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Abstract
XynII is a family 11 glycoside hydrolase that uses the retaining mechanism for catalysis. In the active site, E177 works as 
the acid/base and E86 works as the nucleophile. Mutating an uncharged residue (N44) to an acidic residue (D) near E177 
decreases the enzyme’s optimal pH by ~ 1.0 unit. D44 was previously suggested to be a second proton carrier for catalysis. 
To test this hypothesis, we abolished the activity of E177 by mutating it to be Q, and mutated N44 to be D or E. These 
double mutants have dramatically decreased activities. Our high-resolution crystallographic structures and the microscopic 
pKa calculations show that D44 has similar position and pKa value during catalysis, indicating that D44 changes electrostat-
ics around E177, which makes it prone to rotate as the acid/base in acidic conditions, thus decreases the pH optimum. Our 
results could be helpful to design enzymes with different pH optimum.

Keywords  Glycoside hydrolase · pH-dependent activity · X-ray crystallography · Mutagenesis · Electrostatics · General 
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1  Introduction

Glycoside hydrolases (GHs) are widely used in drug, food, 
feed stock, paper pulp, and bioenergy industries [1–3], which 
break up the glycosidic bond in poly- or oligo-saccharides. 
XynII is a family 11 glycoside hydrolase (GH11) secreted 
by Trichoderma reesei fungus. The enzyme has a jellyroll-
like structure composed of nine antiparallel β-strands and 
one α-helix, resembling the right hand palm. The second-
ary structure elements are termed the ‘thumb’, ‘finger’, 
and ‘palm’ regions, which are the typical characteristics of 
GH11 enzymes [4]. The XynII active site is located deeply in 
the palm region with xylose units spanning from the − 3 to 
the + 3 sites. After cleavage, the xylose units from the + 1 to 

the + 3 aglycan portion of the substrate are quickly released 
from the active site. The xylose units from the − 1 to the − 3 
glycan sites are first attached to a catalytic residue (E86) in 
the active site and are released at the end of catalysis (Figure 
S1) [5]. XynII has been used as a model protein to study 
the classic retaining mechanism for GHs: One glutamate 
(E177) functions as the catalytic acid/base to break up the 
linkage between the − 1 and + 1 xylose units, whereas the 
other glutamate (E86) works as the nucleophile that attacks 
the glycosidic carbon to produce a glycosyl enzyme interme-
diate, which is quickly removed by an incoming water [6–8].

Xylanase has applications in different industries. In the 
paper industry, xylanase is used in the alkaline environment 
[9, 10]. While in the food and feed stock industries, the 
enzyme is used in the acidic environment [11, 12]. Thus, 
manipulating the pH optimum of xylanase by protein engi-
neering has been a long goal to meet its industrial applica-
tion. It is observed that xylanases with the optimal pH in 
the alkaline condition have a neutral (Asn) residue near the 
acid/base, while xylanases functioning in the acidic environ-
ment have an acidic residue (Asp) [13]. Thus, introducing 
a negatively charged residue close to the acid/base gluta-
mate would decrease the pH optimum. For example, mutat-
ing the neutral residue (N35) near the acid/base glutamate 
(E172) of the Bacillus circulans xylanase (BCX) to aspartate 
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decreased its pH optimum by about 1.0 unit [13]. It was 
proposed that the introduced aspartate (D35) would be pro-
tonated and work as the joint acid/base together with E172 
to break up the glycosidic bond [13]. To test this hypothesis, 
we created several single or double mutants of XynII: N44D, 
N44D/E177Q, and N44E/E177Q. These mutants have sig-
nificantly decreased activities and the pH optima were down 
shifted by ~ 1.0 unit compared to the native XynII. Our 
high-resolution X-ray crystallography shows that the over-
all structures of the mutants do not significantly change. In 
the N44D mutant, the altered electrostatics in the active site 
would change the rotation equilibrium of E177. At its opti-
mal pH (pH 4.5), such rotation would reach the equilibrium 
to achieve its maximal activity. In the double mutants, D44 
or E44 has changed the sugar configuration of the − 1 site 
xylose from the suitable 4H3 configuration to other improper 
ones. Therefore, their activities are almost abolished.

