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Background: Solution pH affects cellulase enzyme activity.
Results:We used simulation to predict pH-dependent behavior in cellulases, including pKa values for the catalytic machinery,
ring distortion, and loop flexibility.
Conclusion:pH increases active site tunnel flexibility and affects the�1 carbohydrate ring distortion, suggesting pH-dependent
mechanisms for complexation and catalysis of cellulose chains.
Significance: These results provide molecular-level understanding of pH effects on cellulases.

Cellulase enzymes cleave glycosidic bonds in cellulose to pro-
duce cellobiose via either retaining or inverting hydrolysis
mechanisms, which are significantly pH-dependent. Many fun-
gal cellulases function optimally at pH �5, and their activities
decrease dramatically at higher or lower pH. To understand the
molecular-level implications of pH in cellulase structure, we use
a hybrid, solvent-based, constant pH molecular dynamics
method combined with pH-based replica exchange to deter-
mine the pKa values of titratable residues of a glycoside hydro-
lase (GH) family 6 cellobiohydrolase (Cel6A) and a GH family 7
cellobiohydrolase (Cel7A) from the fungus Hypocrea jecorina.
For both enzymes, we demonstrate that a bound substrate sig-
nificantly affects the pKa values of the acid residues at the cata-
lytic center. The calculated pKa values of catalytic residues con-
firm their proposed roles from structural studies and are
consistent with the experimentally measured apparent pKa val-
ues. Additionally, GHs are known to impart a strained pucker
conformation in carbohydrate substrates in active sites for
catalysis, and results from free energy calculations combined
with constant pH molecular dynamics suggest that the correct
ring pucker is stable near the optimal pH for both Cel6A and
Cel7A. Much longer molecular dynamics simulations of Cel6A
andCel7Awith fixed protonation states based on the calculated
pKa values suggest that pH affects the flexibility of tunnel
loops, which likely affects processivity and substrate com-
plexation. Taken together, this work demonstrates several
molecular-level effects of pH on GH enzymes important for

cellulose turnover in the biosphere and relevant to biomass
conversion processes.

Plant biomass is the most abundant and renewable resource
for conversion to sustainable fuels and chemicals in the near
term (1, 2). In nature, organisms secrete multifunctional
cellulase enzyme mixtures, consisting of endoglucanases,
cellobiohydrolases, �-D-glucosidases, and lytic polysaccharide
monooxygenases (3–5), which work synergistically to degrade
cellulose in plant cell walls, and these natural mixtures provide
an excellent starting point for the development of enzymatic
catalysts to convert plant cell walls tomonomeric sugars for the
production of renewable fuels (6). Cellulase enzymes comprise
many glycoside hydrolase (GH)3 families (7); among them,
cellobiohydrolases from GH family 6 (GH6) and GH family 7
(GH7) are often found as the two most abundant enzymes in
native fungal secretomes, as observed in the well characterized
model ascomycete fungus Hypocrea jecorina (Trichoderma
reesei) (8, 9). In particular, H. jecorina Cel6A hydrolyzes cellu-
lose chains from the nonreducing end via an inverting mecha-
nism to produce �-cellobiose, whereas H. jecorina Cel7A
cleaves �-cellobiose from the reducing end via a retaining
mechanism (10–15).
Solution pH is a critical experimental parameter that has

long been known to affect the activity of cellulase enzymes.
Many experimental studies have been conducted to understand
and modify the pH-dependent activities of cellulase enzymes
(16–21).H. jecorinaCel6A andCel7A function optimally at pH
�5 on cellotetraose (Cel6A) (22), 3,4-dinitrophenyl lactoside
(Cel7A) (16), and 4-nitrophenyl �-D-glucopyranoside (Cel7A)
(23), and their activities decrease dramatically at other pH val-
ues. Experimental studies using directed evolution have
revealed that certain mutants of H. jecorina Cel7A and Cel5A
have higher pH optima compare with the wild type (16, 19).
Carboxyl-carboxylate pair mutations have been used to stabi-
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lize H. jecorina Cel6A at neutral or alkaline pH (21). Addition-
ally, Cockburn et al. (24, 25) demonstrated that replacing the
general base residue Asp-392 with cysteine sulfinate and
removing the surface-charged residues in Cellulomonas fimi
GH6 endoglucanase cellulase A (CenA) induced both a broad-
ening and an acidic shift in the pHprofile ofCenA.Understand-
ing the pH optimum shifts in these mutant cellulases at the
molecular level is essential to design new cellulase mutants to
function optimally at the desired pH values.
Recently, Pingali et al. (26) used small angle neutron scatter-

ing to examine the solution structures of Cel7A at different pH
values, and their results suggest that theCel7A catalytic domain
(CD) becomes more flexible near the optimal pH for enzyme
activity. They speculated that increased flexibility has the
potential to enhance substrate access to the active site, thus
increasing the enzyme activity. This study provides important
insights into the pH dependence of the structure of the Cel7A
CD. However, these experiments were not able to identify the
flexible regions in the CD at the molecular level, which can be
elucidated by computational studies.
Molecular dynamics (MD) simulation can provide a molec-

ular-level understanding of cellulase action as a complement to
experimental studies (2, 27). Several computational studies
have used MD to identify new functions of cellulase sub-
domains (28–31) and to characterize the binding affinity of
cello-oligomer ligands for wild-type andmutant cellulases (32–
34). Most previous computational studies of cellulases have
been conducted under the conventional MD schemes, wherein
the protonation state of ionizable residues (aspartic acid, glu-
tamic acid, and histidine) is fixed based on their pKa values.
This assumption of static protonation is problematic for certain
questions of interest because the pKa of an ionizable residue is
typically unknown in its protein environment, whereas the pro-
tonation/deprotonation process is coupled to the dynamics of
the protein local environment. Neglecting the dynamics of the
ionization equilibrium can potentially preclude detailed under-
standing of pH-coupled biological phenomena. To accommo-
date the protonation/deprotonation process of a titratable res-
idue, the constant pH molecular dynamics (CPHMD) method
was developed to directly couple solution pH conditions to the
protonation states of protein ionizable residues, which can fluc-
tuate in response to solution pH and the protein local confor-
mational state (35, 36).
Here, we used a novel, hybrid, solvent-based CPHMD

method combined with pH-based replica exchange (pH-REX)
(37) to investigate the pH optima of H. jecorina Cel6A and
Cel7A with and without a substrate bound in the CD. The
hybrid solvent model utilizes the efficiency of the generalized
Born implicit solvent model (38) for calculating the solvation
force acting on the titration coordinates, whereas the protein
conformation is still driven by the more accurate explicit sol-
vent model (37). The pH-REX method enables exchange
between replicas simulated at different solution pH values, thus
enhancing the sampling of protein conformational space and
protonation state of titratable residues (39). Additionally, as
GH activity depends on strained, non-chair conformations at
the �1 ligand-binding sites (40), we investigated how solution
pH can affect the conformation of glucose at the�1 position of

both enzymes. Finally, we examined the overall structures of
the Cel6A and Cel7A CDs at different solution pH values, par-
ticularly the flexibility of the tunnel-forming loops, to compare
with the experimental small angle neutron scattering study
(26). Our results elucidate several molecular-level aspects of
how pH affects cellulase action.

