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Abstract Understanding the factors that determine the

catalytic efficiency of cellulases is of considerable

importance in cellulosic ethanol production, especially

at high temperature. The cellulase 12A from the

hyperthermophile Thermotoga maritima (TmCel12A)

is a possible candidate for accelerating the rate of

hydrolysis via temperature elevation up to as high as

95 �C. However, the details of the catalytic mechanism

and origin of the activity of TmCel12A at high temper-

ature have not been well studied. Here, the enzyme-

catalyzed reaction is explored using free energy simu-

lations (potential ofmean force) with umbrella sampling

and quantum mechanical/molecular mechanical (SCC-

DFTB/MM) potential at both relatively low (37 �C) and
high (85 �C) temperatures. The free energy barriers for

glycosylation and deglycosylation are calculated to be

22.5 ± 0.4 and 24.5 ± 0.7 kcal � mol-1 at 85 �C,
respectively. The barrier for deglycosylation is found

to decrease with increasing temperature or as a result of

the Y61 ? G mutation, consistent with experimental

observations. The transition state for glycosylation and

deglycosylation obtained from the simulations is in an

oxocarbonium state with the -1 glucose ring having an

E3 envelop (or 4H3 half-chair) conformation. A unique

characteristic of the TmCel12A structure seems to be the

existence of a stable moiety that may play a role in

‘‘holding’’ cellulose at the binding site with the correct

orientation for the reaction even at 85 �C. This stable
moiety (comprising hydrogen-bonded E116, E134,

E227 and an active-site water molecule) may be one of

the important factors for the relatively high activity of

TmCel12A at high temperature.

Keywords Cellulase � Catalytic mechanism �
Quantum mechanical/molecular mechanical

(QM/MM) � Molecular dynamics (MD)

Introduction

Cellulose, a straight chain of homogenous polymer of

glucose units linked together by b-1,4-glycosidic
bond, is one of the most abundant carbohydrates

on earth and is a potentially important source of

renewable bioproducts and biofuels such as ethanol
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(Himmel et al. 2007; Demain et al. 2005; Himmel et al.

1999). Cellulases (Zhang et al. 2006) from several

microbial species are able to hydrolyze cellulose

chains into fragments, and even monomeric glucoses,

which can serve as precursors for producing renewable

biofuel energy. Developing more efficient cellulases is

of considerable interest for industrial biofuel produc-

tion from cellulose. However, most, if not all,

cellulases currently known lack the efficiency due to

thermal deactivation, end product inhibition, nonspe-

cific binding to lignin, and some other factors (Zhang

et al. 2006; Yang and Wyman 2004).

One possible way to speed up a reaction is to elevate

the reaction temperature. However, most enzymes in

living organisms are mesophilic or psychrophilic, with

optimal functional temperatures around 25–50 and

5–25 �C, respectively (Vieille and Zeikus 2001).

Various approaches have been adopted to improve

the thermostability of cellulases (Xue et al. 2012; Javed

et al. 2011; Viikari et al. 2007; Kang et al. 2007; Haki

and Rakshit 2003; Volfova et al. 1985; Vieille and

Zeikus 2001), including rational design (Srikrishnan

et al. 2012; Yi et al. 2011), directed evolution (Liang

et al. 2011a; Nakazawa et al. 2009), genetic engineer-

ing (Argyros et al. 2011; Shaw et al. 2008), in vitro

recombination (Lee et al. 2010;Murashima et al. 2002)

and theoretical techniques (Anbar et al. 2012; Liang

et al. 2011b). In order to apply the different approaches,

understanding the activities of the enzymes at high

temperature is of importance. Interestingly, a small

group of enzymes from thermophilic microorganisms

is able to withstand temperatures as high as 95 �C
(Bronnenmeier et al. 1995; Liebl et al. 1996). Cellulase

12A from the bacterial thermophile Thermotoga

maritima (TmCel12A) is one member of this group

and belongs to the family 12 of glycoside hydro-

lases (GH12)(Bronnenmeier et al. 1995; Liebl et al.