2 � Materials and Methods

2.1 � Gene Cloning, Protein Expression 
And Purification

The gene of XynII present in T. reesei was synthesized and 
subcloned into the expression vector pET-NTMST. This vec-
tor contains the gene sequence of the 6 × His tag, the NusA 
protein as the fusion tag to enhance protein folding, and the 
TEV cleavage site (sequence: ENLYFQS) sequentially at 
the N terminus of XynII to express the fused protein [14]. 
Site-directed mutagenesis was conducted by synthesizing a 
primer containing a mutation and elongated by PCR using 
the wild type xylanase construct as the template. After 
sequence confirmation, the construct was amplified and 
purified.

The proteins were expressed with the BL21 (DE3) 
competent cells in the minimal media. After growing 
4 ~ 6 h at 37 °C, the bacteria culture reached OD600 value 
of 0.6 ~ 0.8. After cooling down, 0.5 mM isopropyl β-D-
1-thiogalactopyranoside (IPTG) was added to express the 
fusion protein at 18 °C for 12 h. The cells were centrifuged 
at 6000 × g for 30 min at 4 °C and stored at − 80 °C.

Approximately 10 g of wet cells were re-suspended in 
50 mL lysis buffer (50 mM Tris-base pH 8.0, 1 mM DTT, 
0.1 M PMSF, 400 mM NaCl, 5% glycerol) and were lysed 
with a high-pressure cell press (Union Co., People’s Repub-
lic of China) at 4 °C. The cell suspension was clarified with 
centrifugation at 15,000 × g. The fused protein was initially 
purified by the immobilized metal affinity chromatography 
(IMAC) [15]. The supernatant was loaded to the Ni2+ affin-
ity column. After washing, the protein was eluted with the 
gradient of 20 ~ 500 mM imidazole. The eluted protein was 
added with 1% (mass ratio) TEV and dialyzed overnight 

at 4 °C to cleave the fused NusA protein. The mixture was 
loaded to the nickel affinity column to retain NusA for the 
second step purification. The flow-through containing the 
cleaved xylanase was dialyzed against the Tris–HCl buffer 
(100 mM Tris, 100 mM NaCl, 1 mM dithiothreitol, pH 8.0) 
and concentrated to 30 mg mL−1.

2.2 � Steady State Enzyme Kinetics

Discontinuous assay of the xylanase activity was performed 
by quantitative determination of the reducing sugar concen-
tration using the 3,5-dinitrosalicylic acid (DNS) reagent 
[16]: 1% bagasse xylan (w/w) was incubated at 50 °C for 
5 min. When xylanase was added, the reaction was carried 
out at 50 °C for 8 min in the 100 mM NaAc buffer at pH5.0. 
After the reaction was terminated at 100 °C, the DNS rea-
gent was added for color development. After cooling down 
to room temperature (25  °C), the color absorption was 
measured at the wavelength of 540 nm. The reducing sugar 
concentration was determined using the standard curve of 
D-xylose, and the enzyme catalytic rate was calculated. Vmax 
values of WT and its variants were determined by fitting 
the nonlinear regression of the Michaelis − Menten − Henri 
equation using Origin 8.0 (OriginLab, USA).

2.3 � Crystallization

Xylanase was crystallized using the hanging drop method 
in the following condition at 18 °C: 20% PEG 8000, 0.2 M 
NaI, 0.1 M MES-NaOH (pH 6.0) or 0.1 M NaAc (pH 4.5). 
We obtained the xylotriose bound state crystals by soaking 
the apo-state crystals into the stabilizing solution at pH 4.5 
(25% PEG 8000, 0.2 M NaI, 0.1 M NaAc, 25% glycerol, 
pH 4.5) or pH 6.0 (25% PEG 8000, 0.2 M NaI, 0.1 M MES, 
25% glycerol, pH 6.0) containing 250 mM xylotetraose. The 
soaking time varies from 5 to 30 min according to the crystal 
quality and ligand diffusion.

