorphous regions. Papp of CBH is
determined by the DP of EG-fragmented cellulose surface (DPsurface), and the steady state rate of cellobiose formation approaches the limit set by the velocity
of processive movement of CBH. Transit times correspond to the steps taken by the CBH depicted to the left of the cellulose. Conventional mechanism of
endo-exo synergism is depicted to the right of the cellulose.
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(60). The kcat value 2.2� 0.5 s�1 (Table 1) predicts a transit time
of about 0.45 s for passing through steps d–f in Fig. 7A. Transit
times for single processive runs (Papp times steps d–f in Fig. 7A)
found from the values of rate constants k (Table 1) were in the
range of 30 s, and during this time, an average of 66 � 7 cello-
biose units were released (Table 1). Although different scenar-
ios for CBM-assisted catalysis have been proposed (15, 16), the
supporting biochemical evidence has remained elusive (17).
Here we measured somewhat lower Papp and kcat values for
CDTrCel7A compared with the intact enzyme, but the differ-
encesmay not be significant, considering the error limits (Table
1). Thus, our data rather support the observations that
CDTrCel7Amoves along cellulose chainwith the same velocity as
intact TrCel7A (61).
Our understanding of themechanisms of synergism between

EG and CBH cannot be in advance of our understanding of the
rate limitations in CBH-catalyzed cellulose hydrolysis. Consid-
ering the crystalline nature of the substrate, the number of
reducing chain ends available for CBH is expected to be low.
The conventional explanation of endo-exo synergism assumes
that the chain end availability is rate-limiting for CBH so that
generation of new chain ends by EG will increase the popula-
tion of productive CBH cellulose complexes (24). Consistent
with that, we also found an increase in [TrCel7A]OA in the
presence of EG under both single-turnover (Fig. 2B and Table
1) and “steady state” (Fig. 3 and Table 2) conditions. However,
the increase in [TrCel7A]OA was far from being sufficient to
account for the EG-caused increase in “steady state” rates. The
majority of the synergistic effect came from the EG-caused
increase in the rate constant (kobs) of the hydrolysis of BC by
TrCel7A instead (Fig. 3 andTable 2). The increase in kobs points
to the presence of an additional mechanism of synergy between
TrCel7A and EG that is used in parallel with the conventional
mechanism. At optimal enzyme/substrate ratios, the synergis-
tic “steady state” kobs values (Fig. 3) approached the kcat value
measured using single-turnover conditions (Table 1), meaning
that in the presence of EG, the steady state rate becomes limited
by the velocity of processive movement of TrCel7A. Recently,
we proposed an obstacle model to describe the rate retardation
in CBH-catalyzed cellulose hydrolysis (55). According to this,
the retardation in hydrolysis rate is caused by the accumulation
of stalled, non-productive CBH cellulose complexes (Fig. 7B).
The comparison of transit times measured here for binding (10
s) and processive movement (30 s) and for the recruitment of
TrCel7A (
25 min) measured before (57) supports this model.
Although the exact nature of obstacles remains elusive, our data
suggest that they are related to the amorphous parts of BC. It is
worth mentioning that the Papp value for TrCel7A was close to
the leveling off DP value of BC, the DP value that cellulose
preparation approaches during heterogeneous acid hydrolysis
(25). Heterogeneous acid hydrolysis, like HCl-catalyzed hydro-
lysis, is limited with the degradation of easily accessible amor-
phous regions, whereas crystalline regions remain intact.
Although difficult to address experimentally, the regularity of
amorphous parts that disrupt the crystalline structure has been
demonstrated in ramie cellulose (66, 67). We propose that
TrCel7A cannot pass through and stalls after encountering
amorphous parts on BC (Fig. 7B). The Papp of TrCel7A is thus