EXPERIMENTAL PROCEDURES

Structure Preparation—The atomistic models of the CDs of
Cel6A and Cel7A were constructed using the reported crystal
structure (Protein Data Bank code 1QK2) (41) and the theoret-
ical model (code 8CEL) (14), respectively. The substrate-bound
systems, referred to hereafter as “bound” systems, consisted of a
cellohexaose oligomer in the active site of Cel6A and a cel-
lononaose oligomer bound in the active site of Cel7A. Systems
referred to as “free” hereafter contained the enzyme excluding
the cellodextrin. Glycosylation of cellulases was not considered
in this work.
All simulations were conducted using CHARMM (42). The

CHARMM22 force field parameters (42, 43) with the CMAP
correction (44–46) were used for the enzymes, and the C35
carbohydrate force field parameters (47, 48) were used for the
cellodextrin substrates. The proteins were placed in an equili-
brated truncated octahedral box of TIP3P water molecules (49,
50). Ions were added into the system to maintain charge neu-
trality. The systems were equilibrated in the NPT ensemble at
300Kusing aNosé-Hover thermostat (51, 52) and 1 atm for 100
ps with a step size of 1 fs. SHAKE was used to fix the covalent
bonds to hydrogen atoms (53). The non-bonded interactions
were truncated with a 10 Å cutoff. The electrostatic interac-
tions were calculated using the particle mesh Ewald method
(54) with a sixth-order b-spline interpolation, a Gaussian dis-
tribution width of 0.34 Å, and a mesh size of 96 � 96 � 96 for
Cel7A and 72 � 72 � 72 for Cel6A. The final system size was
�56,000 atoms for Cel7A and 36,000 atoms for Cel6A.
CPHMD—The CPHMDmethod is based on the �-dynamics

approach to free energy calculations (55), allowing the titratable
protein residues to switch continuously between protonated
and deprotonated states. An alchemical titration coordinate, �,
is introduced for each titratable protein residue to accommo-
date protonation and deprotonation. More details of the
CPHMD method can be found elsewhere (35, 56). There are a
total of 33 titratable residue (20 aspartic acid, 9 glutamate, and
4 histidine residues) in Cel6A and 47 titratable residues (24
aspartic acid, 19 glutamate, and 4 histidine residues) in Cel7A.
All of the titratable residues were subjected to ionization in the
CPHMD simulations. The CPHMD simulations were con-
ducted using the PHMD facility in CHARMM (42). The solva-
tion forces on the titration coordinates were calculated using
the generalized Born with simple switching implicit solvent
model (57) with the refined atomic input radii of Nina et al. (58,
59). All simulations were performed in the NPT ensemble at
300 K and 1 atm using the same parameters as the equilibrium
simulations with a step size of 2 fs.
pH-REX—pH-REXMDsimulationswere conducted for both

free and bound enzymes. Twelve pH replicas using the same
CPHMD conditions and parameters as described above were
used in the pH-REX simulations of Cel6A, ranging from pH 2.0
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to 7.5, with a spacing of 0.5 pH units. Eighteen pH replicas were
used in Cel7A, ranging from pH 1.0 to 7.8, with a spacing of 0.4
pH units to ensure an acceptance ratio of 40%. The exchange in
pH was attempted every 500 dynamics steps or 1 ps. Each rep-
lica was simulated for 8 ns in the NPT ensemble.
Calculation of pKa Values—The populations of protonated

and deprotonated states from simulations of different pH rep-
licas were recorded. The pKa values of titratable residues in
protein can be computed by fitting the deprotonated fractions
(S) to the generalized Henderson-Hasselbach equation (60):
S � 1/(1 � 10n(pKa�pH)), where n is the Hill coefficient, which
represents the slope of the transition region of the titration
curve. The statistical uncertainty was estimated as half of the
difference between the pKa values calculated from the first and
second halves of the 8-ns CPHMD simulation.
Potential of Mean Force (PMF) for Ring Pucker—We used

umbrella sampling (61) to construct the free energy profiles
associated with the conformational change in the glucose ring
from a chair conformation to a skew conformation at the �1
site at different solution pH values. Umbrella sampling simula-
tions were conducted at pH 2, 5, and 7. For each pH case, the
reaction coordinate is the Cremer-Pople ring pucker amplitude
(62) of the glucose residue at the�1 site. The 2S0 conformation
at the�1 site in Cel6A is defined by an amplitude of 0.73 Å, and
the chair conformation is defined by an amplitude of 0.57 Å
(63). The possible 1S3 and 1,4B conformations at the �1 site in
Cel7A are both located at the equator in the Cremer-Pople
coordinates and thus have the same pucker amplitude as 2S0.
Therefore, the Cremer-Pople ring pucker amplitude was sam-
pled in 12 separate umbrella sampling windows, each centered
at 0.55, 0.57, 0.59, 0.61, 0.62, 0.63, 0.65, 0.67, 0.69, 0.71, 0.73, and
0.75 for each umbrella sampling simulation.We note that three
Cremer-Pople ring pucker parameters were needed to fully
define glucose ring conformations. Althoughwe chose only one
parameter as the reaction coordinate, we examined the other
two parameters to ensure that we were sampling from the
desired distorted conformation to the chair conformation (sup-
plemental Fig. S1).
The initial conformations of the 12 windows were chosen

from a skew-to-chair transition region observed in 10-ns
CPHMD simulations conducted at pH 2, 5, and 7 without
applying pH-REX for Cel6A and 2.5-ns CPHMD simulations
conducted at the same pH values without applying pH-REX for
Cel7A (supplemental Fig. S2). Each umbrella sampling window
was run for 5 ns in the NPT ensemble. The harmonic force
constants on the ring pucker amplitudes were 800 kcal/
(mol�Å2) for windows 0.61, 0.62, and 0.63, and 400 kcal/
(mol�Å2) for other windows. We chose these force constants to
ensure sufficient sampling around the barriers. The weighted
histogram analysis method was used to construct the PMF, and
the error analysis was conducted with bootstrapping (64).
Loop Flexibility Measurement—Conventional MD simula-

tions (200 ns) with a time step of 2 fs were conducted for Cel6A
and Cel7A at pH 5 and 7 by fixing the protonation states of the
titratable residues based on the calculated pKa values. For
example, we treated the catalytic acid residueAsp-221 inCel6A
as deprotonated at pH 7 but protonated at pH 5 because its
calculated pKa is 6.41. Considering the possible systematic

error, the cutoff pKa used to determine the protonation state of
a titratable residue at solution pH 5 was chosen to be 4.5. This
indicates that all of the titratable acid residues with pKa values
larger than 4.5would remain protonated during the regularMD
simulation at pH 5. Specifically, Glu-107, Asp-170, Asp-175,
Glu-219, Asp-221, Asp-263, Glu-326, and Asp-366 in Cel6A
were protonated, and Asp-173, Glu-190, Glu-193, Asp-214,
Glu-217, Glu-223, Asp-257, Glu-295, Glu-317, Glu-325, Glu-
334, Glu-335, Asp-368, and Asp-378 in Cel7A were protonated
at pH 5. All titratable acid residues were deprotonated during
the MD simulation at pH 7. We then measured the root mean
square fluctuation (RMSF) of the protein residues in both the
free and bound states.

