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ABSTRACT: One important feature of hydrolysis of cellulose by cellulases is that the
reaction slows down quickly after it starts. In this work, we investigate the slowdown
mechanism at the early stage of the reaction using endoglucanase Tr. Cel5A-catalyzed
phosphate acid-swollen cellulose (PASC) hydrolysis as a model system. Specifically, we
focus on the effect of enzyme adsorption on the reaction slowdown. Nineteen single
mutations are introduced (with the assistance of molecular dynamics simulations) to
perturb the enzyme PASC interaction, yielding the adsorption partitioning coefficient Kr
that ranged from 0.12 to 0.39 L/g, compared to that of the wild type (0.26 L/g). Several
residues, including T18, K26, Y26, H229, and T300, are demonstrated to be important
for adsorption of the enzyme to PASC. The kinetic measurements show that the
slowdown of the hydrolysis is not correlated with the adsorption quantified by the
partitioning coefficient Kr but is anticorrelated with the initial activity. This result suggests
that the mutants with higher activity are more prone to being trapped or deplete the most
reactive substrate faster and the adsorption plays no apparent role in the reaction
slowdown. The initial activity of Cel5A against PASC is correlated with the enzyme specific activity against a soluble substrate p-
nitrophenyl cellobioside.

Cellulases can effectively hydrolyze cellulose, the most
abundant renewable source of biomass on earth.

Cellulases mainly include exoglucanases cleaving cellobiose
from cellulose chain ends, endoglucanases cleaving chains
randomly, and β-glucosidases converting cellodextrins to
glucose. A prominent feature of the enzymatic hydrolysis of
cellulose is the fact that the reaction rate declines as the
reaction proceeds.1,2 This slowdown has been attributed to
product inhibition,3,4 a decrease in substrate reactivity, e.g.,
depletion of easily hydrolyzed cellulose,5,6 or the enzyme being
trapped.1 Pre-steady-state kinetic profiles of Trichoderma reesei
exoglucanase and endoglucanases (including Cel7A,7,8

Cel7B,9,10 Cel5A,11,12 and Cel12A13)-catalyzed phosphate
acid-swollen cellulose (PASC) hydrolysis show an initial burst
of activity followed by a rapid decline.14,15 This decline has
been ascribed to the enzyme being trapped by the cellulose
because the monitored reaction time is very short (<15 min) so
that the product inhibition16 or substrate reactivity decrease is
very unlikely. Jalak et al. proposed an obstacle model to account
for the slowdown of the hydrolysis by exoglucanases Tr. Cel7A
and Pc. Cel7D.17 After the cellulase is complexed with a
cellulose chain, it cleaves the chain until reaching an obstacle
that traps the enzyme. Though Tr. Cel5A, Tr. Cel7B, and Tr.
Cel12A are endoglucanases, their processive hydrolysis ability is
well-documented18 and a similar trapping mechanism has been
suggested.14 The trapping of the enzyme results in a slow
dissociation from the cellulose surface that hinders the enzyme
recomplexation with a new cellulose chain and thus limits
cellulose hydrolysis,19 but the detailed mechanism of enzyme

trapping especially at the molecular level is not clear. Is the
trapping related to the enzyme binding? Furthermore, though
the reaction time monitored in the pre-steady state is very
short,14,15 the substrate reactivity may still decrease because the
substrate cellulose is insoluble and heterogeneous.
Tr. Cel5A is a key component of endoglucanases produced

by T. reesei, and a lack of this enzyme reduces the
endoglucanase activity by 55%.20 The X-ray structure of the
Cel5A catalytic domain (CD) adopts an (α/β)8 TIM-barrel
fold.11 Tr. Cel5A hydrolyzes the glycosidic bond through a
retaining mechanism21 with E148 as the general acid/base and
E259 as the nucleophile. In this work, the Tr. Cel5A CD is
selected as a model enzyme to investigate the trapping
mechanism. A recent study of Tr. Cel7A-catalyzed cellulose
hydrolysis19 suggests that the effect of CBM on enzyme
dissociation is very weak. Eliminating the CBM and the O-
glycosylated linker makes possible the active Tr. Cel5A
expression in Escherichia coli11,22 and thus greatly simplifies
the cloning and expression process.
In this work, we focus on the early stage (∼10 min) of the

PACS hydrolysis catalyzed by Tr. Cel5A. We first build a Cel5A
cellulose complex model and identify the amino acids or
fragments that are computationally important for the binding.
Then mutations are designed experimentally to test the
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computational predictions. The Tr. Cel5A wild-type (WT) and
mutant binding affinities for PASC and their catalyzed
hydrolysis are measured. Meanwhile, their catalytic ability
against the soluble substrate is monitored using p-nitrophenyl
cellobioside (PNPC). The results show that the slowdown of
the endoglucanase is directly correlated with its catalytic ability.
Specifically, the Tr. Cel5A mutants with higher activity are
more likely to lose catalytic capability [a similar phenomenon is
seen when using the more crystalline cellulose filter paper (FP)
as the substrate]. However, there is no correlation between the
extent of the reaction slowdown and the enzyme binding
affinity. Though several mutants display an initial catalytic rate
against PASC higher than that of the WT, their ability to release
a reducing sugar on a long time scale is comparable to that of
the WT. Meanwhile, the initial catalytic rates of Tr. Cel5A and
its mutants against PASC are correlated with their specific
activities against PNPC.