1996; Nelson et al. 1999). The X-ray crystallographic

structure of over-expressed TmCel12A from the gene

MSB8 (ATCC 43589) has been recently solved by

Cheng et al. (Liu et al. 2011), and the structural and

biochemical studies have provided valuable insight

into the function of the enzyme. For instance, it has

been demonstrated that the activity of TmCel12A can

be further enhanced by certain mutation(s). Indeed, the

kcat value was found to increase from 791 to 1,155 S-1

when Y61 of TmCel12A was mutated to glycine

(Cheng et al. 2012). Nevertheless, to the best of our

knowledge the catalytic mechanism and activities of

TmCel12A and its mutant at high temperature have not

been studied in detail.

In the present study, quantum mechanical/molecu-

lar mechanical (QM/MM) molecular dynamics (MD)

and free energy simulations were performed on

TmCel12A at both relatively low (37 �C) and high

(85 �C) temperatures to investigate the catalytic

mechanism and to understand the activity of the

enzyme at high temperature. The relatively high

activities at the high temperature and as a result of

the Y61G mutation were reproduced computationally.

The simulations indicate that a structural moiety

comprising E116, E134, E227 and an active-site water

molecule (stabilized by hydrogen-bond networks)

appears to play a role in maintaining the reactive

configuration for cellulose at the high temperature

(85 �C). A bioinformatics assessment was further

performed to support this hypothesis by exploring the

sequence conservation of both hyperthermophilic and

non-thermophilic cellulases.

Methods

The CHARMM program (Brooks et al. 1983, 2009)

was used for this study. A semi-empirical density-

functional approach, self-consistent charge density-

functional tight-binding method (SCC-DFTB) (Elst-

ner et al. 1998) implemented in the CHARMM

program (Brooks et al. 1983, 2009), was used for the

QM atoms in the QM/MM MD and free energy

(potential of mean force, PMF) simulations. SCC-

DFTB has been widely tested and applied to both

organic molecules (Elstner et al. 2003; Sattelmeyer

et al. 2006) and biological molecules including

enzymes (Banerjee et al. 2005; Guo et al. 2001;

Riccardi et al. 2008; Li and Cui 2003; Bondar et al.

2004; Guo et al. 2005a, b; Xu et al. 2006). Although

downfalls were found from different versions of

DFTB in accurately simulating the structure of water

cluster (Maupin et al. 2010; Choi et al. 2013) and

carbohydrates (Islam and Roy 2012), the parameters in

mio-1-1 set were reported to reproduce the free energy

surface obtained with ab initiomethod for the furanose

and pyranose ring systems (Barnett and Naidoo 2010;

Barnett et al. 2010; Sattelle and Almond 2010).

Moreover, a comparison of SCC-DFTB calculation

with B3LYP/6-31G* on a similar system has been

made previously by Liu et al. (Liu et al. 2010). Only
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small differences in bond lengths (less than 0.1 Å) and

angles (less than 5�) were observed. Therefore, it is

plausible to use SCC-DFTB in the QM/MM simula-

tions of the cellulase TmCel12A. However, it should

be pointed out that care must be exercised when the

SCC-DFTB method is used for other systems.

The CHARMM32 (Mackerell et al. 2004) all-atom

force field was employed for the MM atoms. A

modified TIP3P (Jorgensen 1981) water model was

employed for the solvent. The initial coordinates were

obtained from the crystal structure of cellulase 12A

from T. maritima (TmCel12A (Liu et al. 2011), PDB

ID: 3AMM, resolution: 1.98 Å). The substrate (cello-

tetraose), residues E231 (the general acid/base), E134

and E116 were treated by QM, and the rest of the

system by MM. The mio-1-1(Elstner et al. 1998;

Niehaus et al. 2001; Yang et al. 2008; Gaus et al. 2011)

set of parameters was chosen for the SCC-DFTB

method.