RESULTS AND DISCUSSIONS

pKa of Key Residues in Cel6A—Cel6A hydrolyzes glycosidic
bonds via an inverting mechanism (15). Structural studies have
suggested that two aspartic residues, i.e.Asp-221 and Asp-175,
at the active site of Cel6A are close to the glycosidic oxygen
atom and have been observed in some structures to form a
hydrogen bond with one another (41, 65). Mutagenesis and
enzyme kinetic studies suggest that Asp-221 is the catalytic
acid, whereas Asp-175 can affect protonation of Asp-221 and
stabilize the transition state (65). The hydrolysis reaction is pro-
posed to involve the following steps from the catalytic resting
state: (a) the Asp-221 side chain rotates toward the glycosidic
oxygen and breaks the H-bond with Asp-175; (b) Asp-221
transfers its proton to the glycosidic oxygen, breaking the gly-
cosidic bond; and (c) a water molecule, serving as the nucleo-
phile, attacks the anomeric carbon atom.Thewater protonmay
be transferred to Asp-175 by proton hopping via another water
molecule that has been observed in a Cel6A crystal structure
(65). Another aspartic acid, Asp-401, has been suggested to
possibly serve as the catalytic base due to its position relative to
Asp-221 (66, 67). A close examination of the crystal structure
also suggests a lowpKa forAsp-401 due to the numerous hydro-
gen bonds formed between Asp-401 and the side chains of
nearby residues Arg-353, Tyr-306, and Lys-395 (65). However,
a structural study suggests that the carboxylate group of Asp-
401 interactswith theO3hydroxyl of glucose at the�1 site (41),
indicating that Asp-401 is not a potential catalytic base.
The calculated pKa values of the key catalytic residues Asp-

221, Asp-175, and Asp-401 in Cel6A are summarized in Table
1. The pKa values of all other titratable acid residues are shown
in supplemental Table S1. We also plotted the deprotonation
fraction of Asp-221 as a function of time for each pH replica to
demonstrate the convergence (supplemental Fig. S3A). The
results in Table 1 suggest that the substrate bound in the cata-
lytic tunnel, as shown in Fig. 1A, can significantly affect the pKa
values of the titratable acid residues at the active site. Specifi-
cally, the pKa values of Asp-221 and Asp-175 are shifted to

TABLE 1
Calculated pKa values of key residues in Cel6A

pKa

Asp-221 Asp-175 Asp-401

Without substrate 4.43 � 0.12 4.91 � 0.43 1.79 � 0.03
With substrate 6.41 � 0.11 6.02 � 0.06 1.77 � 0.07
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more basic by �2 units and �1 pH unit, respectively. Because
various substratesmight have different effects onmodifying the
pKa values of the catalytic residues, this offers a potential expla-
nation for the observation that the pH optima of cellulases are
also substrate-dependent (68). The calculated titration curves
for bound Cel6A are shown in Fig. 1B.

The calculated pKa values of the key acid residues in the
active site enable us to interpret their roles during catalytic
hydrolysis. The two apparent pKa values obtained from the
experimentally measured pH-dependent activity profiles of
Cel6A are at pH�2 and�6 (65). The calculated pKa ofAsp-221
in the bound state is 6.41, which is comparable to the apparent
pKa obtained from the basic portion of the pH-dependent
activity profile of Cel6A and supports its proposed role as the
catalytic acid. The calculated pKa of Asp-175 is 6.02, which
suggests that Asp-175 may not function as a catalytic base at
first glance because the pKa of the catalytic base should be lower
than the pH optimum of Cel6A to enable the base residue to be
deprotonated and able to accept a proton from the reacting
water molecule. However, a detailed examination of the inter-
actions between Asp-221 and Asp-175 indeed indicated that
Asp-175 could be deprotonated in the catalytically active state,
thus serving as a base to accept a water proton. We discuss the
role of Asp-175 in detail below.Our results also suggest that the
interactions between the side chain of Asp-401 and the O3
hydroxyl of glucose at the �1 site remain intact during the
entire MD simulation, thus supporting the experimental
hypothesis of the role of Asp-401 (41). The calculated pKa of
Asp-401 is 1.77, which supports the structural prediction of its
pKa (65).
Asp-221/Asp-175 Interactions in Cel6A—The crystal struc-

ture of Cel6A identified that Asp-221 and Asp-175 are at
H-bonding distance from each other in the catalytic resting
state. Previous MD simulations revealed that the side chain of
Asp-221 can rotate away and break the contact with Asp-175,
thus bringing the protonated oxygen of Asp-221 closer to the
glycosidic oxygen atomwith a distance of 3.3� 0.3 Å before the

FIGURE 1. Structure of the catalytic tunnel in Cel6A (A) and titration curve
measured for catalytic residues (B). The key catalytic residues are high-
lighted as red, green, and blue sticks around the cellodextrin, which is shown
as mauve sticks. The glucose ring bound at the �1 site exhibits a 2S0
conformation.

FIGURE 2. Shown are the distributions of minimum distances between Asp-221 and Asp-175 carboxylate groups (A) and Asp-221 and the glycosidic oxygen
atom (B). Asp-221 and Asp-175 are catalytic residues of Cel6A. Shown are the structures of the active site in the catalytically active state (C) and in the resting
state (D). The deprotonation fractions of Asp-221 and Asp-175 in the two states are shown in red. The blue dashed lines indicate H-bonding distance between
two residues. The red spheres are water molecules denoted by the oxygen position (hydrogen atoms not shown).
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hydrogen bond re-forms between Asp-221 and Asp-175 (65).
Therefore, side chain rotation of Asp-221 is proposed to be one
component of the catalytic mechanism in Cel6A.
Because the distance between Asp-221 and Asp-175 may

have important implications in the Cel6A catalytic activity, we
plotted the distributions of the minimum distance between the
carboxylate oxygen atoms of Asp-221 and Asp-175 at each
solution pH, as shown in Fig. 2A. The 12 peaks cluster into three
populations centered at�3.5, 4.5, and 7.0Å.The results suggest
that there are strong H-bonding interactions between Asp-221
and Asp-175 in the pH range 2.0–4.0. The interactions of Asp-
221withAsp-175 remain (although they becomeweaker) at pH
4.5–5.5. In the region of pH 2.0–5.5, the relative population of
the state in which Asp-221 interacts with Asp-175 ranges from
�50 to 85%, as shown in Fig. 3, whereas this population drops to
�20–35% at pH 6.0–7.5 because both Asp-221 and Asp-175
will be deprotonated at a more basic pH, and the repulsive
interactions between the two negatively charged residues thus
separate Asp-221 and Asp-175.
We examined the protonation states ofAsp-221 andAsp-175

in the separated clusters identified in Fig. 2A. Specifically, we
calculated the deprotonation fraction of Asp-221 and Asp-175
at pH 5 using a subset of the total sampled structures in which
the distance between Asp-221 and Asp-175 was either �3.5 Å
(resting state) or �7.0 Å (catalytically active state). In the rest-
ing state, as shown in Fig. 2D, Asp-221 and Asp-175 form a
H-bond, and Asp-221 is far away from the glycosidic oxygen.
The deprotonation fractions are 0.15 and 0.03 for Asp-221 and
Asp-175, respectively. This indicates that the populations of the
protonated states for Asp-221 and Asp-175 are 0.85 and 0.97,
respectively, suggesting the bothAsp-221 andAsp-175 are pro-
tonated in the resting state; thus, Asp-175 cannot act as a base.
In the catalytically active state, as illustrated in Fig. 2C, Asp-221
rotates away from Asp-175 to break the H-bond between them
and presents itself in H-bonding distance from the glycosidic
oxygen. The calculated deprotonation fractions are 0.26 and
0.53 for Asp-221 and Asp-175 in the active state, respectively.
The protonation state of Asp-221 does not change significantly
overall; however, the protonation state of Asp-175 changes
from 0.03 in the catalytic resting state to 0.53 in the catalytically
active state. This indicates that 53% of Asp-175 is deprotonated

in the active state at pH �5, which enhances the ability of Asp-
175 to accept a proton and function as a catalytic base.We note
that the CPHMD approach treats water molecules as conven-
tional neutral water molecules without additional protons, and
thus, we did not investigate the protonation states of the two
catalytic water molecules in Cel6A.
The distributions of the minimum distance between the car-

boxylate oxygen atoms of Asp-221 and the glycosidic oxygen
atom of glucose at the �1 site are shown in Fig. 2B. This dis-
tance is �3.3 Å at pH 2.0–6.0, consistent with the minimum
distance observed in previous MD simulation studies (34, 65).
The H-bonding distance between the carboxylate oxygen of
Asp-221 and the glycosidic oxygen is necessary for the proton-
ation of the glycosidic oxygen byAsp-221. This distance slightly
increases to 4.0 Å at pH 6.5–7.5, suggesting that the hydrolysis
reaction in Cel6A is less likely to occur beyond pH 6.5.
pKa of Key Residues in Cel7A—As a retaining cellulase, Cel7A

catalyzes the glycosidic bond hydrolysis via a double-displace-
ment mechanism (40, 69), which consists of two steps: 1) the
catalytic acidGlu-217 protonates the glycosidic oxygen, and the
nucleophile Glu-212 attacks the anomeric carbon to form a
glycosyl-enzyme intermediate; and 2) Glu-217, now becoming
the catalytic base, deprotonates a water molecule, which then
attacks the anomeric carbon likely via an SN2 reaction and
replaces the bond to Glu-212 (70). A third acid residue, Asp-
214, is also important for catalysis by possibly attenuating the
pKa of Glu-212 (71).