■ MATERIALS AND METHODS
MD Simulation. The apo form T. reesei Cel5A crystal

structure [Protein Data Bank (PDB) entry 3QR3]11 was used
as a starting model. The protonation states of ionizable residues
were determined on the basis of a pKa analysis using
PROPKA323 where the residue was assigned as protonated
(deprotonated) if the predicted pKa was larger (equal or
smaller) than 5.0. The cellulose slab was modeled on the basis
of the cellulose Iβ crystal structure presented by Nishiyama et
al.24 The cellulose was three layers deep with five chains in each
layer, and each chain includes 12 glucose units. Cel5A was
docked on the cellulose surface manually using Hex,25 so that
the active site binding groove of Cel5A aligned with the middle
cello-oligomer chain in the top layer (Figure S1 of the
Supporting Information).
The simulations were conducted with Gromacs 4.5.26,27 The

gromos53a628,29 force field was employed to model the enzyme
and the cellulose. The model was immersed in a dodecahedron
box of explicit water molecules, with a 10.0 Å distance between
the solvent box wall and the nearest solute atoms. In total, there
were ∼31000 atoms for the apoenzyme and 60000 atoms for
the enzyme cellulose complex system. The details of MD
simulations are as follows. Initially, the systems were minimized
for 1000 steps. Then, with all heavy atoms restrained by the
harmonic potential (k = 239 kcal mol−1 nm−2), the systems
were equilibrated in a 100 ps NVT simulation. Finally, a 100 ns
NPT MD simulation was performed for the apo and complex
systems. In the complex simulation, the terminal glucose units
of all cellulose chains were restrained with a force constant of
239 kcal mol−1 nm−2. The MD snapshots were saved every 100
ps, and the first 60 ns simulations were treated as the
equilibration period and thus not included in the data analysis.
The hydrogen bond between Cel5A and cellulose was assigned
when the distance of the two heavy atoms (O or N) is <3.5 Å
and the angle (hydrogen−donor−acceptor) is <30°.
Cloning, Expression, and Purification. The DNA-

encoding residues of the Cel5A CD from T. reesei QM9414
and a nine-His tag at the C-terminus were ligated with vector
pET-22b, which was digested with the restriction enzymes
NdeI and XhoI. The ligation mixture was transformed into E.
coli strain DH10B. The correct coding sequence of the cloned
catalytic domain of Cel5A gene was verified by DNA
sequencing. The expression vector (pET-22b-Cel5A-CD) was
then transformed into E. coli strain Rosetta-gami (DE3). All the
mutations were made by polymerase chain reaction-based site-

directed mutagenesis and verified by DNA sequencing. All the
mutants were expressed and purified in a similar way. Briefly,
250 mL of LB medium containing 100 μg/mL ampicillin was
inoculated with a fresh colony of expression strain Rosetta-gami
(DE3) containing pET-22b-Cel5A-CD. The culture was grown
at 37 °C while being vigorously shaken (∼200 rpm). When the
OD600 of the culture reached 0.8−1.2, a final isopropyl β-D-1-
thiogalactopyranoside concentration of 1 mM was added to
induce the expression of the protein at 16 °C for 24 h. The cells
were harvested by centrifugation, washed twice with water,
resuspended in a 50 mM sodium phosphate buffer (pH 8.0),
and lysed by ultrasonication. The lysed cells were centrifuged
(9600g and 4 °C for 20 min), and the resulting supernatants
were purified by Ni-NTA affinity chromatography (Novagen).
The purity was determined by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis. The protein concentration
was determined by measuring the UV absorption at 280 nm,
with an extinction coefficient of 67880 M−1 cm−1, calculated
from the amino acid composition by using the online tool
ProtParam (http://web.expasy.org/protparam/).

Adsorption Assays. All the assays were conducted in a 50
mM sodium acetate buffer at pH 5.0. PASC was prepared from
Avicel powder using the method from the literature;30 200 μL
mixtures containing 5 g/L PASC with Cel5A (WT or mutants,
ranging from 0.4 to 1.4 μM) were incubated at 4 °C for 1 h.
The free enzyme concentration was determined as follows. The
incubated sample was centrifuged, and 20 μL of the supernatant
was taken out and mixed with a 20 μL PNPC (final
concentration of 2 mM) solution. The reaction was conducted
at 50 °C for 120 min, and an aliquot of 35 μL was transferred to
a microplate containing 165 μL of 1 M Na2CO3. The amount
of product p-nitrophenol released was determined by
measuring the sample absorbance at 405 nm using a microplate
reader (Ultrospec visible plate reader II 96, GE Healthcare Bio-
Science). A standard curve of the released p-nitrophenol was
determined for each Cel5A. The enzyme concentration in the
supernatant of the adsorption assay was back-calculated using
the standard curve, from which the bound enzyme concen-
tration was also obtained. One potential complication is that
the released cellobiose during the incubation may inhibit
Cel5A. This inhibition can cause an underestimation of the
enzyme concentration in the supernatant. The maximal
concentration of reducing sugar after incubation at 4 °C for 1
h is <1 mM (see Results and Discussion). To measure the
inhibition effect of the product, 2.5 mM (final concentration)
cellobiose was mixed with WT Cel5A (0.1, 0.2, and 0.35 μM),
and it appeared that the enzyme concentration determined
using the method described above was not affected by the
presence of cellobiose (Figure S2 of the Supporting
Information). All the adsorption assays were performed in
duplicate.