2.4 � X‑Ray Crystallography And Structure Analysis

Crystals were flash-frozen in liquid nitrogen for data col-
lection. X-ray diffraction data were collected on the beam 
lines of BL18U1 and BL19U1 in the Shanghai Synchrotron 
Radiation Facility (SSRF) [17]. Data were processed using 
the HKL3000 program [18].

Structures were solved and refined using the program 
package Phenix [19]. The start model was obtained from 
PDB entry 2DFC with all waters and non-bonded ions 
removed [20]. After a few rounds of refinement using phe-
nix.refine [21] interspersed with manual model building 
using the program Coot, the electron density of xylotriose 
was clearly visible in both the 2Fo‒Fc and the Fo‒Fc omit 
maps [22]. The ligand was incorporated into the Fo‒Fc 
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electron density map according to its position for further 
refinement. The model quality was checked by the program 
MolProbity [23]. All protein figures were generated using 
the program Pymol (PyMOL Molecular Graphics System, 
Version 1.3, Schrödinger, LLC). All X-ray data collection, 
refinement statics, and the protein data bank deposited IDs 
are listed in Table S1–S3.

The distance difference matrix of Cα atoms of the X-ray 
structures was generated using the program DDMP {Rich-
ards, 1988 #76}. Accessible surface area of X-ray structures 
was analyzed using the program AreaIMol incorporated in 
the CCP4 suite {Winn, 2011 #77}. The xylose conforma-
tion and puckering parameters were calculated using an 
online web server (https​://enzym​e13.bt.a.u-tokyo​.ac.jp/CP/) 
according to the Cremer − Pople formalism [24] and were 
compared with the dihedral angles of xylose units in xylan.

2.5 � pKa Calculations

We used the H++ web server (version 3.0) to calculate the 
microscopic pKa values of the XynII mutants in the apo 
and X3 bound states [25]. The web server uses the Pois-
son–Boltzmann continuum electrostatics approach to 
approximate the electrostatic environment of biological mac-
romolecules [25–28]. The pKa calculations were carried out 
under the following condition: a salinity of 0.15 M, an inter-
nal dielectric constant of 10, an external dielectric constant 
of 80, and pH 4.5 (E177 in the downward conformation) or 
pH 6.0 (E177 in the upward conformation). For the apo and 
X3 bound states, their pKa values were calculated accord-
ing to their crystal structures. For the X6 bound state, the 
calculations were based on the E177Q-X6 structure (PDB: 
4HK8) and mutated the corresponding residues to mimic the 
Michaelis–Menten complex structures.

3 � Results

3.1 � Kinetic Studies

Bagasse xylan was used as the substrate. The XynII activity 
vs. pH shows a bell-shaped profile. The optimal reaction 
pH values for WT, N44D, N44D/E177Q, and N44E/E177Q 
are 5.5, 4.5, 5.0, and 4.5, respectively (Fig. 1). The results 
show that mutating the uncharged asparagine (N44) near the 
acid/base (E177) to the acidic aspartate has decreased the 
optimal pH of xylan hydrolysis by ~ 1.0 unit. The activity of 
N44D has significantly decreased compared to WT. In the 
double mutants, E177 is substituted to Q and a new potential 
acid/base (D or E) is introduced in the active site at position 
44. Because xylan is not homogeneous, Km and kcat values 
cannot be directly determined. Instead, we determined the 
Michaelis–Menten steady-state kinetic parameter, Vmax, to 

characterize the activity of WT and the mutants at 50 °C 
and pH 5.0. The N44D, N44D/E177Q, and N44E/E177Q 
mutants only have 20%, 0.03%, and 0.03% activity compared 
with WT in the same condition (Table 1 and Figure S2).