limited by the length of crystalline regions between amorphous
parts on BC, and this distance also defines the length of the
obstacle-free path (nfree) forTrCel7Aon this substrate (Fig. 7B).
Because dissociation is much slower than association and pro-
cessive run, the kobs of cellobiose formation in steady state
becomes limited by nfreekoff. On the other hand, by preferen-
tially targeting and degrading amorphous regions, EG removes
the obstacles, and TrCel7A does not stall (Fig. 7C). In this way,
EG accelerates the recruitment ofTrCel7A, and the steady state
kobs value of cellobiose formation approaches the value of true
kcat. In the presence of EG, the Papp of TrCel7A will be appar-
ently limited by the DP of cellulose chains on EG-fragmented
cellulose surface (Fig. 7C). Similar kobs values found for syner-
gistic hydrolysis with the mixtures containing intact TrCel7A
or CDTrCel7A confirmed that the mechanism of synergy
depicted in Fig. 7C is operative also in the case of CDTrCel7A.
However, in synergistic hydrolysis, CDTrCel7A appeared to be
inefficient in binding to cellulose through the active site (low
levels of [CDTrCel7A]OA in Fig. 3B). This suggests that in the case
of CDTrCel7A passing through steps ab and/or c in Fig. 7A are
impaired on EG-generated chain ends.
The relative contribution of the conventional (characterized

by DSEOA) and the novel (characterized by DSEk) mechanism
of synergism was dependent on the enzyme/substrate ratio
(Table 2). The relative contribution of the conventional mech-
anism was higher at high enzyme/substrate ratios. At low
enzyme/substrate ratios, most of the TrCel7A molecules were
bound through the active site even in the absence of EG and
synergism revealed only at the level of kobs. Hydrolysis of BC is
interesting in that it displays a phenomenon of substrate inhi-
bition (42). However, substrate inhibition is revealed only in
synergistic hydrolysis by the EG/CBH mixtures containing
intact CBH (42). In our early study, we proposed that at a con-
stant concentration of enzymes, an increase in BC concentra-
tion will result in lower surface density of EG-generated chain
ends and therefore longer distances of lateral diffusion used by
intact TrCel7A to catch the chain ends (step b in Fig. 7A) (42).
However, we did not observe a decrease in the [TrCel7A]OA
with increasing concentration of BC, and it was kobs of syner-
gistic hydrolysis instead that decreased with increasing [BC]
(Fig. 3). Decrease in kobs can still be described by the lower
surface density of EG-generated chain ends at high BC concen-
trations. To avoid the stalling of TrCel7A, it is necessary that
the EG-degraded amorphous region would be on the same cel-
lulose chain and in front of the processively moving TrCel7A
(Fig. 7C). The probability of the latter is expected to decrease
with decreasing surface density of EG-degraded amorphous
regions on BC. Because of the lower affinity of CDTrCel7A
toward cellulose, in the case of synergistic mixtures containing
CDTrCel7A, the decrease in kobs is apparently compensated for
by the increase in population of bound CDTrCel7A with increas-
ing BC concentration, and substrate inhibition at the level of
glucose formation is not revealed (Fig. 3).
Cellobiose inhibition also reflects themode of action and rate

limitation of TrCel7A. Under single-turnover conditions, cel-
lobiose reduced the number of initiations by competing with
cellulose chain for binding to TrCel7A (reduced [14CB]max val-
ues) and also slowed the processive movement of TrCel7A
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(reduced k values). The strongest binding of cellobiose, with the
Kd value of 20 �M, takes place in the product sites (glucose unit
binding sites 	1/	2 in Fig. 7A) of the active site tunnel of
TrCel7A (68, 69). However, binding of cellobiose to the sites
	1/	2 permits the formation of non-productive complex with
cellulose chain bound to the sites �7/�1. Such a complex is
expected because it also forms after the cleavage of the glyco-
sidic bond in cellulose (stepd in Fig. 7A). The IC50 value of 3.2�
0.8 mM found for cellobiose inhibition of [14CB]max apparently
reflects the binding of cellobiose somewhere intominus sites of
the active site tunnel, and this competes with the binding of the
cellulose chain. Because the product sitesmust be empty before
TrCel7A can step further on the cellulose chain (step f in Fig.
7A), the binding of cellobiose to the sites 	1/	2 is expected to
restrict the processive movement. This non-competitive com-
ponent of inhibition is apparently responsible for the slower
movement of TrCel7A in the presence of cellobiose. A recent
computational study suggested that the product expulsionmay
be a rate-limiting factor in the processive cycle of TrCel7A (5).
The about 100-fold higher IC50 value of cellobiose for k com-
pared with the Kd value for its binding to the sites 	1/	2,
however, suggests that the product expulsion (step e in Fig. 7A)
is not limiting for kcat (steps d–f in Fig. 7A). Cellobiose inhibi-
tion of TrCel7A in “steady state” (Table 3) was stronger than
that observed for [14CB]max and k in single-turnover experi-
ments. The competitive component of inhibition should
decrease the number of initiations by the same factor in the case
of both “steady state” and single-turnover conditions. Thus, our
data indicate that both competitive and non-competitive com-
ponents of inhibition are involved in cellobiose inhibition of the
cellulose hydrolysis in the “steady state” resulting in an overall
mixed type of inhibition. Somewhat stronger cellobiose inhibi-
tion observed in the case of synergistic mixture can now be
explained by the increased contribution of the processive
movement in controlling the “steady state” rate of the synergis-
tic hydrolysis and therefore also increased contribution of the
non-competitive component of inhibition compared with indi-
vidual TrCel7A.
Our data suggest that the novel mechanism of synergy