Kinetic Assays. For the kinetic measurement with PNPC as
the substrate, 40 μL mixtures containing 2 mM substrate and 4
μM Cel5A were incubated at 50 °C. The concentrations of the
released p-nitrophenol, at time points of 0, 10, 20, 30, 40, and
50 min, were determined in the same way as described above. A
linear fit was performed for the product concentration versus
time to extract the enzyme specific activity (units per
milligram) against PNPC, which is defined as the amount of
reducing sugar (micromoles) released per minute per milligram
of enzyme. For WT Cel5A, kcat and Km were also determined
using the following experimental details. Forty microliters of
mixtures of PNPC (1, 2, 3, 4, 5, 6, 7, and 8 mM) and WT
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Cel5A (4 μM) were incubated at 50 °C (PNPC has a solubility
of ∼8 mM at room temperature). The mixtures were reacted
for 0, 10, 20, 30, 40, and 50 min, and 35 μL portions of reaction
mixtures were taken out and added to 165 μL of 1 M Na2CO3

to stop the reaction. The amount of p-nitrophenol liberated was
determined, and the reaction rate was extracted from the linear
fitting of the product concentration versus time. The standard
Michaelis−Menten equation was applied to fit the rates to
obtain kcat and Km values using an in-house script.
For the kinetics of PASC hydrolysis, 200 μL mixtures

containing 5 g/L PASC and 1 μM Cel5A were incubated for 1
h at 4 °C and then transferred to a 50 °C thermostat. For WT
Cel5A, different enzyme concentrations of 0.1, 0.25, 0.5, and 2
μM were also used for the reaction. Amounts of reducing sugar,
at time points of 0, 2, 4, 6, 8, and 10 min, were determined by
the PHBAH method.31 The reaction was stopped at different
time points by filtering the reaction mixture through a 0.22 μm
filter that effectively separated the supernatant from PASC. For
the kinetics of FP hydrolysis, 200 μL mixtures containing 50 g/
L FP and 1 μM Cel5A were incubated for 1 h at 4 °C and then
transferred to a 50 °C thermostat. Amounts of reducing sugar
were determined at time points of 0, 20, 40, 60, 80, 100, 120,
140, 160, and 180 min.
Processivity Measurements. Mixtures (200 μL) contain-

ing 5 g/L PASC and 1 μM Cel5A were incubated for 10 min at
50 °C. Reaction mixtures (25 μL) were taken out and used to
determine the total reducing sugar concentration. The rest of
the mixtures were then filtered through a 0.22 μm filter to
remove all insoluble matter before the determination of the
soluble reducing sugar concentration.

■ RESULTS AND DISCUSSION

Predicting Cel5A Binding Residues and Fragments. A
model of Tr. Cel5A bound to an Iβ cellulose crystal was built
and appeared to be stable in the 100 ns MD simulation run
(Figure S3 of the Supporting Information), with the backbone
Cα root-mean-square deviation (rmsd) from the X-ray
crystallography structure (PDB entry 3QR3)11 fluctuating
around 0.2−0.3 nm, comparable to the value from the apo
form Cel5A MD run. The Cα root-mean-square fluctuation
(rmsf) from the average structure is also similar in the two
simulations (Figure S4 of the Supporting Information), with
the complexed enzyme displaying slightly higher rmsfs.
Residues within 0.5 nm of the cellulose, identified in the
simulation of the complex, are mapped on the three-
dimensional structure (Figure 1) and colored according to
the interaction energies between individual residues and the
cellulose. The detailed interaction energies are also listed in
Table S1 of the Supporting Information. Most contacting
residues are located in the loop or short secondary structure
regions (including residues 14−28, 34−40, 108−112, 150, 151,
185, 222−234, 264−267, and 297−302), which might be
beneficial for catalysis because these regions are relatively
flexible and thus can adopt different conformations to adsorb to
cellulose. Among 20 residues having interaction energies of >1
kcal/mol, nine have hydrogen bonding interactions with the
hydroxyl groups of the cellulose (Table S2 of the Supporting
Information), highlighting the importance of electrostatics for
the binding of the enzyme. Ten residues, including T18, D19,
S25, K26, Y28, N38, N110, D224, H229, and T300, were
selected for the experimental tests.

Binding Affinities of the WT and Mutants for PASC.
The adsorption of cellulase is commonly described by
Langmuir isotherm

= +)B B K F K F( /(1 )max a a (1)

where B is the bound enzyme concentration, F is the free
enzyme concentration, and Ka is the association constant. In the
linear region of the Langmuir curve where KaF is much smaller
than 1, eq 1 can be simplified

=B K Fr (2)

where Kr is a relative association constant or partitioning
coefficient, defined as BmaxKa.

32 The parameter Kr can be
determined by the linear fitting of the bound form versus the
free form enzyme using eq 2. For WT Cel5A adsorption, a
linear correlation was observed as expected, but using eq 2 did
not yield a satisfactory fit. Adding a second parameter (using B
= KrF + c) improved the fitting, and a positive intercept c was
obtained (Figure 2), indicating the existence of the high-affinity
(but low-capacity) binding of Cel5A to PASC. The Kr of
adsorption of WT Cel5A to PASC is 0.26 ± 0.01 L/g, with an

Figure 1. Interactions between Cel5A and the cellulose predicted by
the MD simulation. Red, green, and blue colors correspond to the
weak, medium, and strong interactions, respectively. The exact
interaction energies are listed in Table S1 of the Supporting
Information. The beginning and end of each fragment that has
atoms within 5 Å of the cellulose are labeled, together with the
catalytic acid E148 and the nucleophile E259.