Stochastic boundary conditions (Brooks et al. 1985)

were adopted in this study. The system was separated

into a reaction zone and a reservoir region and the

reaction zone was further divided into a reaction

region and a buffer region. The oxygen atom of the

glycosidic linkage between the -1 and ?1 glucose

(Fig. 1) was chosen as the reference center for

partitioning the system. The reaction region was a

sphere with radius R = 20 Å, and the buffer region

with 20 B R B 22 Å. Atoms in the reaction region

were simulated using Newtonian molecular dynamics,

whereas atoms in the buffer region were described by

Langevin dynamics. The friction constants of the

Langevin dynamics for the protein and water atoms

were 250 and 62 ps-1, respectively. An integration

step of 1 fs was used in all simulations. A minimiza-

tion using steepest descent method for the MM atoms,

followed by the adapted basis Newton–Raphson

(ABNR) method for the whole system was performed

until the gradient of the system converged to less than

10-6 kcal � mol-1. The reaction coordinate driving

method was employed to find the minimum energy

path (MEP).

The catalysis involves both a nucleophilic attack

(NA) and a proton transfer (PT) in glycosylation and

deglycosylation (Fig. 1). Therefore, a set of proper

reaction coordinates (RC) is required to represent both

events during the two steps of the catalysis. A rational

choice is to use two separate RCs, with RC1 for the PT

and RC2 for the NA, respectively. This choice has been

applied in other enzyme systems (Guo et al. 2006).

However, a relatively expensive two-dimensional (2D)

simulation is required for this approach. An alternative,

one-dimensional (1D) approach is to use the linear

combination of both RCs, if the NA and PT processes

are correlated with each other such that to represent the

2D results (Saharay et al. 2010). In order to test whether

the 1D approach is able to reproduce the 2D results,

both approacheswere applied on theTmCel12A system

at its optimal temperature (85 �C) (Bronnenmeier et al.

1995; Liebl et al. 1996).

Starting with the structures collected from the MEP

calculations, umbrella sampling (Torrie and Valleau

1974) together with the weighted histogram analysis

method (WHAM)(Kumar et al. 1992) were applied to

determine the free energy (potential of mean force,

PMF) along the reaction path. The free energy profiles

were calculated at both 37 and 85 �C. In the 1D PMFs

at both 37 and 85 �C, 64 windows with a width of

0.1 Å were employed for glycosylation (60 windows

for deglycosylation). For the low temperature (37 �C)
simulations, the system at each window was heated to

37 �C in 50 ps and equilibrated for 500 ps until the

RMSD value of the backbone atoms of enzyme

reached a plateau, and the data were collected from

a 200 ps production run after the equilibration. In the

high temperature (85 �C) simulations, 50 ps heating,

200 ps equilibration and 100 ps production runs were

performed starting from the equilibrated conformations

obtained at 37 �C. In the umbrella sampling, harmonic

potentialswith a force constant of 80 kcal � mol-1 � Å-2

were used. In each case, five independent runs were

performed using different initial randomized Gauss-

ian distribution of velocities. The standard deviations

of the free energies obtained from the five simulations

were subsequently presented as the statistical errors.

For the 2D simulations at 85 �C of the wild type (WT)

enzyme, two harmonic restraints on the RCs for both

NA and PTwere applied for a total of 192windows for

glycosylation, and 180 windows for deglycosylation,

respectively.

In order to further determine the factors affecting

the activity of TmCel12A, an additional 500 ps QM/

MM MD simulations with all restraints relaxed were

performed for the reactant state of theWT, E116G and

E116D mutants at both the low (37 �C) and high

(85 �C) temperatures, respectively.
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Results and discussion