Similar to Cel6A, the substrate bound in the catalytic tunnel
of Cel7A, as shown in Fig. 4A, significantly affects the pKa val-
ues of the titratable acid residues at the active site. Specifically,
the pKa of Asp-214 in Cel7A is shifted to more basic by �2 pH
units (Table 2). The pKa values of Glu-212 and Glu-217 are
shifted toward basic pH by �1 unit. The calculated titration

FIGURE 3. Integrated probability distribution of the Asp-221/Asp-175
distance from 0 to 4.5 Å in Fig. 2A.

FIGURE 4. Structure of the catalytic tunnel in Cel7A (A) and titration curve
measured for catalytic residues (B). The catalytic residues around the sub-
strate are highlighted as red, green, and blue sticks. The substrate is shown as
mauve sticks.
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FIGURE 5. PMF of the glucose ring pucker in vacuum (A), at the �1 ligand-
binding site of Cel6A (B), and at the �1 site of Cel7A (C) at various solu-
tion pH values.

TABLE 2
Calculated pKa values of key residues in Cel7A

pKa

Glu-212 Glu-217 Asp-214

Without substrate 1.41 � 0.45 5.99 � 0.36 5.33 � 0.17
With substrate 2.41 � 0.32 7.12 � 0.20 7.63 � 0.08

FIGURE 6. Shown are the RMSF profiles of Cel6A residues in the free (A) and
bound (B) states during 200-ns fixed protonation state MD simulations. The
positions of titratable acid residues are shown as blue squares. Snapshots
of the Cel6A structures at pH 5 (C) and pH 7 (D) are shown. The color is
coded by the �-factor, with blue being the lowest fluctuations to white to
red being the highest fluctuations. The bound cellodextrin is shown as a
yellow stick model.
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curves for bound Cel7A are shown in Fig. 4B. As an additional
convergence check, the deprotonation fraction of Glu-217 as a
function of time for each pH replica is shown in supplemental
Fig. S3B.
The computed pKa values of the nucleophile Glu-212 and

acid/base Glu-217 in Cel7A are 2.41 � 0.02 and 7.12 � 0.20,
respectively, which are comparable with the apparent pKa val-
ues obtained from experimental measurements of the pH-de-
pendent activity of Cel7A (68). As mentioned above, the
experimentally measured pH activity profiles are substrate-de-
pendent. The apparent pK1 and pK2 values are 2.22 � 0.03 and
5.99 � 0.02, respectively, for 3,4-dinitrophenyl lactoside
hydrolysis, whereas these values are 2.94 � 0.11 and 6.45 �
0.06, respectively, for 2-chloro-4-nitrophenyl lactoside hydro-
lysis (68). The small difference between our calculated pKa val-
ues and experimentally measured apparent pKa values may be
due to the different substrates used in the simulations and the
experiments. Finally, we note that the calculated pKa values of
Asp-401 in Cel6A andAsp-214 in Cel7Amay have larger errors
due to less sampling of the protonation states at the boundary
regions, i.e. pH 2 is the lower limit used in Cel6A pH-REX sim-
ulations, and pH 7.8 is the upper limit used in Cel7A pH-REX
simulations.
The fitted Hill coefficients (n), representing the slope of a

titration curve, are 0.47 for Asp-221 in Cel6A and 0.31 for Asp-
214 in Cel7A, whereas n ranges from 0.80 to 0.88 for the other
four catalytic residues. In general, a small value of n indicates
that the titration of this residue is strongly coupled to another
titratable residue. For instance, the titration of Asp-221 might
be coupled to Asp-175 in Cel6A, and the titration of Asp-214
might be coupled to Glu-212 in Cel7A.
PMF for Ring Pucker inCellulases—Akey step inGHcatalysis

is the carbohydrate ring distortion at the �1 site (41) to a non-
chair conformation, which is thought to prime the ligand for
nucleophilic attack. We hypothesized that changes related to

the protonation states of the residues around the �1 ligand-
binding site will affect the relative thermodynamic stability of
the non-chair conformation in both Cel7A and Cel6A. To test
this hypothesis, as described below, we conducted free energy
calculations to examine the free energy changes in Cel7A from
the 1,4B conformation to the 4C1 chair conformation and in
Cel6A from the 2S0 conformation to the 4C1 chair conforma-
tion. However, we first conducted umbrella sampling simula-
tions of ring pucker in a glucose molecule and a cellohexaose
molecule in vacuum to determine whether or not the classical
force field is able to distinguish that non-chair conformations
(from Cel6A) are higher in free energy as has been shown with
quantum mechanical calculations (72) and experiments (73,
74). Each umbrella window was run for 100 ns for glucose and
50 ns for cellohexaose. The constructed PMF, as shown in Fig.
5A, suggests that the chair conformation is more thermody-
namically favorable for both glucose and cellohexaose mole-
cules in vacuum, as expected. Interestingly, the results also that
show a glucose ring located in a cellodextrin chain will prefer a
chair conformation more strongly than a single glucose mole-
cule does. A close examination of the other two ring pucker
parameters (� and �) confirmed that the two stable states
observed in Fig. 5A represent the chair and the 2S0 skew con-
formations (supplemental Fig. S1, A and B).

The calculated PMF profiles of the ring pucker at the �1
ligand-binding sites in Cel6A and Cel7A are provided in Fig. 5
(B andC). Computer simulations in Cel6A have shown that the
glucose ring at the �1 site cycles between chair and skew con-
formations, with skew being the energetically favorable confor-
mation (34). Our results suggest that at pH 5, which is the opti-
mal pH for Cel6A, the skew conformation is slightly more
thermodynamically favorable than the chair conformation.
Additional examination of the other two Cremer-Pople ring
pucker parameters (� and �) confirmed that the stable skew
conformation at pH 5 is 2S0 and that the less stable chair con-

FIGURE 7. Shown is the H-bonding network observed in loops A and C of Cel6A at pH 5 (A) and pH 7 (B) and in loop B at pH 5 (D) and pH 7 (E). Hydrogen atoms
were omitted for clarity. The histograms of the number of H-bonds at pH 5 and 7 are also shown for loops A and C (C) and loop B (F).
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formation is 4C1 (supplemental Fig. S1, C and D). At pH 2, the
glucose ring ismore thermodynamically stable in the chair con-
formation. At pH 7, although the 2S0 conformation is also ther-
modynamically favorable, the pKa of the catalytic acid Asp-221
suggests that this residue will be most populated in the depro-
tonated state; thus, Asp-221 cannot provide a proton to the
glycosidic oxygen atom.
Similar toCel6A, our results suggest that at the optimal pHof