Figure 2. Adsorption of WT Cel5A to PASC. The total protein
concentration range was 0.4−1.4 μM, and the substrate concentration
was 5 g/L. The best-fit line is y = 0.26x + 0.052, with a Pearson
correlation coefficient (Rp) of 0.99.
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intercept of 0.052 ± 0.004 μmol/g (Table 1). To test whether
the positive intercept is due to high-affinity binding, we
measured the WT enzyme activity at the low enzyme
concentration of 0.25 μM, which is smaller than c multiplied
by the substrate PASC concentration (0.052 μmol/g × 5 mg/
mL = 0.26 μM). In other words, the enzyme should be all
adsorbed. The kinetic data show that it has a rather high activity
(Figure S5 of the Supporting Information; see the discussion
below), suggesting that the intercept is due to the high-affinity
but low-capacity binding. It would be interesting to know
whether this high-affinity binding is reversible, but the
concentration of free enzyme on the supernatant is lower
than the detection limit (∼0.05 μM) and thus cannot be
measured accurately.
Nine residues interacting with the cellulose predicted by the

MD simulation were mutated to alanine (one at a time), and
their adsorption affinities were measured. Four alanine
mutations, T18A, D19A, K26A, and Y28A, from the fragment
of residues 14−28 show weakened binding. Among these four
mutants, Y28A has the lowest binding affinity. As predicted by
the MD simulation, the main interaction between residue Y28
and the cellulose is from the van der Waals contribution,
suggesting that the tyrosine ring stacks with the glucose unit of
cellulose. This is consistent with mutant Y28W binding where
the tryptophan ring regains the interaction with the cellulose,
yielding a partitioning coefficient (0.24 ± 0.02 L/g) close to
that of the WT. T18A has a Kr of 0.21 ± 0.01 L/g, ∼20%
smaller than that of the WT, and the T18D mutation further
decreases Kr to 0.12 ± 0.01 L/g. Similarly, D19A has a Kr of
0.25 ± 0.02 L/g and D19Y a lower Kr of 0.16 ± 0.01 L/g. But
for residue K26 that is predicted by MD to have the strongest
interaction [−19.5 kcal/mol (Table S1 of the Supporting
Information)] with cellulose through the side chain amino
group, the mutation to alanine decreases the Kr by only 20%
compared to that of the WT. It is likely that the cellulose−
lysine interaction is offset by the penalty of solvation energy of
the positive charge when the enzyme adsorbs to cellulose so

that the net binding contribution from K26 is small. On the
other hand, mutants S25D and S25Y both increase the Kr by
∼50%. The experimental data overall confirm the importance
of residues in the fragment of residues 14−28 to Cel5A
adsorption.
The MD simulation shows that the fragment of residues 34−

40 is also in contact with the cellulose, but the interaction
between the two is relatively weak [<1 kcal/mol for residue
specific interaction energies (Table S1 of the Supporting
Information)]. Four mutations, N38A, N38D, N39D, and
Y40F, from the fragment of residues 34−40 are introduced, and
all show a binding affinity equal to or weakened compared to
that of the WT, but the difference in Kr is quite small,
consistent with the MD prediction. In the fragment of residues
108−112, N110 has the largest energy of interaction with
cellulose [−3.5 kcal/mol (Table S1 of the Supporting
Information)]; however, N110A has the same binding affinity
as the WT, and N110D deceases Kr by only ∼10%. In the
fragment of residues 222−234, H229 is predicted to interact
most strongly with cellulose (−12.8 kcal/mol). Mutant H229A
has a Kr that is 35% smaller than that of the WT. But for
another residue D224, which has an energy of interaction with
the cellulose of −6.3 kcal/mol, the mutation to alanine has no
effect on the binding constant Kr. Another important binding
residue tested by the experiment is T300; mutant T300A
decreases Kr by 23%, and mutant T300Y increases Kr by 27%. It
is worth noting that mutations not only change the partitioning
coefficient Kr but also alter the high-affinity binding parameter
c. For example, T18D has the smallest c and Kr. A weak positive
correlation is obtained between c and Kr (Figure S6 of the
Supporting Information), suggesting that high-affinity binding
is also affected by the binding residues and the two binding
modes are somehow related. Discrepancy occurs between the
experimental adsorption and computational predictions. The
main reason is that the binding energies decomposed from the
MD simulation are not free energies and thus cannot be
compared quantitatively with Kr, but qualitatively, one can

Table 1. Adsorption Affinities of Cel5A and Its Mutants for PASC and Corresponding Kinetic Parameters with PASC or PNPC
as the Substrate

enzyme Kr (L/g) c (×10−1 μmol/g) A (mM/min) b specific activitya (×10−3 units/mg)