Similar to other members of the family, TmCel12A is a

retaining glycosidase, i.e., the stereo configuration of

the anomeric center is retained after catalysis (Schou

et al. 1993). The enzyme hydrolyzes cellulose in two

steps: glycosylation and deglycosylation. The cata-

lytic reaction in glycosylation/deglycosylation

involves a nucleophilic attack (NA) accompanied by

a proton transfer (PT), which can be described by two

independent reaction coordinates (RC1/RC10 and

RC2/RC20), respectively (Fig. 1). During the glyco-

sylation, the carboxylate of E134 attacks the anomeric

carbon atom at the -1 position of the substrate (NA,

RC2), and at the same time the protonated E231 side

chain functions as a general acid to protonate the

linkage oxygen atom (PT, RC1). This step yields a

non-reducing end at the ?1 position of the cellobiose

and a covalent complex between E134 and -1 unit of

the substrate. Moreover, the deprotonated E231 could

serve as a general base facilitating the deglycosylation

step. In deglycosylation, the NA involves the attacking

of a water molecule to the anomeric carbon at the -1

position (RC20), which is assisted by the PT from the

water molecule to E231 (RC10). This step leads to the

cleavage of the C–O bond between cellobiose and

E134 and the formation of the C–O bond between the

cellobiose and the hydroxyl group of the water

molecule. As a consequence, E231 returns to the

protonated state. After deglycosylation the enzyme

returns to its initial state such that the catalytic cycle of

degradation is complete (Fig. 1).

Potential of mean force profiles of glycosylation

and deglycosylation

Two-dimensional (2D) PMF surfaces for both glyco-

sylation and deglycosylation at 85 �C [the optimal

growth temperature of TmCel12A (Bronnenmeier

et al. 1995; Liebl et al. 1996)] were performed using

two separate reaction coordinates (RC2/RC20 and

RC1/RC10, Fig. 1) to describe the nucleophilic attack

(NA) and the proton transfer (PT), respectively. The

reaction surfaces from the 2D PMFs are plotted in

Fig. 2a, b for glycosylation and deglycosylation,

respectively. Concerted NA and PT were observed in

glycosylation, i.e., the PT appeared to be synchronous

with the NA. However, in deglycosylation (from RS to

PS), the NA occurred ahead of the PT, i.e., the

PT started mainly after the TS. The free energy

barriers obtained with the 2D PMF are 21.4 kcal �
mol-1 for glycosylation and 27.1 kcal � mol-1 for

deglycosylation.

Fig. 1 Reaction coordinates (RC) of a glycosylation, the 2D

(RC1/RC2) and 1D (RCglycol) RCs are RC1 = R1 - R2,

RC2 = R3 - R4 and RCglycol = RC1 ? RC2; and b deglycosy-
lation. The 2D (RC10/RC20) and 1D (RCdeglycol) RCs are

RC10 = R10 - R20, RC20 = R30 - R40 and RCdeglycol =

RC10 ? RC20. Atoms used in the reaction coordinate driving

are shown in red and the catalytic residues are shown in blue. Here

R1 = r(OE231–HE231),R2 = r(HE231–Olinkage),R3 = r(Olinkage–C1),

R4 = r(C1–OE134), R10 = r(HWT–OWT), R20 = r(O231–HWT),

R30 = r(C1–OE134) and R4
0 = r(Owt–C1). (Color figure online)
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For comparison, the 1D PMF simulations using a

linear combination of the two RCs (Fig. 1) were also

carried out for both glycosylation and deglycosylation

of WT at 85 �C. It was found that for both steps the

reaction paths (Fig. 2c, d) obtained from the five

separate 1D PMF simulations agree well with the

corresponding result from 2D calculations (Fig. 2a, b)

with the free energy barriers deviating by only

*1–2 kcal � mol-1. These observations indicate that

the 1D PMFs should be able to address the essential

characteristics of the 2D PMFs for the reactions

studied here. The transition state (TS) structures of the

glycosylation and deglycosylation steps of WT at

85 �C further support the consistency between the 1D

and 2D approaches (see below and Fig. 3). Conse-

quently, in the subsequent calculations only the 1D

PMF simulations for WT and the mutants at both low

(37 �C) and high (85 �C) temperatures were per-

formed to save the computer time.