Cel7A, the glucose at the �1 site favors a distorted conforma-
tion, whereas a chair conformation is slightly thermodynami-
cally stable at more basic pH. A distorted conformation is also
more thermodynamically stable at pH 2. However, the nucleo-
phile Glu-212 will be mostly protonated at pH 2 based on its
pKa value and thuswill be unable to attack the anomeric carbon
to form a glycosyl-enzyme intermediate.
There have been several studies on the glucose ring confor-

mation at the �1 site in Cel7A, suggesting possible conforma-
tions such as 4H3 (� � 60°, � � 210°) and 4E (� � 60°, � � 240°)
(75), as well as 1S3 (� � 90°, � � 210°) and 1,4B (� � 90°, � �
240°) (76, 77). In this work, we used a theoretical model of
Cel7A (Protein Data Bank code 8CEL) consisting of a cel-
lononaose ligand in the catalytic tunnel to construct our
model system (14). The structures from our umbrella sam-
pling simulations suggest a 1,4B conformation for the glucose
at the �1 site (supplemental Fig. S1, E and F). We note that
because we were using a classical force field, the free energy
profiles obtained via umbrella sampling should be inter-
preted only semiquantitatively.
Loop Flexibility of Cel6A—Due to the demanding require-

ment of CPHMD simulations for computer resources and the
necessity of conductingmuch longerMD simulations to obtain
any meaningful information regarding the loop flexibility of
cellulases, we performed conventional MD simulations for 200
ns for Cel6A and Cel7A at pH 5 and 7 by fixing the protonation
states of the titratable residues based on the calculated pKa
values. The RMSF profiles of Cel6A residues during the 200-ns
fixed protonation stateMD simulations are shown in Fig. 6. Not
surprisingly, the two loops forming the roof of the catalytic
tunnel, i.e. loopsA andC, are among themost flexible regions in
Cel6A. Additionally, loop B, located near the tunnel entrance,
also exhibits strong flexibility. The bound substrate stabilizes
loops A and C, but it does not affect the flexibility of loop B
because the substrate does not directly interact with loop B. It
has been hypothesized that some flexibility in the tunnel-form-
ing loops may be important in catalytic engagement and sub-
strate threading in Cel6A (41). Our results illustrate that the
active site loops are more flexible at the optimal pH than at
neutral pH, which supports the experimental hypothesis (26),
and indicate that the loop flexibility also plays a key role in
determining the pH optima of cellulases, in addition to the pKa
values of catalytic residues. The pH-dependent flexibility of
active site loops is caused by modifications of the protonation
states of titratable residues located near these loops, corre-
sponding to changes in solution pH. As demonstrated in Fig. 7,
the H-bonding network is significantly modified at these loops,
and the number of H-bonds decreases when the solution pH
changes from 7 to 5. Protonation of Glu-326 at pH 5 results in
the breaking of several H-bonds involving His-266, Asn-307,

FIGURE 8. Shown are the RMSF profiles of Cel7A residues in the apo-state
(A) and in the bound state (B) during 200-ns fixed protonation state MD
simulations. The positions of the titratable acid residues are show as blue
squares. Snapshots of Cel7A structures at pH 5 (C) and pH 7 (D) are shown.
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Ser-316, Tyr-317, and Thr-318.We note that when the pKa of a
titratable residue is close to the solution pH, both protonated
and deprotonated states will equally coexist, which is a known
limitation of examining flexibility with fixed protonation states.
Loop Flexibility of Cel7A—The RMSF profiles of Cel7A resi-

dues during the 200-ns fixed protonation stateMD simulations
are shown in Fig. 8. The most flexible regions in Cel7A are
composed of four loops. The most significant pH-dependent
flexibility is observed at loop B, which is more flexible at pH 5
than at pH 7 in both the free and enzymes. Our results thus
support the experimental small angle neutron scattering mea-
surements of the solution structure of the CD of Cel7A, which
suggested that the Cel7ACDbecomesmore flexible at the opti-
mal pH (26). We note that the catalytic site of Cel7A is stable
regardless of the solution pH, as demonstrated by the small
RMSF values of the catalytically important residues Glu-212,
Asp-214, and Glu-217.
Similar to Cel6A, the pH-dependent flexibility of tunnel

loops in Cel7A is also induced by the changing of the proton-
ation states of titratable residues. As shown in Fig. 9, the num-
ber of H-bonds decreases as the solution pH changes from 7 to
5. The protonation of Asp-257 at pH 5 results in the loss of
several H-bonds involving Ser-248, Arg-251, and Asp-259,
which impairs the stability of loop B.
GH7 cellobiohydrolases have been shown to be able to bind

to insoluble cellulose via an endo-initiationmode, creating new
chain ends for further processive action (78, 79). A recent com-
putational study of three GH7 cellobiohydrolases suggests that
H. jecorinaCel7A exhibits reduced tunnel opening and flexibil-
ity compared with Heterobasidion irregulare Cel7A and Phan-
erochaete chrysosporiumCel7D (80). To investigate the effect of
pH on the opening of tunnel-forming loops, which certainly
influences enzyme processivity and the likelihood of endo-ini-
tiation, we measured the pairwise minimum distance among
three loops across the catalytic tunnel, as shown in Fig. 10. The
minimumdistance between loops B andC increases from 4.3 to
8.2 Å as the solution pH changes from 7 to 5. The minimum
distance between loops A and B also slightly increases by 0.6 Å.
Additional data showing the histograms of the minimal dis-
tances are provided in supplemental Fig. S4. We hypothesized
that the increased minimum distance between the tunnel-
forming loops at the optimal pHmay assist in the initial binding
of substrate via endo-initiation mode and subsequent cello-
dextrin threading, thus enhancing the enzyme activity. Similar
observations were also made for Cel6A. The minimal distance

between loops B and C in Fig. 7 increases by 1.8 Å as the solu-
tion pH changes from 7 to 5, although the minimal distances
between loops A and C and between loops A and B slightly
decrease by �0.2–0.5 Å (supplemental Fig. S5).

FIGURE 9. Shown is the H-bonding network in loop B of Cel7A at pH 5 (A) and pH 7 (B) and the histograms of the number of H-bonds at pH 5 and 7 (C).

FIGURE 10. A, three loops surrounding the catalytic tunnel of Cel7A. B and C, the
minimum distance of loop B from neighboring loops C and A, respectively.
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Conclusions—In this work, we have characterized the pKa
values of all titratable residues, including the key catalytic resi-
dues in the well characterized H. jecorina cellulases Cel6A and
Cel7A. Our results demonstrate that substrate bound in the
catalytic tunnel can significantly influence the pKa values of the
titratable acid residues at the active site. A detailed examination
of the dynamics of Asp-221 and Asp-175 supports their previ-
ously proposed roles, i.e.Asp-221 acts as the catalytic acid, and
Asp-175 may function as a base in a proton transfer chain. The
calculations also support that Glu-212 is the nucleophile in
Cel7A and that Glu-217 acts as catalytic acid/base. Addition-
ally, it has long been recognized that the ring pucker conforma-
tion of saccharides in the transition state is a crucial element in
the catalytic mechanisms of GHs (40). The calculated free
energy profiles of glucose ring pucker suggest that the glucose
residue at the �1 ligand-binding site is more thermodynami-
cally stable in the experimentally determined distorted confor-
mations in both Cel6A and Cel7A at the optimal pH. Finally,
our results demonstrate that the loops across the catalytic tun-
nels in Cel6A and Cel7A are more flexible at the optimal pH
than at neutral pH, which is due to the modification of the
H-bonding interactions induced by the protonation of titrata-
ble acid residues located near the tunnel-forming loops, corre-
sponding to changes in solution pH. At the optimal pH, Cel7A
exhibits a more open active site tunnel than it does at neutral
pH, which may aid in substrate access to the catalytic tunnel.
These results provide a molecular-level understanding of the
pH-dependent conformation changes in Cel7A as observed in
experimental studies (26). Taken together, this work suggests
that pH significantly affects the ring pucker conformation of
glucose at the �1 site necessary for catalysis and the flexibility
of the tunnel-forming loops, the latter which will affect proces-
sivity and substrate complexation.