WT 0.26 ± 0.01 0.52 ± 0.04 0.31 ± 0.04 0.76 ± 0.07 6.14 ± 0.19
T18A 0.21 ± 0.01 0.73 ± 0.03 0.52 ± 0.05 0.54 ± 0.05 6.86 ± 0.15
T18D 0.12 ± 0.01 0.26 ± 0.06 0.29 ± 0.02 0.66 ± 0.03 4.43 ± 0.09
D19A 0.25 ± 0.02 0.54 ± 0.06 0.16 ± 0.01 0.88 ± 0.03 4.37 ± 0.10
D19Y 0.16 ± 0.01 0.68 ± 0.05 0.21 ± 0.01 0.88 ± 0.02 4.66 ± 0.13
S25D 0.38 ± 0.02 0.76 ± 0.07 0.27 ± 0.02 0.81 ± 0.03 4.30 ± 0.11
S25Y 0.39 ± 0.03 0.79 ± 0.06 0.47 ± 0.03 0.61 ± 0.06 5.98 ± 0.16
K26A 0.20 ± 0.02 0.59 ± 0.08 0.28 ± 0.02 0.81 ± 0.03 6.06 ± 0.23
Y28A 0.17 ± 0.01 0.50 ± 0.03 0.23 ± 0.02 0.83 ± 0.04 3.54 ± 0.08
Y28W 0.24 ± 0.02 0.81 ± 0.07 0.36 ± 0.02 0.63 ± 0.03 5.34 ± 0.15
N38A 0.24 ± 0.02 0.56 ± 0.07 0.42 ± 0.04 0.62 ± 0.05 5.92 ± 0.20
N38D 0.23 ± 0.01 0.57 ± 0.04 0.37 ± 0.03 0.67 ± 0.04 6.17 ± 0.27
N39D 0.24 ± 0.02 0.84 ± 0.04 0.39 ± 0.02 0.66 ± 0.02 6.21 ± 0.23
Y40F 0.26 ± 0.03 0.75 ± 0.07 0.35 ± 0.05 0.68 ± 0.07 6.27 ± 0.26
N110A 0.26 ± 0.02 0.87 ± 0.06 0.30 ± 0.01 0.68 ± 0.01 5.17 ± 0.18
N110D 0.23 ± 0.04 0.83 ± 0.10 0.23 ± 0.02 0.82 ± 0.05 5.63 ± 0.21
D224A 0.24 ± 0.04 0.72 ± 0.10 0.20 ± 0.01 0.71 ± 0.03 3.53 ± 0.03
H229A 0.17 ± 0.01 0.73 ± 0.05 0.33 ± 0.01 0.62 ± 0.02 4.57 ± 0.10
T300A 0.20 ± 0.02 0.83 ± 0.06 0.46 ± 0.06 0.61 ± 0.06 6.07 ± 0.23
T300Y 0.33 ± 0.04 0.68 ± 0.09 0.49 ± 0.06 0.57 ± 0.06 6.35 ± 0.29

aThe specific activity was determined for PNPC.
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argue that the residues with more negative binding energies
tend to be more important for the interactions between the
enzyme and cellulose. Thus, the MD simulation provides
important information for identifying the potentially important
binding residues. Though not all the binding residues predicted
by the MD simulation are tested experimentally, the variation
of Kr among the WT and 19 mutants (0.12−0.39 L/g) is
sufficiently large for investigating the relationship between
binding and enzyme catalysis.
Kinetics of the WT and Mutants. Kostylev et al. used a

power function to describe the cellulose hydrolysis catalyzed by
cellulases33,34

=P Atb
tot (3)

where Ptot is the total product concentration, A is the activity of
the enzyme, b is the hydrolysis power factor that is generally
<1, and t is the time. A is the product of the specific activity and
the concentration of the bound active enzyme. The parameter b
describes the curvature of the fitting curve, and a higher b value
implies the enzyme is more effective at overcoming the
recalcitrance of cellulose34 and thus less likely to be trapped by
the substrate. The plot of Ptot versus time is shown in Figure 3

for WT Cel5A and mutants T18D and S25Y. As one can see,
the model fits quite well to the experimental data. For the WT,
A is equal to 0.31 ± 0.04 mM/min and b is 0.76 ± 0.07.
Compared to the classical enzyme kinetics that has a b value of
1, the effect of the b value of 0.76 in slowing the reaction is
quite substantial. For example, after reaction for 10 min, the
total product concentration will be 0.31 × 10 = 3.1 mM if b = 1
and 0.31 × 100.76 = 1.8 mM if b = 0.76.
The kinetic parameters for the WT and all the mutants are

listed in Table 1. For the fragment of residues 14−28, which is
involved in enzyme binding, the nine mutants show a large
variation of A (0.16−0.52 mM/min) and b (0.54−0.88).
Among these mutants, T18A has the highest A value of 0.52 ±
0.05 mM/min, ∼68% larger than that of the WT. T18A also
shows an activity against PNPC higher than that of the WT,
though with a much smaller difference, only ∼10%. T18 is near
E148, with the shortest distance between Cγ of T18 and Oε of
E148 being 6.0 Å. This mutation may perturb the conformation
of E148 to impact the enzyme activity, but the small difference
in activity against PNPC indicates this perturbation should be
small. The adsorption constant Kr of T18A is ∼20% smaller
than that of the WT, so the amount of bound enzyme is smaller