3.2 � X‑ray Crystallography of N44D in the Apo 
and X3 Bound States

The crystal of N44D in the apo state at pH 6.0 has the 
space group of P212121 and diffracted to 1.1 Å resolution 
and refined to 0.125 and 0.134 for Rwork and Rfree, respec-
tively (Table S1). Comparing N44D and WT in the apo 
state (PDB: 2DFB), R.M.S.D. of Cα atoms between the 
two structures is only 0.13 Å, which indicates that mutat-
ing N44 to D does not incur large conformational change 
(Fig. 2a). Difference distance matrix (DDM) of the Cα 
atoms shows that the only significant changed regions are 
located in the finger loops (residues 20 ~ 23 and 40 ~ 45, 
Figure S3A). The WT structure was obtained in a different 
crystallization condition with a sulfate ion bound in this 

Fig. 1   The pH optima of WT, N44D, N44D/E177Q, N44E/E177Q. 
All these mutants have decreased their pH optima at pH 4.5 ~ 5.0. 
N44D has retained about 20% activity. N44D/E177Q and N44E/
E177Q remain only about 0.03% activity compared with WT.

Table 1   Steady State Kinetic Parameters in the Discontinuous Assay

a Data were measured at pH 5.0 and 50 °C
b Data were extracted from our previous results [14]

Optimal pH Vmax (μmol min−1 mg−1) a Relative 
activity 
(%)

WT b 5.5 (7.0 ± 0.2) × 103 100
N44D 4.5 (1.4 ± 0.1) × 103 20
N44D/E177Q 5.0 1.8 ± 0.3 0.03
N44E/E177Q 4.5 2.1 ± 0.2 0.03

https://enzyme13.bt.a.u-tokyo.ac.jp/CP/
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location, which probably causes the loop conformational 
difference (Figure S3B). The accessible surface area of 
E177 in the N44D mutant is significantly smaller than that 
of WT (Table 2). This N44D this mutation has increased 
negative charge in the active site. The distance between 
the carboxyl side chain of D44 and E177 in the mutant 
is 4.8 Å. In contrast, the distance between the amide side 
chain of N44 and the carboxyl side chain of E177 in WT 
is 4.4 Å. Likewise, W18 and D20 in N44D are slightly 

pushed away from D44 to accommodate the additional 
charge.

The N44D mutant has decreased ~ 80% activity com-
pared to WT at their respective pH optima (Fig. 1). When 
we soaked xylotetraose (X4) into the apo state crystals, 
we only observed the hydrolyzed product, xylotriose (X3), 
spanning from the − 1 to the − 3 xylose-binding sites 
(Fig. 2b). The apo state and the X3 bound state structures 
are very similar (R.M.S.D. of Cα atoms is only 0.31 Å). 
Their major conformational changes occur in the ‘thumb’, 
the ‘finger’, and part of the ‘palm’ regions, which are 
consistent with our previous results when X3 was intro-
duced into the apo state crystals of WT, Y77F, and Y88F 
mutants [5, 14]. Comparing the N44D-X3 and WT-X3 
structures, they are very similar (R.M.S.D. of Cα atoms 
is only 0.26 Å). Even in the active site, there are no sig-
nificant changes (Fig. 2c). In the WT-X3 structure, the 
OE1 atom of E86 has an H-bond (2.7 Å) with the O2B 
atom of the − 1 site xylose. The OE1 atom of E177 has an 

Fig. 2   Structural comparison among the WT and N44D. a Struc-
tural comparison between N44D and WT in the apo state at pH 6.0. 
b Structural comparison between the N44D-X3 state and the apo 
state at pH 6.0. c Structural comparison between the WT-X3 and the 

N44D-X3 states. d The close-up view of the active site of WT-X3 
state. e The close-up view of the N44D-X3 state. f Comparison of the 
active sites of N44D between pH 6.0 and pH 4.5. All H-bond lengths 
are shown in Ångstroms