depicted in Fig. 7C is also operative in lignocellulose hydrolysis.
Besides amorphous parts, lignocellulose also contains lignin
and residual hemicellulose, which may serve as obstacles for
processive TrCel7A (55). Removal of these apparently requires
more accessory enzymes like hemicellulases and oxidative
enzymes and explains the complex nature of the synergism in
lignocellulose degradation.
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T., Penttilä, M., Ando, T., and Samejima, M. (2011) Traffic jams reduce
hydrolytic efficiency of cellulase on cellulose surface. Science 333,
1279–1282

33. Vaaje-Kolstad, G., Westereng, B., Horn, S. J., Liu, Z., Zhai, H., Sørlie, M.,
and Eijsink, V. G. (2010) An oxidative enzyme boosting the enzymatic
conversion of recalcitrant polysaccharides. Science 330, 219–222

34. Harris, P. V., Welner, D., McFarland, K. C., Re, E., Navarro Poulsen, J. C.,
Brown, K., Salbo, R., Ding, H., Vlasenko, E., Merino, S., Xu, F., Cherry, J.,
Larsen, S., and Lo Leggio, L. (2010) Stimulation of lignocellulosic biomass
hydrolysis by proteins of glycoside hydrolase family 61. Structure and
function of a large, enigmatic family. Biochemistry 49, 3305–3316

35. Quinlan, R. J., Sweeney, M. D., Lo Leggio, L., Otten, H., Poulsen, J. C.,
Johansen, K. S., Krogh, K. B., Jørgensen, C. I., Tovborg,M., Anthonsen, A.,
Tryfona, T., Walter, C. P., Dupree, P., Xu, F., Davies, G. J., and Walton,
P.H. (2011) Insights into the oxidative degradation of cellulose by a copper
metalloenzyme that exploits biomass components. Proc. Natl. Acad. Sci.
U.S.A. 108, 15079–15084

36. Phillips, C. M., Beeson, W. T., Cate, J. H., and Marletta, M. A. (2011)
Cellobiose dehydrogenase and copper-dependent polysaccharide mo-
nooxygenase potentiate cellulose degradation by Neurospora crassa. ACS
Chem. Biol. 6, 1399–1406

37. Westereng, B., Ishida, T., Vaaje-Kolstad, G., Wu, M., Eijsink, V. G., Iga-
rashi, K., Samejima, M., Ståhlberg, J., Horn, S. J., and Sandgren, M. (2011)
The putative endoglucanase PcGH61D from Phanerochaete chrysospo-
rium is a metal-dependent oxidative enzyme that cleaves cellulose. PloS
One 6, e27807

38. Wilson, D. B. (2012) Processive and nonprocessive cellulases for biofuel
production. Lessons from bacterial genomes and structural analysis.Appl.
Microbiol. Biotechnol. 93, 497–502

39. Gao, L., Gao, F., Wang, L., Geng, C., Chi, L., Zhao, J., and Qu, Y. (2012)
N-Glycoform diversity of cellobiohydrolase I from Penicillium decumbens
and the synergism of a nonhydrolytic glycoform in cellulose degradation.
J. Biol. Chem. 287, 15906–15915

40. Henrissat, B., Driguez, H., Viet, C., and Schülein, M. (1985) Synergism of
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Measuring processivity.Methods Enzymol. 510, 69–95
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