for the mutant, suggesting that T18A is more effective in
hydrolyzing PASC. However, the bound active enzyme
concentration, which is difficult to measure, may be different
from that determined in the adsorption assay. Though T18A
has the largest A, it also has the smallest b value of 0.54 ± 0.05,
indicating that this mutant is more prone to being slowed by
PASC. As a result, the amount of product released by the
mutant at the longest measurement time point (10 min) is
comparable to that of the WT (Table S3 of the Supporting
Information). Compared to T18A, the mutation to aspartate at
the same site yields a much smaller A (0.29 ± 0.02 mM/min).
T18D also has a smaller partitioning coefficient to PASC (Kr =
0.12 ± 0.01 L/g), only ∼50% of that of the WT or T18A, but
has a b value (0.66 ± 0.03) between those of the WT (0.76 ±
0.07) and T18A (0.54 ± 0.05), demonstrating that Kr is not
correlated to b for this residue. D19A has the smallest A (0.16
± 0.01 mM/min) and the largest b of 0.88 ± 0.03 at the same
time. The small A of D19A is in concert with its low PNPC
activity, which is ∼30% lower than that of the WT (Table 1).
Besides D19A, several other mutants from this fragment,
including T18D, D19Y, S25Y, and Y28W, display a PNPC
activity 13−30% lower than that of the WT, suggesting that the
mutations at these sites perturb the active site structure.
Though the variations of b (0.54−0.88) and Kr (0.12−0.39) are
quite substantial for the mutations in the fragment of residues
14−28, there is no direct correlation between the two
measurables. A lack of correlation between Kr and b suggests
that the binding change in this region does not play a major
role in the enzyme’s activity decrease in hydrolyzing PASC.
Four mutants, N38A, N38D, N39D, and Y40F, from the

fragment of residues 34−40 all show A values (10−35%) larger
than as well as b values (10−20%) slightly smaller than those of
the WT. Their activities against PNPC are comparable to that
of the WT, which is not surprising because they are
approximately ≥25 Å from the catalytic acid E148 and the
nucleophile E259 (Figure 1). N110A has an A value
comparable to that of the WT but a smaller b, whereas
N110D has a smaller A but a larger b. Both mutants slightly
decrease the PNPC activity, though N110 is ∼16 Å from E148
and 18 Å from E259. D224 forms a salt bridge with H226, as
suggested by the X-ray structure.35 Mutants D224A and H226A
decrease the enzyme’s specific activity against PNPC and have b
values smaller than that of the WT, though both residues D224
and H226 are away from the active sites, with a distance of ∼12
Å between D224 and E148 and ∼14 Å between H226 and
E259. T300A and T300Y increase A by 48 and 58% but decease
b by 20 and 25%, respectively, and both mutants have a PNPC
specific activity similar to that of the WT (Table 1). On the
other hand, the amounts of reducing sugar released after PASC
hydrolysis catalyzed by the two mutants for 10 min are also
comparable to that of the WT (Table S3 of the Supporting
Information).

Fitting of the Kinetic Parameters Using a Different
Model. One limitation of the power equation (eq 3) is that the
first-order derivative at time zero, corresponding to the initial
reaction rate, is infinity provided that b is <1. An empirical
formula was developed by Ohmine et al.36 to describe the time
evolution of the product concentration:

= +P
S
k

v kt Sln(1 / )tot
0

0 0 (4)

where S0 is the initial substrate concentration, v0 is the reaction
rate at time zero, and k is the retardation constant. Fitting of

Figure 3. Fitted hydrolysis curves for Cel5A and mutants T18D and
S25Y. The reaction mixture contains 1 μM enzyme and 5 g/L PASC
[50 mM NaAc (pH 5.0)]. The three best-fit curves are y = 0.31x0.76

(WT), y = 0.29x0.66 (T18D), and y = 0.47x0.61 (S25Y). The sugar
concentration at time zero was treated as the background and
subtracted out so that the curves go through the origin.
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the Cel5A PASC hydrolysis data to eq 4 yields v0 and k (Table
S4 of the Supporting Information). A positive linear correlation
is observed between A and v0 (Figure S7A of the Supporting
Information), suggesting that A is related to the initial reaction
rate. A negative correlation is shown between b and k (Figure
S7B of the Supporting Information), so that the enzyme with a
larger k is more likely to be slowed. Though the two kinetic
models have quite different formulas, they produce consistent
kinetic parameters.
Kinetics versus Binding. An early work by Nidetzky37

showed that it takes ∼40 min to reach the binding equilibrium
for the adsorption of the Cel5A CD to FP. The longest reaction
time is 10 min in this work, which is rather short to avoid the
product inhibition and potential substrate reactivity change (see
the discussion below).14 Therefore, one cannot simultaneously
measure the kinetics and binding constant because the binding
is not in equilibrium (which can complicate the interpretation
of kinetic data). Extra incubation time (1 h at 4 °C) was
introduced to allow the Cel5A PASC binding to reach
equilibrium before the reaction starts at 50 °C. The
concentration of reducing sugar released during incubation,
ranging from 0.32 to 0.90 mM (Table S3 of the Supporting
Information), was subtracted out in the kinetic data fitting. One
complication of this experimental setup is that the faster
reaction rate measured at 50 °C may be related to the quicker
release of the enzyme that was bound at 4 °C. To test this, the
free enzyme concentration in the supernatant was monitored
during the reaction at 50 °C, for two mutants T18A and D19A
that have the largest activity differences [∼3-fold (Table 1)].
The amount of free enzyme for both mutants shows a slight
increase from 0.3 μM at time zero to 0.35 μM at 10 min
(Figure S8 of the Supporting Information), likely caused by the
small binding affinity difference at 4 and 50 °C. Apparently, the
3-fold difference in activity A between D19A and T18A is not
due to the release of the enzyme from PASC that occurs for
both mutants. A positive correlation is observed between
activity A and the specific activity against PNPC for Cel5A and
the mutants (Figure 4), suggesting that the parameter A is
related to the activity of the enzyme in hydrolyzing soluble
substrate. For WT Cel5A, the Michaelis−Menten kinetics with
PNPC as the substrate was studied, yielding a kcat of 3.0 ± 0.6
min−1 and a Km of 40 ± 9 mM (Figure S9 of the Supporting