The PMF profiles for glycosylation exhibit only one

obvious peak, with a free-energy barrier of 22.0 ± 0.2

and 22.5 ± 0.4 kcal � mol-1 at 37 and 85 �C,

respectively (Fig. 2c). The deglycosylation reaction

is believed to be the rate-limiting step for some

cellulases utilizing the same two-step mechanism

(Liu et al. 2010), and this could be the case for

TmCel12A as well as indicated the relatively higher

barriers for deglycosylation from the simulations

(Fig. 2d). Figure 2 shows that at 85 �C the calculated

free-energy barrier for deglycosylation is 24.5 ± 0.7

kcal � mol-1. At 37 �C, the free-energy barrier of

deglycosylation was calculated to be 25.7 ± 0.1 kcal �
mol-1. The elevation of temperature appears to have a

relatively larger effect on the free-energy barrier of

deglycosylation than on glycosylation. The relatively

lower free-energy barrier at the higher temperature for

deglycosylation is consistent with a recent experimental

observation (Barnett et al. 2011) that the activity of the

enzyme increases with increasing temperature (up to

*95 �C). The calculated difference in the free energy

barriers of theWT enzyme is still too small to make any

conclusion and limited by the accuracy of the compu-

tational approaches (also considering the statistical

errors). However, it is of interest to note that the

Fig. 2 2D potential of

mean force (PMF) maps and

1D PMF profiles for

glycosylation (a, c) and
deglycosylation (b, d). 2D
PMF (a, b) were obtained at

85 �C for WT, whereas 1D

PMF (c, d) were obtained at

37 �C for WT (black

squares) and at 85 �C for

WT (red circles) or 85 �C
for the Y61 ? G mutant

(blue triangles). The

reaction paths (red circle)

projected from 1D PMF

simulations of WT at 85 �C
are shown on the 2D PMF

maps. Averaged free energy

values together with the

standard deviations from

five independent

simulations for 1D PMF

were shown in c and
d. (Color figure online)
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calculated free-energy barriers of 22.5 ± 0.4 kcal �
mol-1 for glycosylation and 24.5 ± 0.7 kcal � mol-1

for deglycosylation at the enzyme’s optimal tempera-

ture (85 �C) are reasonably consistent with the exper-

imental measurement of 22.7 kcal � mol-1 for the

degradation of carboxymethylcellulose by TmCel12A

at 95 �C (Bronnenmeier et al. 1995). It should be

pointed out, however, that the relative free energy

barriers, as opposed to the absolute barriers, are

expected to be more reliable and less sensitive to the

choice of the QM method and experimental structures

due in part to the cancellation of the errors.

One interesting experimental observation for

TmCel12A is that the Y61 ? Gmutation can enhance

the activity of the enzyme (Cheng et al. 2012), with

kcat increasing from 791 to 1,155 S-1 when Y61 is

changed to G. Consistent with this experimental

observation, Fig. 2 shows that the free energy barrier

for deglycosylation is decreased by *2 kcal � mol-1

as a result of the Y61 ? G mutation. The statistical

errors are negligible compared to the decrease of the

free energy barrier of the Y61 ? G mutation com-

pared to the WT.

Transition state analysis

The structures near the transition state (TS) are of

considerable importance for understanding the pos-

sible origin of the TS stabilization. The TS in this

work is approximated as the average configuration

that possesses the highest free energy on the 1D

curve or the saddle point on the 2D map (for

simplicity, we will call the TS structures/configura-

tions). The typical TS configurations of glycosylation

and deglycosylation for WT at 85 �C are presented in

Fig. 3; the structures from both the 2D (Fig. 3a, b)

and 1D simulations (Fig. 3c, d) are given. Consistent

with the free energy profiles/surfaces, the corre-

sponding 1D and 2D TS configurations are in good

agreement with each other.