Acknowledgments—We thank Dr. Christina M. Payne for help with
the ring pucker calculations, Dr. Antti-Pekka Hynninen for imple-
mentation of six-membered reaction coordinates into CHARMM,
and Dr. Jana Shen for providing the CPHMD scripts.

REFERENCES
1. Himmel, M. E., Ding, S. Y., Johnson, D. K., Adney, W. S., Nimlos, M. R.,

Brady, J. W., and Foust, T. D. (2007) Biomass recalcitrance: engineering
plants and enzymes for biofuels production. Science 315, 804–807

2. Chundawat, S. P., Beckham, G. T., Himmel, M. E., and Dale, B. E. (2011)
Deconstruction of lignocellulosic biomass to fuels and chemicals. Annu.
Rev. Chem. Biomol. Eng. 2, 121–145

3. Horn, S. J., Vaaje-Kolstad, G., Westereng, B., and Eijsink, V. G. (2012)
Novel enzymes for the degradation of cellulose. Biotechnol. Biofuels 5, 45

4. 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

5. 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

6. Lynd, L. R., Weimer, P. J., van Zyl, W. H., and Pretorius, I. S. (2002)
Microbial cellulose utilization: fundamentals and biotechnology. Micro-
biol. Mol. Biol. Rev. 66, 506–577

7. Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V.,
and Henrissat, B. (2009) The Carbohydrate-Active EnZymes database
(CAZy): an expert resource for glycogenomics. Nucleic Acids Res. 37,
D233–D238

8. Herpoël-Gimbert, I., Margeot, A., Dolla, A., Jan, G., Mollé, D., Lignon, S.,
Mathis, H., Sigoillot, J. C., Monot, F., and Asther, M. (2008) Comparative
secretome analyses of two Trichoderma reesei RUT-C30 and CL847 hy-
persecretory strains. Biotechnol. Biofuels 1, 18

9. Rosgaard, L., Pedersen, S., Langston, J., Akerhielm, D., Cherry, J. R., and
Meyer, A. S. (2007) Evaluation of minimal Trichoderma reesei cellulase
mixtures on differently pretreated barley straw substrates. Biotechnol.
Prog. 23, 1270–1276

10. Boisset, C., Fraschini, C., Schülein, M., Henrissat, B., and Chanzy, H.
(2000) Imaging the enzymatic digestion of bacterial cellulose ribbons re-
veals the endo character of the cellobiohydrolase Cel6A from Humicola
insolens and its mode of synergy with cellobiohydrolase Cel7A. Appl. En-
viron. Microb. 66, 1444–1452

11. Chanzy, H., and Henrissat, B. (1985) Undirectional degradation of Valo-
nia cellulose microcrystals subjected to cellulase action. FEBS Lett. 184,
285–288

12. Chanzy,H.,Henrissat, B., Vuong, R., and Schülein,M. (1983)The action of
1,4-�-D-glucan cellobiohydrolase on Valonia cellulose microcrystals: an
electron microscopic study. FEBS Lett. 153, 113–118

13. Divne, C., Ståhlberg, J., Reinikainen, T., Ruohonen, L., Pettersson, G.,
Knowles, J. K., Teeri, T. T., and Jones, T. A. (1994) The three-dimensional
crystal structure of the catalytic core of cellobiohydrolase I from
Trichoderma reesei. Science 265, 524–528

14. Divne, C., Ståhlberg, J., Teeri, T. T., and Jones, T. A. (1998) High-resolu-
tion crystal structures reveal how a cellulose chain is bound in the 50 Å
long tunnel of cellobiohydrolase I from Trichoderma reesei. J. Mol. Biol.
275, 309–325

15. Rouvinen, J., Bergfors, T., Teeri, T., Knowles, J. K., and Jones, T. A. (1990)
Three-dimensional structure of cellobiohydrolase II from Trichoderma
reesei. Science 249, 380–386

16. Boer, H., and Koivula, A. (2003) The relationship between thermal stabil-
ity and pH optimum studied with wild-type and mutant Trichoderma
reesei cellobiohydrolase Cel7A. Eur. J. Biochem. 270, 841–848

17. Colussi, F., Garcia,W., Rosseto, F. R., deMello, B. L., de Oliveira Neto,M.,
and Polikarpov, I. (2012) Effect of pH and temperature on the global com-
pactness, structure, and activity of cellobiohydrolase Cel7A from
Trichoderma harzianum. Eur. Biophys. J. 41, 89–98

18. Linder,M., Nevanen, T., andTeeri, T. T. (1999)Design of a pH-dependent
cellulose-binding domain. FEBS Lett. 447, 13–16

19. Qin, Y.,Wei, X., Song, X., andQu, Y. (2008) Engineering endoglucanase II
from Trichoderma reesei to improve the catalytic efficiency at a higher pH
optimum. J. Biotechnol. 135, 190–195

20. Schülein, M. (1997) Enzymatic properties of cellulases from Humicola
insolens. J. Biotechnol. 57, 71–81

21. Wohlfahrt, G., Pellikka, T., Boer, H., Teeri, T. T., and Koivula, A. (2003)
Probing pH-dependent functional elements in proteins: modification of
carboxylic acid pairs in Trichoderma reesei cellobiohydrolase Cel6A. Bio-
chemistry 42, 10095–10103

22. Koivula, A., Reinikainen, T., Ruohonen, L., Valkeajärvi, A., Claeyssens,M.,
Teleman, O., Kleywegt, G. J., Szardenings, M., Rouvinen, J., Jones, T. A.,
and Teeri, T. T. (1996) The active site of Trichoderma reesei cellobio-
hydrolase II: the role of tyrosine 169. Protein Eng. 9, 691–699

23. Stals, I., Sandra, K., Geysens, S., Contreras, R., Van Beeumen, J., andClaey-
ssens, M. (2004) Factors influencing glycosylation of Trichoderma reesei
cellulases. I: postsecretorial changes of theO- andN-glycosylation pattern
of Cel7A. Glycobiology 14, 713–724

24. Cockburn, D.W., Vandenende, C., andClarke, A. J. (2010)Modulating the
pH-activity profile of cellulase by substitution: replacing the general base
catalyst aspartate with cysteinesulfinate in cellulase A from Cellulomonas
fimi. Biochemistry 49, 2042–2050

25. Cockburn, D. W., and Clarke, A. J. (2011) Modulating the pH-activity
profile of cellulase A from Cellulomonas fimi by replacement of surface
residues. Protein Eng. Des. Sel. 24, 429–437

26. Pingali, S. V., O’Neill, H. M., McGaughey, J., Urban, V. S., Rempe, C. S.,

pH Effects on Glycoside Hydrolase Structure and Function

12184 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 17 • APRIL 26, 2013



Petridis, L., Smith, J. C., Evans, B. R., and Heller, W. T. (2011) Small angle
neutron scattering reveals pH-dependent conformational changes in
Trichoderma reesei cellobiohydrolase I. Implications for enzymatic activ-
ity. J. Biol. Chem. 286, 32801–32809

27. Beckham, G. T., Bomble, Y. J., Bayer, E. A., Himmel, M. E., and Crowley,
M. F. (2011) Applications of computational science for understanding
enzymatic deconstruction of cellulose. Curr. Opin. Biotechnol. 22,
231–238