Information). This Km value is considerably larger than 2 mM,
the PNPC concentration used for the specific activity assay for
the WT and mutants. Apparently, the measured PNPC specific
activity reflects kcat/Km rather than kcat alone. The correlation
between b and Kr is poor (Figure S10 of the Supporting
Information), suggesting that the slowdown of Cel5A-catalyzed
PASC hydrolysis is not related to the enzyme adsorption, which
is prerequisite for catalysis. Meanwhile, the correlation between
b and c is also poor (Figure S10B of the Supporting
Information), suggesting that the high-affinity binding plays
no role in the reaction slowdown.
In this work, all the kinetics and binding data are only for the

CD of Cel5A. It is known that the CBM is important for
enzyme binding. Presumably, the mutational effect on binding
affinity of full length Cel5A will be smaller than that of the
Cel5A CD, but the activity against PASC is very likely
correlated with that against PNPC. Therefore, we speculate that
the correlation between the binding affinity and the activity for
the full length Cel5A should be poor, as well.

Mechanism of the Slowdown of the Reaction. Like
previous cellulose hydrolysis studies,14,15,17,19 the rapid
retardation is quite obvious for endoglucanase Cel5A. A
trapping model was proposed for the slowdown of the
hydrolysis by exoglucanases Tr. Cel7A and Pc. Cel7D17 as
well as endoglucanases Tr. Cel5A, Tr. Cel7B, and Tr. Cel12A.14

The trapping is caused by an obstacle in the substrate cellulose.
For amorphous cellulose PASC, the obstacle may come from
the intertwined cellulose chains. Our results show that the
extent of trapping, described by the hydrolysis power factor b, is
negatively correlated with the catalytic rate A (Figure 5). This
observation suggests that it is the length of the obstacle free
path limiting the hydrolysis and the more active Cel5As simply
reaches the end of the free path faster. It is surprising that 10 of
the 19 mutants have A values larger than that of the WT, but
very few mutants have a reducing sugar yield higher than that of
the WT after reaction for 10 min. On the other hand, one
would expect the trapping to shift the equilibrium to favor the
bound state, which is seemly incompatible with the small
increase in enzyme concentration during the PASC hydrolysis
for T18A and D19A. Considering that the free enzyme
concentration is lower than that of the bound form (0.6−0.7
μM) and it takes ∼40 min to reach the binding equilibrium, the
trapping of one portion of the bound enzyme may not be
reflected immediately by the change in free enzyme
concentration.
It has also been suggested by Hong6 and Zhang5 that a

decrease in substrate reactivity is responsible for the slowdown
of the reaction rate. In this work, the reaction time (maximum
of 10 min) is much shorter than that in Hong and Zhang’s
studies but comparable to that in Murphy’s study.14 Murphy
has shown through ITC experiments that the substrate PASC
reactivity remains unchanged after, e.g., hydrolysis by Tr. Cel7B
for 15 min.14 To test the possibility of the decrease in reactivity,
we used a much lower WT Cel5A enzyme concentration of
0.25 μM for the PASC hydrolysis, which yielded values of 0.15
± 0.01 for A and 0.88 ± 0.05 for b (Figure S5 and Table S5 of
the Supporting Information). This parameter A is approx-
imately half of the value obtained at a WT enzyme
concentration of 1 μM. Because A reflects the initial reaction
rate, the enzyme at the low concentration appears to be more
active if A is divided by the enzyme concentration.
Furthermore, at the low enzyme concentration (0.25 μM),
the b value of 0.88 ± 0.05 is also larger than that of 0.76 ± 0.07

Figure 4. Correlation between the Cel5A activity A against PASC and
its specific activity against PNPC. The PNPC hydrolysis reaction
mixture contains 4 μM enzyme and 2 mM PNPC [50 mM NaAc (pH
5.0)]. The best-fit line is y = 79x − 0.10, with a correlation coefficient
(Rp) of 0.76. The positive correlation suggests that the activity
parameter A is correlated with the enzyme’s ability to hydrolyze the
soluble substrate.
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at the high enzyme concentration (1 μM), suggesting that at
the low enzyme concentration, the slowdown of the reaction is
less obvious. This observation indicates that the decrease in
substrate reactivity still plays some role. At a low enzyme
concentration, the depletion of the most reactive sites is slower,
so that the enzyme displays a relatively higher activity and a
weaker tendency to be slowed. It was observed that the b value
remains unchanged in the bacterial cellulose hydrolysis when
the enzyme [Thermobif ida fusca (Tf.) Cel48A and Tf. Cel5A]
concentration is varied.33 In this work, the b value seemingly
decreases with an increase in enzyme concentration. To
confirm this, a larger range of Cel5A concentrations (0.1−2
μM) was tested, and the same trend was observed (Table S5 of
the Supporting Information). For example, the b value is 0.90 ±
0.02 at 0.1 μM enzyme and decreases to 0.69 ± 0.04 at 2 μM
enzyme.
The third possible mechanism for the reaction slowdown is