For both steps of the reaction, the sugar ring at the

-1 position is distorted to a similar, high-energy 4H3

half-chair configuration (see below) that bears the sp2

hybridized anomeric carbon atom. This configuration

has been previously reported for the TS structures of

cellulases of the GH5, GH7, GH18 and GH20 families

(Davies et al. 2003; Barnett et al. 2011).

Fig. 3 The transition state structures for glycosylation (a,
c) and deglycosylation (b, d) obtained from the 2D (a, b) and 1D
(c, d) free energy simulations. The substrate is shown in thin

sticks (cyan) and other active site atoms in sticks (green). The

atoms associated with the reaction coordinates are shown in

scaled Van der Waals spheres, and the related bond lengths are

labeled. (Color figure online)
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A hydrogen bond between O(E116) and O(E134)

and another one between O(E134) and O2(cellulose)

were observed in both TS configurations (Fig. 3). In

the TS for glycosylation, the proton is located between

E231 and O(cellulose). For deglycosylation, the

formation of the new C–O bond between the C1 and

attacking water molecule seems to take place earlier

than the proton transfer from the water molecule to

O(E231) (see above). These are also reflected in the

TS structures which show that the PT is concerted with

NA in the glycosylation and ahead of PT in the

deglycosylation (Fig. 3).

Glucose ring conformations

The hydrolysis reaction catalyzed by the cellulases

involves the evolution of the glucose ring conforma-

tion at the -1 position. The conformation of the six-

membered pyranose ring can be classified into 38

basic conformations: 2 chairs, 6 boats, 6 skew-boats,

12 half-chairs and 12 envelopes (Ionescu et al. 2005;

Biarnes et al. 2007). During a reaction, the glucose

ring evolves from a stable conformation (reactant or

intermediate) via possible higher energy conforma-

tions to other stable ones (product or intermediate).

This may also involve the transitions between sp2 and

sp3 hybridized states of the anomeric carbon at the-1

position.

Conformational changes of the -1 glucose ring

during both glycosylation and deglycosylation are

presented in Fig. 4. In both steps, the conformational

changes of the -1 glucose ring lead to a b ? a ? b
conversion at the anomeric carbon atom. It is clear

that the reactant, product, and cello-enzyme interme-

diate all adopt the 4C1 chair conformation, which is

one of the two most stable conformations (the other

one being the 1C4 chair). In contrast, in a previous

crystallographic analysis (Davies et al. 2003), the 4H3

and 3H4 half-chair conformations and 2,5B and B2,5

boat conformations were considered as four possible

transition-state configurations. However, in a recent

QM/MM study (Barnett et al. 2011), both the E3

envelop and 4H3 half-chair conformations were

observed in the transition states of cellobiose hydro-

lase I (CBHI) of the GH7 family. This seems to be

reasonable based on the results from previous ab initio

free energy landscape calculations on b-D-glucopyr-
anose (Biarnes et al. 2007; Jeffrey and Yates 1979).

These studies showed that the positions of both

conformations were close to the 2nd lowest free

energy minimum [M2 in Biarnes et al. (2007)], which

Fig. 4 Conformational

evolution of the -1 glucose

ring during the reaction.

a glycosylation at 37 �C;
b deglycosylation at 37 �C;
c glycosylation at 85 �C;
d deglycosylation at 85 �C.
4C1, E3 and

4H3 conformers

are shown in black (solid),

red (dashed) and blue

(dotted), respectively.

(Color figure online)
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was only 2.6 kcal � mol-1 higher than the global

minimum of 4C1 chair conformation.

Here, the calculated transition states of both the

glycosylation and deglycosylation steps are in either

the E3 envelop or 4H3 half-chair conformations. E3 is

slightly more stable than 4H3, especially in the

deglycosylation step (Fig. 4b).

Simulations of WT and mutants, and origin of high

activity at high temperature

A close examination of the structures of TmCel12A

and its mutants reveals certain features that might

contribute to the hyperthemophilic nature of the

enzyme. In particular, the side chains of E116, E134

and E227, together with the active-site water mole-

cule, form a stable structural moiety that interacts with

the cellulose via a series of stable hydrogen bonds at

both low (37 �C) and high (85 �C) temperatures.