Table 2   Accessible surface area of WT and its mutants

WT N44D N44D/E177Q N44E/E177Q

Accessible surface area (Å2)
 Overall 7956 7773 7848 7825
 Active site 272 204 293 295
 D/E44 – 28 42 57
 E177 22.6 9.6 – –
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H-bond (2.6 Å) with the O4A atom of the − 1 site xylose. 
The NE atom of Arg122 has a weak H-bond (3.2 Å) with 
the O2B atom of the − 1 site xylose (Fig. 2d and Figure 
S4A). In the N44D-X3 structure, the OE1 atom of E86 
has an H-bond (2.8 Å) with the O2B atom of the -1 site 
xylose. The OE1 atom of E177 has an H-bond (2.7 Å) 
with the O4A atom of the -1 site xylose (Fig. 2e and Fig-
ure S4B). Thus, the configurations of the three xyloses in 
the N44D-X3 structure are the same as those in WT-X3 
(Table 3). Specifically, the -1 site xylose has a conforma-
tion between 4C1 and 4H3, which indicates that GH11 has 
the 1S3 → 4H3 → 4C1 pathway for hydrolysis [29].

To further analyze the function of D44 and E177 of the 
N44D mutant in the acidic environment, we crystallized the 
mutant at pH 4.5. The crystal has a new space group of I222 
and diffracted to 1.2 Å, and the structure was refined to 0.158 
and 0.169 for Rwork and Rfree, respectively (Table S2). The 
structure at pH 4.5 is similar with that at pH 6.0 (R.M.S.D. 
of Cα atoms is 0.68 Å). Interestingly, E177 moves down-
ward and breaks up the original H-bond with Y88, which 
is consistent with our previous result when the WT crystal 
was in in the acidic condition at pH 4.4 [6]. As a result, the 
hydroxyl side chain of Y88 moves towards E86 and forms 
an H-bond (2.8 Å) with the carboxyl group of E86. Y77 
also moves away from E86 and does not form any H-bond 
with E86. Y73 moves away from E177 to avoid electrostatic 

repulsion with the rotated E177. The position of D44 does 
not significantly change (Fig. 2f).

When we soaked X4 into the N44D crystal at pH 4.5, 
we obtained an N44D-X3 complex structure. Overall, the 
N44D-X3 and N44D apo state structures at pH 4.5 are very 
similar (R.M.S.D. of Cα atoms is only 0.21 Å). E177 is in the 
downward conformation in the presence of X3, which is con-
sistent in the apo state at pH4.5. It indicates that the bound 
ligand would not affect the conformation of E177, and the 
acidic environment is the only cause to make E177 rotate.

3.3 � X‑ray Crystallography of N44D/E177Q 
in the Apo and X3 Bound States

To elucidate the role of D44, we mutated E177 to Q, which 
nullifies its catalytic property as the proton carrier. The crys-
tal structures of N44D/E177Q and WT at pH 6.0 in the apo 
state are very similar (R.M.S.D. of Cα atoms is only 0.17 Å) 
(Fig. 3a). DDM of Cα atoms shows some local changes in 
the finger region, which is probably caused by sulfate bind-
ing and is consistent with the comparison between WT and 
N44D (Figure S3C). The accessible surface area of D44 in 
the N44D/E177Q mutant is significantly larger than E177 
in WT (Table 2). The mutated Q177 in N44D/E177Q has 
almost the same position as E177 in WT. The distance of 
the carboxyl group of D44 to the amide group of Q177 is 

Table 3   Xylose Parameters in 
the Xylanase-X3 Complexes

a The dihedral angles are defined as follows: φ, O5i − C1i − O4i+1 − C4i+1; ψ, C1i − O4i+1 − C4i+1 − C3i+1
b Data were extracted from our previous results [14]