28. Beckham, G. T., Bomble, Y. J., Matthews, J. F., Taylor, C. B., Resch, M. G.,
Yarbrough, J. M., Decker, S. R., Bu, L., Zhao, X., McCabe, C., Wohlert, J.,
Bergenstråhle, M., Brady, J. W., Adney, W. S., Himmel, M. E., and Crow-
ley, M. F. (2010) The linker peptide from the Trichoderma reesei family 7
cellulase is a flexible, disordered tether between the catalytic domain and
carbohydrate-binding module further extended by O-linked glycosyla-
tion. Biophys. J. 99, 3773–3781

29. Beckham, G. T., Matthews, J. F., Bomble, Y. J., Bu, L., Adney, W. S., Him-
mel, M. E., Nimlos, M. R., and Crowley, M. F. (2010) Identification of
amino acids responsible for processivity in a family 1 carbohydrate-bind-
ing module from a fungal cellulase. J. Phys. Chem. B 114, 1447–1453

30. Nimlos, M. R., Beckham, G. T., Matthews, J. F., Bu, L., Himmel, M. E., and
Crowley,M. F. (2012) Binding preferences, surface attachment, diffusivity,
and orientation of a family 1 carbohydrate-binding module on cellulose.
J. Biol. Chem. 287, 20603–20612

31. Taylor, C. B., Talib,M. F.,McCabe, C., Bu, L., Adney,W. S., Himmel,M. E.,
Crowley,M. F., and Beckham,G. T. (2012) Computational investigation of
glycosylation effects on a family 1 carbohydrate-binding module. J. Biol.
Chem. 287, 3147–3155

32. Bu, L., Beckham,G. T., Shirts,M. R., Nimlos,M. R., Adney,W. S., Himmel,
M. E., and Crowley, M. F. (2011) Probing carbohydrate product expulsion
from a processive cellulase with multiple absolute binding free energy
methods. J. Biol. Chem. 286, 18161–18169

33. Bu, L., Nimlos, M. R., Shirts, M. R., Ståhlberg, J., Himmel, M. E., Crowley,
M. F., and Beckham, G. T. (2012) Product binding varies dramatically
between processive and nonprocessive cellulase enzymes. J. Biol. Chem.
287, 24807–24813

34. Payne, C. M., Bomble, Y. J., Taylor, C. B., McCabe, C., Himmel, M. E.,
Crowley,M. F., andBeckham,G.T. (2011)Multiple functions of aromatic-
carbohydrate interactions in a processive cellulase examined with molec-
ular simulation. J. Biol. Chem. 286, 41028–41035

35. Khandogin, J., and Brooks, C. L., 3rd (2005) Constant pH molecular dy-
namics with proton tautomerism. Biophys. J. 89, 141–157

36. Lee, M. S., Salsbury, F. R., Jr., and Brooks, C. L., 3rd (2004) Constant-pH
molecular dynamics using continuous titration coordinates. Proteins 56,
738–752

37. Wallace, J. A., and Shen, J. K. (2011) Continuous constant pH molecular
dynamics in explicit solvent with pH-based replica exchange. J. Chem.
Theory Comput. 7, 2617–2629

38. Im, W., Lee, M. S., and Brooks, C. L., 3rd (2003) Generalized Born model
with a simple smoothing function. J. Comput. Chem. 24, 1691–1702

39. Swails, J. M., and Roitberg, A. E. (2012) Enhancing conformation and
protonation state sampling of hen egg white lysozyme using pH replica
exchange molecular dynamics. J. Chem. Theory Comput. 8, 4393–4404

40. Zechel, D. L., andWithers, S. G. (2000)Glycosidasemechanisms: anatomy
of a finely tuned catalyst. Acc. Chem. Res. 33, 11–18

41. Zou, J., Kleywegt, G. J., Ståhlberg, J., Driguez, H., Nerinckx, W., Claey-
ssens,M., Koivula, A., Teeri, T. T., and Jones, T. A. (1999)Crystallographic
evidence for substrate ring distortion and protein conformational changes
during catalysis in cellobiohydrolase Cel6A from Trichoderma reesei.
Structure 7, 1035–1045

42. Brooks, B. R., Brooks, C. L., 3rd, MacKerell, A. D., Jr., Nilsson, L., Petrella,
R. J., Roux, B., Won, Y., Archontis, G., Bartels, C., Boresch, S., Caflisch, A.,
Caves, L., Cui,Q., Dinner, A. R., Feig,M., Fischer, S., Gao, J., Hodoscek,M.,
Im,W., Kuczera, K., Lazaridis, T., Ma, J., Ovchinnikov, V., Paci, E., Pastor,
R. W., Post, C. B., Pu, J. Z., Schaefer, M., Tidor, B., Venable, R. M., Wood-
cock, H. L., Wu, X., Yang, W., York, D. M., and Karplus, M. (2009)
CHARMM: the biomolecular simulation program. J. Comput. Chem. 30,
1545–1614

43. MacKerell, A. D., Jr., Bashford, D., Bellott, M., Dunbrack, R. L., Evanseck,

J. D., Field, M. J., Fischer, S., Gao, J., Guo, H., Ha, S., Joseph-McCarthy, D.,
Kuchnir, L., Kuczera, K., Lau, F. T. K., Mattos, C., Michnick, S., Ngo, T.,
Nguyen, D. T., Prodhom, B., Reiher, W. E., Roux, B., Schlenkrich, M.,
Smith, J. C., Stote, R., Straub, J., Watanabe, M., Wiorkiewicz-Kuczera, J.,
Yin, D., andKarplus,M. (1998) All-atom empirical potential formolecular
modeling and dynamics studies of proteins. J. Phys. Chem. B 102,
3586–3616

44. Feig, M., MacKerell, A. D., Jr., and Brooks, C. L., 3rd (2003) Force field
influence on the observation of �-helical protein structures in molecular
dynamics simulations. J. Phys. Chem. B 107, 2831–2836

45. MacKerell, A. D., Jr., Feig, M., and Brooks, C. L., 3rd (2004) Extending the
treatment of backbone energetics in protein force fields: limitations of
gas-phase quantum mechanics in reproducing protein conformational
distributions in molecular dynamics simulations. J. Comput. Chem. 25,
1400–1415

46. MacKerell, A. D., Jr., Feig, M., and Brooks, C. L., 3rd (2004) Improved
treatment of the protein backbone in empirical force fields. J. Am. Chem.
Soc. 126, 698–699

47. Guvench, O., Greene, S. N., Kamath, G., Brady, J. W., Venable, R. M.,
Pastor, R. W., and MacKerell, A. D., Jr. (2008) Additive empirical force
field for hexopyranose monosaccharides. J. Comput. Chem. 29,
2543–2564

48. Guvench, O., Hatcher, E., Venable, R. M., Pastor, R. W., and MacKerell,
A. D., Jr. (2009) CHARMM additive all-atom force field for glycosidic
linkages between hexopyranoses. J. Chem. Theory Comput. 5, 2353–2370

49. Durell, S. R., Brooks, B. R., and Ben-Naim, A. (1994) Solvent-induced
forces between two hydrophilic groups. J. Phys. Chem. 98, 2198–2202

50. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., and
Klein, M. L. (1983) Comparison of simple potential functions for simulat-
ing liquid water. J. Chem. Phys. 79, 926–935

51. Hoover, W. G. (1985) Canonical dynamics–equilibrium phase-space dis-
tributions. Phys. Rev. A 31, 1695–1697

52. Nosé, S. (1984) A unified formulation of the constant temperature molec-
ular-dynamics methods. J. Chem. Phys. 81, 511–519