the inhibition of the product. The maximal concentration of
reducing sugar released is <3 mM for the reactions monitored
at 50 °C (Table S3 of the Supporting Information), which is
much smaller than the IC50 of Tr. Cel5A,16 so product
inhibition is not responsible for the slowdown of catalysis.
In summary, the negative correlation between A and b is

likely due to the trapping of the enzyme and the decrease in
substrate reactivity. To test whether the negative correlation
holds for a more crystalline substrate, we took the kinetic
measurements using FP as the substrate for Cel5A and nine
mutants that have large spans of A and b values for PASC
(Table 1). For FP, it takes much longer to see the slowdown
effect likely because of its recalcitrance to enzyme hydrolysis.
The kinetic data for the FP substrate were fit quite well using
eq 3 (Figure S11 and Table S6 of the Supporting Information).
A strong negative correlation is seen between A and b, similar
to that in PASC hydrolysis (Figure 5B).
It has been shown for chitinases that processivity is

important for their catalytic efficiency. Specifically, chitinases
with high processivity are more effective in hydrolyzing
crystalline chitin but less effective in hydrolyzing chitosan, a
soluble chitin derivative, than the mutants with reduced
processivity.38−41 For the hydrolysis of PASC by exoglucanase
Tf. Cel48A, the lower-processivity mutants tend to have higher
activity.34 To test whether a similar effect occurs in Cel5A
PASC hydrolysis, we determined the apparent processivity of
Cel5A by using the ratio of the produced soluble reducing sugar
concentration to the total reducing end concentration after
reaction for 10 min. The apparent processivity has an average of

0.81 ± 0.02 over all the mutants and the WT (Table S7 of the
Supporting Information). The variation is smaller than the
average error of 0.06 propagated from the measurement. Thus,
the effect of the mutation on the enzyme processivity is rather
small, suggesting that the processivity is not responsible for the
Cel5A activity differences.

Implications for Cellulose Degradation. Our work
shows that for endoglucanase Tr. Cel5A, the slowdown of
PASC hydrolysis cannot be alleviated by introducing the
mutation with a lower binding affinity. Kostylev and Wilson
demonstrated that the addition of Tf. E7,33 an AA10 auxiliary
enzyme capable of cleaving cellulose chains randomly through
an oxidoreductive mechanism,42,43 increases A and b simulta-
neously for Tf. Cel48A (an exoglucanase)-catalyzed bacterial
cellulose hydrolysis. The random cleavage of cellulose chains by
Tf. E7 creates more chain ends and reduces chain lengths,
which partially removes the obstacles and enhances the
substrate reactivity and thus the hydrolysis efficiency. It will
be interesting to see whether this type of auxiliary enzyme is
capable of significantly increasing the b values of those Tr.
Cel5A mutants with high initial activities. Addition of
xylanase44,45or mannanase46 improves cellulase-catalyzed ligno-
cellulose hydrolysis, though the content of xylan or mannan in
lignocellulose after pretreatments is generally low. It is possible
that the synergistic effect between cellulases and hemicellulases
is partially due to the reduction of the cellulase trapping
obstacles caused by hemicellulose and the creation of more
highly reactive substrates.
It has been demonstrated that in cellulose hydrolysis the CD

of the cellulase can be as effective as the intact enzyme that has
both CD and CBM domains, provided that the substrate
loading is high (10−20%).47−49 The advantage of using the CD
only is that the recycling of the CD is easier than that of the
intact enzyme, especially in the presence of lignin, which binds
irreversibly to CBM. Our results show that without CBM, the
adsorption of Cel5A to PASC can be tuned by altering the
amino acids in the binding surface of CD. Optimizing the
binding property of cellulases may provide a new way to
improve catalytic efficiency.

■ CONCLUSIONS

A Tr. Cel5A cellulose complex was modeled. Several important
binding residues, including T18, K26, Y26, H229, and T300,
were confirmed by the Cel5A PASC adsorption assays, whereas
mutations of these residues and a few others from the binding
fragments considerably perturb the adsorption affinity. The 19

Figure 5. Correlation between the kinetic parameter A and b with PASC (A) or FP (B) as the substrate. Panel A includes parameters for WT Cel5A
and 19 mutants (Table 1), whereas Panel B includes parameters for WT Cel5A and nine mutants (Table S5 of the Supporting Information). The
best-fit lines are A = −0.86b + 0.94 and A = −0.40b + 0.28, with correlation coefficients (Rp) of −0.87 and −0.95 for panels A and B, respectively.
The anticorrelation between the two parameters suggests that the slowdown of Cel5A catalysis is directly related to its activity.
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mutants tested experimentally have varied partitioning
coefficients (Kr) ranging from 0.12 to 0.39 L/g, as compared
to that of the WT (0.26 L/g). The kinetic measurements of the
WT and mutants show that the hydrolysis power factor b is not
correlated with the Kr but is anticorrelated with the activity A.
This result indicates that the reaction slowdown is not
correlated with the adsorption but is likely due to the decrease
in substrate reactivity and enzyme trapping. The Cel5A PASC
activity A is positively correlated with its specific activity against
PNPC.
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