Puckering parameters Configuration Dihedral angle a

Φ (°) Θ (°) Q (Å) φ (°) ψ (°)

WT-X3b

 − 3 270 177 0.60 4C1  − 85 163
 − 2 202 174 0.57 4C1  − 103 157
 − 1 194 160 0.52 4C1/4H3

N44D-X3
 − 3 192 175 0.57 4C1  − 91 168
 − 2 120 170 0.56 4C1  − 105 150
 − 1 203 160 0.52 4C1/4H3

N44D/E177Q-X3
 − 3 20 178 0.57 4C1  − 95 172
 − 2 199 176 0.55 4C1  − 81 154
 − 1 260 178 0.65 4C1

N44E/E177N-X3
 − 3 223 179 0.60 4C1  − 88 166
 − 2 190 170 0.58 4C1  − 105 154
 − 1 178 163 0.53 4C1

N44E/E177Q-X3
 − 3 256 175 0.57 4C1  − 85 168
 − 2 169 171 0.60 4C1  − 95 144
 − 1 216 142 0.57 4E
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4.8 Å, which is a little longer than the distance between the 
amide group of N44 and the carboxyl group of E177 in WT 
(4.0 Å). D20 and W18 in N44D/E177Q move slightly away 
from D44 to adapt to the additional charge. The above subtle 
changes are consistent with the changes when we compare 
the structures of D44 and WT in the apo state. In this double 
mutant, there is an extra negative charge at the position of 
D44, but no charge at the position of Q177.

The N44D/E177Q mutant has only 0.03% activity com-
pared to WT (Table 1). After soaking X4 in the apo state 
crystal at pH 6.0 for 5 min, we obtained X3 spanning from 
the − 3 to the − 1 xylose-binding sites (Fig. 3b). The N44D/
E177Q-X3 structure is very similar to its apo state structure 
(R.M.S.D. of Cα atoms is only 0.20 Å). The only conforma-
tional changes are located in the thumb and part of the palm 
region, which is consistent with our previous soaking experi-
ments [14]. The N44D/E177Q-X3 structure is also similar to 
the WT-X3 structure (R.M.S.D. of Cα atoms is only 0.31 Å) 
(Fig. 3c). However, there are significant conformational 
changes between the − 1 site xylose and its nearby residues 
in the active site. In the N44D/E177Q-X3 structure, there is 
a strong H-bond (2.5 Å) between the OE2 atom of E86 and 
the O3B atom of the − 1 site xylose. There is a weak H-bond 
(3.1 Å) between the NE2 atom of Q177 and the O2B atom of 

this xylose. The carboxyl group of D44 has a strong H-bond 
(2.5 Å) with the O4A atom of the − 1 site xylose. Arg122 
is far away (4.4 Å) from the − 1 xylose (Figure S4C). Thus, 
it does not form an H-bond with this xylose unit (Fig. 3d). 
The configuration of the -1 site xylose in the double mutant 
is 4C1 (Table 3).

3.4 � X‑ray Crystallography of N44E/E177Q in the Apo 
and X3 Bound States

The side chain of aspartate residue is shorter than that of 
glutamate and may not be a good proton carrier in XynII. 
Thus, we mutated N44 to E and E177 to Q, respectively, to 
investigate the role of E44 in N44E/E177Q. This double 
mutant retains only about 0.03% activity compared with WT 
(Table 1). The result indicates that E44 is a very poor proton 
carrier.