Notable ones among these hydrogen bond are those

between E134 and the glucose ring at the -1 position

and between the water molecule and the sugar ring at

the -2 position (Fig. 5a, b).

In wild type (WT) TmCel12A, E116 and the water

molecule may play an important role in organizing and

stabilizing the structural moiety mentioned above.

QM/MMMD simulations were also performed on the

E116G mutant, in which an additional water molecule

was found to occupy the position of the E116

carboxylate in the WT enzyme, with the formation

of a different hydrogen bond network (Fig. 5c, d). For

the E116D mutant, a stable unit comprising D116,

E227 and a water molecule (Fig. 5e, f) was observed

in the simulations. In both the E116G and E116D

mutants, the interaction between E134 and cellutetra-

ose remains. However, the original hydrogen-bond

networks connecting E134 and E227 in the WT

(through E116 and the active-site water molecule) are

lost. Moreover, for the simulation at 85 �C, the

hydrogen bond networks in E116G were broken

during the simulations, and the substrate moved away

from the active site (within the first 50 ps, Fig. 5d).

The active-site structure of the E116Dmutant seems to

be less flexible than that of E116G, but failed to

‘‘hold’’ the substrate in the reactive conformation after

a 500 ps QM/MM MD simulation (Fig. 5f).

Table 1 summarizes the root-mean-square fluctua-

tions (RMSFs), the average distances and the lifetime

of the interactions between E134, the general acid

(E231) and the substrate in simulations at 37 and

Fig. 5 Thermostability of the structural moiety formed by

E116, E134, E227 and the active-site water molecule. a WT at

37 �C; b WT at 85 �C; c E116G at 37 �C; d E116G at 85 �C;
e E116D at 37 �C; f E116D at 85 �C. Lifetime of the hydrogen

bonds in WT are shown in a, b. Hydrogen bonds with the

distance between two heavy atoms less than the threshold of

3.0 Å are taken into account
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85 �C. Mass-weighted side chain atoms were used to

calculate the RMSF of each residue. In order to show

the distances between the catalytic residues and the

substrate intuitively, the ‘lifetime’ of an interaction

here is monitored based on the percentage of its

appearance during the whole simulation. The averaged

distances between the two catalytic residues, E134 and

E231, and the substrate (cellulose) at 37 �C are 3.78

and 1.95 Å, and these distances were used as thresh-

olds for estimating the lifetimes of the interactions

between the two glutamates and the substrate. ForWT,

E116, E134 and E227 are relatively stable at both

temperatures. For the E116G mutant, the flexibilities

of E134 and E227 are found to be much larger at 85 �C
than at 37 �C, and the increased distances between

E134/E231 and the substrate in this mutant at 85 �C
indicate that the substrate has moved away from the

active site. For the E116D mutant, although the

fluctuations of E134 and E227 are similar at both 37

and 85 �C (and to those in the WT), the distances

between the substrate and the catalytic residues

became larger, suggesting that the thermostability of

the E116D mutant may decrease, with lower activity

relative to WT. In summary, based on these observa-

tions and the PMF calculations at different tempera-

tures, it seems that the stable structural moiety

comprising E116, E134, E227 and the active site

water may be an important factor contributing to the

high activity of TmCel12A at high temperatures.

Bioinformatics sequence analysis of GH12 domain

To further probe the origin of the hyperthermophilic-

ity, a bioinformatics survey was performed for the

catalytic domain (residues 89–262) of TmCel12A. For

this work, the Pfam database (Punta et al. 2012),

ClustalW2 (Larkin et al. 2007) and WebLogo 3

(Crooks et al. 2004) were used to explore the sequence

conservation of this domain. 316 out of 386 sequences

from mesophilic or psychrophilic microbes were

classified as non-hyperthermophilic domains

(Fig. 6a), whereas 29 sequences from microbes with

optimal growth temperatures above 75 �C were con-

sidered as hyperthermophilic domains (Fig. 6b).