53. Ryckaert, J.-P., Ciccotti, G., and Berendsen, H. J. C. (1977) Numerical
integration of Cartesian equations of motion of a systemwith constraints:
molecular dynamics of N-alkanes. J. Comput. Phys. 23, 327–341

54. Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., and Peder-
sen, L. G. (1995) A smooth particle mesh Ewald method. J. Chem. Phys.
103, 8577–8593

55. Kong, X., and Brooks, C. L. (1996) �-Dynamics: a new approach to free
energy calculations. J. Chem. Phys. 105, 2414–2423

56. Khandogin, J., and Brooks, C. L., 3rd (2006) Toward the accurate first-
principles prediction of ionization equilibria in proteins. Biochemistry 45,
9363–9373

57. Im, W., Feig, M., and Brooks, C. L. (2003) An implicit membrane gener-
alized Born theory for the study of structure, stability, and interactions of
membrane proteins. Biophys. J. 85, 2900–2918

58. Chen, J., Im, W., and Brooks, C. L., 3rd (2006) Balancing solvation and
intramolecular interactions: toward a consistent generalized Born force
field. J. Am. Chem. Soc. 128, 3728–3736

59. Nina, M., Beglov, D., and Roux, B. (1997) Atomic radii for continuum
electrostatics calculations based on molecular dynamics free energy sim-
ulations. J. Phys. Chem. B 101, 5239–5248

60. Castañeda, C. A., Fitch, C. A., Majumdar, A., Khangulov, V., Schlessman,
J. L., and García-Moreno, B. E. (2009) Molecular determinants of the pKa

values of Asp and Glu residues in staphylococcal nuclease. Proteins 77,
570–588

61. Torrie, G. M., and Valleau, J. P. (1977) Non-physical sampling distribu-
tions in Monte Carlo free-energy estimation–umbrella sampling. J. Com-
put. Phys. 23, 187–199

62. Cremer, D., and Pople, J. A. (1975) General definition of ring puckering
coordinates. J. Am. Chem. Soc. 97, 1354–1358

63. Hill, A. D., and Reilly, P. J. (2007) Puckering coordinates of monocyclic
rings by triangular decomposition. J. Chem. Inf. Model. 47, 1031–1035

64. Kumar, S., Rosenberg, J. M., Bouzida, D., Swendsen, R. H., and Kollman,
P. A. (1992) The weighted histogram analysis method for free-energy cal-
culations on biomolecules. 1. The Method. J. Comput. Chem. 13,

pH Effects on Glycoside Hydrolase Structure and Function

APRIL 26, 2013 • VOLUME 288 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 12185



1011–1021
65. Koivula, A., Ruohonen, L., Wohlfahrt, G., Reinikainen, T., Teeri, T. T.,

Piens, K., Claeyssens,M.,Weber,M., Vasella, A., Becker, D., Sinnott,M. L.,
Zou, J. Y., Kleywegt, G. J., Szardenings, M., Ståhlberg, J., and Jones, T. A.
(2002) The active site of cellobiohydrolase Cel6A from Trichoderma re-
esei: the roles of aspartic acids D221 and D175. J. Am. Chem. Soc. 124,
10015–10024

66. Damude, H. G., Ferro, V., Withers, S. G., and Warren, R. A. (1996) Sub-
strate specificity of endoglucanase A from Cellulomonas fimi: fundamen-
tal differences between endoglucanases and exoglucanases from family 6.
Biochem. J. 315, 467–472

67. Damude, H. G., Withers, S. G., Kilburn, D. G., Miller, R. C., Jr., and War-
ren, R. A. (1995) Site-directed mutation of the putative catalytic residues
of endoglucanase CenA from Cellulomonas fimi. Biochemistry 34,
2220–2224

68. Becker, D., Braet, C., Brumer, H., 3rd, Claeyssens, M., Divne, C., Fager-
ström, B. R., Harris,M., Jones, T. A., Kleywegt, G. J., Koivula, A.,Mahdi, S.,
Piens, K., Sinnott, M. L., Ståhlberg, J., Teeri, T. T., Underwood, M., and
Wohlfahrt, G. (2001) Engineering of a glycosidase family 7 cellobiohydro-
lase to more alkaline pH optimum: the pH behaviour of Trichoderma
reesei Cel7A and its E223S/A224H/L225V/T226A/D262G mutant.
Biochem. J. 356, 19–30

69. Knowles, J. K. C., Lentovaara, P., Murray, M., and Sinnott, M. L. (1988)
Stereochemical course of the action of the cellobioside hydrolase-I and
hydrolase-II of Trichoderma reesei. J. Chem. Soc. Chem. Commun.
1401–1402

70. Li, J., Du, L.., andWang, L. (2010) Glycosidic-bond hydrolysis mechanism
catalyzed by cellulase Cel7A from Trichoderma reesei: a comprehensive
theoretical study by performing MD, QM, and QM/MM calculations. J.
Phys. Chem. B 114, 15261–15268

71. Ståhlberg, J., Henriksson, H., Divne, C., Isaksson, R., Pettersson, G., Jo-
hansson, G., and Jones, T. A. (2001) Structural basis for enantiomer bind-
ing and separation of a common �-blocker: crystal structure of cellobio-

hydrolase Cel7A with bound (S)-propranolol at 1.9 Å resolution. J. Mol.
Biol. 305, 79–93

72. Barrows, S. E., Dulles, F. J., Cramer, C. J., French, A. D., and Truhlar, D. G.
(1995) Relative stability of alternative chair forms andhydroxymethyl con-
formations of �-D-glucopyranose. Carbohydr. Res. 276, 219–251

73. Cox, E. G., and Jeffrey, G. A. (1939) Crystal structure of glucosamine
hydrobromide. Nature 143, 894–895

74. Reeves, R. E. (1950) The shape of pyranoside rings. J. Am. Chem. Soc. 72,
1499–1506

75. Barnett, C. B., Wilkinson, K. A., and Naidoo, K. J. (2010) Pyranose ring
transition state is derived from cellobiohydrolase I-induced conforma-
tional stability and glycosidic bond polarization. J. Am. Chem. Soc. 132,
12800–12803

76. Sulzenbacher, G., Schülein, M., and Davies, G. J. (1997) Structure of the
endoglucanase I from Fusarium oxysporum: native, cellobiose, and 3,4-
epoxybutyl �-D-cellobioside-inhibited forms, at 2.3 Å resolution. Bio-
chemistry 36, 5902–5911

77. Sulzenbacher, G., Driguez, H., Henrissat, B., Schülein,M., andDavies, G. J.
(1996) Structure of the Fusarium oxysporum endoglucanase I with a non-
hydrolyzable substrate analogue: substrate distortion gives rise to the pre-
ferred axial orientation for the leaving group. Biochemistry 35,
15280–15287

78. Kurasin, M., and Väljamäe, P. (2011) Processivity of cellobiohydrolases is
limited by the substrate. J. Biol. Chem. 286, 169–177

79. Ståhlberg, J., Johansson, G., and Pettersson, G. (1993) Trichoderma reesei
has no true exo-cellulase: all intact and truncated cellulases produce new
reducing end groups on cellulose. Biochim. Biophys. Acta 1157, 107–113

80. Momeni, M. H., Payne, C. M., Hansson, H., Mikkelsen, N. E., Svedberg, J.,
Engström, A., Sandgren, M., Beckham, G. T., and Ståhlberg, J. (2013)
Structural, biochemical, and computational characterization of the glyco-
side hydrolase family 7 cellobiohydrolase of the tree-killing fungusHetero-
basidion irregulare. J. Biol. Chem. 288, 5861–5872

pH Effects on Glycoside Hydrolase Structure and Function

12186 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 17 • APRIL 26, 2013