The apo state structure of N44E/E177Q at pH 6.0 is 
almost identical with the apo state structure of WT (The 
RMSD of Cα atoms is only 0.10 Å). DDM of Cα atoms 
shows some local changes in the finger region, which is 
consistent with the comparison between WT and N44D 
(Figure S3D). The accessible surface area of E44 in the 
N44E/E177Q mutant is significantly larger than E177 in 

Fig. 3   Structural Comparison 
between N44D/E177Q and WT 
at pH 6.0. a Structural compari-
son between N44D/E177Q and 
WT in the apo state. c Structural 
comparison of N44D/E177Q 
between the X3 bound state and 
the apo state. The Fo−Fc omit 
map of X3 were contoured at 
3 σ. d Structural comparison 
between the N44D/E177Q-X3 
complex and the WT-X3 com-
plex. e The H-bond interactions 
in the active site of N44D/
E177Q-X3. All H-bond lengths 
are shown in Ångstroms
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WT (Table 2). Q177 in the double mutant has very similar 
position compared with E177 in WT. The side chain of the 
mutated E44 has a different rotameric orientation compared 
with N44 in WT. To adapt to the subtle differences, D20 
and W18 have slightly moved away (Fig. 4a). After soaking 
the apo state crystal with X4 for 5 min, we observed X3 
bound in the active site. The ‘thumb’ region, the ‘finger’ 
region and part of the ‘palm’ region are attracted towards 
the bound oligosaccharide (Fig. 4b). In the active site, the 
O4A atom of the -1 site xylose has two H-bonds (2.5 Å and 
3.0 Å) with the OH atom of Y88 and the NE2 atom of Q177, 
respectively. The O2B atom of the -1 site xylose has two 
H-bonds (2.7 Å and 2.8 Å) with the OE1 atom of E86 and 
the NE atom of R122, respectively. The O3B atom of the − 1 
site xylose has a H-bond (2.6 Å) with the carbonyl oxygen 
of P126 (Fig. 4c and Figure S4D). Because of the different 
H-bond network, the -1 site xylose has the configuration of 
4E in the N44E/E177Q-X3 structure, which is unique among 
all the mutants (Table 3).

We also crystallized N44E/E177Q in the apo state at pH 
4.5 (Table S3). The N44E/E177Q-X3 structure at pH 4.5 
was obtained by soaking X4 into the active site for 18 min. 
The N44E/E177Q structures at pH 4.5 are similar with those 
at pH 6.0 (Figure S5A-S5B). The important residues (E44, 
E86 and E177) in the active site have almost the same posi-
tions in the different pH environments.

3.5 � Microscopic pKa Calculations

We used the H++ web server which applies the Pois-
son–Boltzmann continuum electrostatics approach to cal-
culate the microscopic pKa changes of D44 and E177 in 
N44D in the apo and the X3 bound states [25]. N44D is 
still catalytically active and cannot be co-crystallized with 
the substrates. We modeled the N44D-X6 complex structure 

by mutating Q177 to E and N44 to D using the E177Q-X6 
structure (PDB: 4HK8) [5] as a starting model. In the WT 
apo state, E177 has the downward conformation at pH 4.4 
(PDB ID: 4XQD), and the upward conformation at pH 6.0 
(PDB ID: 4XPV) [6]. The structural changes of E177 in 
N44D are consistent with WT when pH changes. Neverthe-
less, D44 keeps the same position at both pH 4.5 and pH 6.0. 
Thus, we calculated the microscopic pKa values of E177 and 
D44 when E177 is in either the downward or the upward 
conformation (Table 4). The results show that the pKa value 
of E177 has significantly increased in the downward con-
formation, but decreased in the upward conformation. In 
contrast, the pKa values of D44 do not significantly change 
in both states. Our results indicate that E177 is still the major 
proton carrier, which adjusts its rotameric conformation to 
function as a base in its downward conformation and as an 
acid in its upward conformation.

4 � Discussion

XynII from T. reesei is a typical family 11 glycoside hydro-
lase (GH11). Two catalytic glutamate residues function as 
the general acid/base and nucleophile. The side chain of 
E177 is proposed to rotate as an acid/base to break the glyco-
sidic bond. Glu86 is hypothesized to work as the nucleophile 
to attack the glycosidic carbon to accelerate hydrolysis [4–6, 
8, 30]. Some residues in the active site have interactions 
with E177, which could influence the equilibrium of E177 
rotation, thus changes the optimal reaction pH [14]. Among 
these residues, N44 is particularly interesting. When it is 
mutated to D, the optimal reaction pH is decreased by ~ 1.0 
unit. It was previously proposed that the mutated Asp and 
E177 would work as the joint acid/base for hydrolysis. Par-
ticularly, D44 could be an efficient acid/base per se [31, 32]. 