As is shown in Fig. 6, in addition to some residues

that are known to form a hydrophobic pocket around

the active site, several hydrophilic residues are highly

conserved among the sequences of all cellulases,

including those corresponding to E116, E134, E227

and E231 in TmCel12A. As the key residues for the

catalysis, the residues corresponding to E134 and

E231 are highly conserved among all glycoside

hydrolase sequences. Interestingly, Asp at the D116

position dominates in non-hyperthermophilic micro-

organisms, while Glu at the E116 position is preferred

within the hyperthermophilic species including Ther-

motoga, Thermococcus and Pyrococcus. Glu at the

E227 position is also more conserved in hypertherm-

ophilic microbes. Therefore, this survey seems to be

consistent with the QM/MM MD simulations indicat-

ing that E116 may play an important role in organizing

a stable structural moiety comprising E116, E134,

E227 and the water molecule so as to contribute to the

hyperthermophilicity of TmCel12A. This hypothesis

deserves further experimental and theoretical testing

in order to facilitate the design of thermostable

cellulases with high activity for application in indus-

trial biofuel production.

Table 1 Root-mean-square fluctuations, average distances and the lifetime of the interactions between catalytic residues and

substrate from the QM/MM MD simulations at 37 and 85 �C, respectively

Group T (�C) RMSF (Å) Distance (Å) Lifetime (%)

E116 E134 E227 Substrate E134-Suba E231-Subb E134-Sub E231-Sub

WT 37 0.05 ± 0.01 1.59 ± 0.02 3.15 ± 0.06 0.54 ± 0.41 3.78 ± 0.21 1.95 ± 0.21 47.8 60.2

85 0.06 ± 0.01 1.91 ± 0.05 3.58 ± 0.06 0.48 ± 0.31 3.55 ± 0.28 2.47 ± 0.86 80.6 24.9

E116G 37 – 1.30 ± 0.05 3.09 ± 0.06 0.41 ± 0.22 3.22 ± 0.21 2.43 ± 0.36 100 10.9

85 – 2.61 ± 0.07 6.54 ± 0.16 0.51 ± 0.31 5.19 ± 0.36 4.82 ± 0.76 0.5 0.0

E116D 37 0.05 ± 0.01 1.39 ± 0.03 3.21 ± 0.09 0.47 ± 0.29 3.33 ± 0.28 2.25 ± 0.43 100 8.62

85 4.07 ± 0.06 1.36 ± 0.03 3.32 ± 0.06 0.49 ± 0.32 3.83 ± 0.29 3.60 ± 1.31 38.5 0.0

a Distance from OE2 of Glu134 to C1 of the sugar ring at -1 position
b Distance from the proton of Glu231 to the linkage oxygen atom between the -1 and ?1 glucoses
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Conclusions

Quantum mechanical/molecular mechanical free

energy calculations were performed to understand

the mechanistic details of the catalysis of the cellulase

TmCel12A. The simulations provide some clues to the

possible origin of the high activity at high temperature

of TmCel12A. At 85 �C, the calculated free energy

barrier of deglycosylation is higher than that of

glycosylation. A nucleophilic attack (NA) accompa-

nied by a proton transfer (PT) was found in both

glycosylation and deglycosylation steps of the

TmCel12A hydrolysis. In the glycosylation step, the

NA and the PT processes occurred synchronously

based on the simulations, whereas in deglycosylation

the NA occurred ahead of the PT. In both steps, an

inversion of the glucose ring at the -1 position was

observed. Both E3 and
4H3 were found to be possible

conformations at the transition states. According to

both the QM/MMMD simulations and bioinformatics

analysis, a stable hydrogen-bonded structural moiety

containing the side chains of E116, E134, E227 and an

active-site water molecule may be one of the factors

contributing to the hyperthermophilic nature of

TmCel12A, although other factors may be involved

as well and still need to be identified.
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