Fig. 4   Structural comparison between N44E/E177Q and WT at pH 
6.0. a Structural comparison between N44E/E177Q and WT in the 
apo state. b Structural comparison of N44E/E177Q between the X3 

bound state and the apo state. The Fo− Fc omit map is contoured at 
3σ. c The H-bond interactions in the active site of the N44E/E177Q-
X3 complex. All H-bond lengths are shown in Ångstroms
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To test this hypothesis, we studied the structures and func-
tions of several mutants of XynII using enzyme kinetics, 
high-resolution X-crystallography, and microscopic pKa 
calculations. Our results suggest that mutating N44 to D 
would change the electrostatic environment of E177, which 
can influence the equilibrium of E177 rotation for proton 
shuttling. Thus, the optimal reaction pH has been changed. 
However, the mutated Asp may not be an acid/base for direct 
catalysis.

Mutating N44 to D decreases the activity of XynII by 
about 70% ~ 80% (Table 1). We obtained the N44D-X3 
structure by the soaking experiments at both pH 6.0 and pH 
4.5, respectively. Comparing the structures of N44D with 
WT in the apo state and the X3 bound state at pH 6.0, they 
are very similar in the active site (Fig. 2). The Hydrogen 
bond (H-bond) network between X3 and its nearby interact-
ing residues in N44D is also similar to that of WT. Thus, the 
configurations of all the xyloses in the active site in N44D 
are the same as those in WT: The configurations of the -2 
and -3 site xyloses are 4C1 and the configuration of the -1 
site xylose is in the transition state between 4C1 and 4H3. 
QM/MM calculations indicate that when the oligoxylose is 
hydrolyzed, the -1 site xylose needs to be twisted and fol-
low the pathway of 1S3 → 4H3 → 4C1 for GH11 [29, 33]. Our 
results support this hypothesis.

Our X-ray crystallography structures show that D44 keeps 
a similar orientation when N44D was crystallized at both 
pH 4.5 and pH 6.0. In contrast, E177 has the downward 
conformation at pH 4.5 and the upward conformation at pH 
6.0. The results are consistent in both the apo state and the 
X3 bound state (Fig. 2e), which suggests that E177 rotation 
is solely driven by pH changes, not by ligand binding. Neu-
tron crystallography is a powerful tool to directly resolve the 
protonation states of residues, ligands and solvent in protein 
structures [34–36]. Our previous neutron crystallography 
structure of N44D at pH 5.8 (PDB ID: 4XPV) shows that 
both D44 and E177 are in the upward conformation without 
protonation. When WT was in the acidic environment (pH 
4.4), E177 was protonated in the downward conformation 
(PDB ID: 4S2F) [6]. Thus, it is reasonable to propose that 

E177 in N44D might still be protonated in the downward 
conformation and unprotonated in the upward conforma-
tion. In other words, E177 still works as the proton carrier to 
break up the glycosidic bond. In comparison, D44 might not 
be a good proton carrier, which keeps the same orientation 
in different pH environments.

To investigate the role of D44 in N44D, we further abol-
ished the function of E177 by mutating it to Q. The double 
mutant, N44D/E177Q, only has D44 as the proton carrier in 
the active site. The double mutant only retains 0.03% activ-
ity compared with WT, which indicates that D44 is a proton 
carrier with very low efficiency. The configuration of -1 site 
xylose is 4C1, which is in the lowest energy state and makes 
the glycosidic bond difficult to be broken up [29]. The results 
could explain that even D44 is within the H-bond distance 
(2.5 Å) with the O4A atom, it cannot twist the -1 site xylose 
to the correct configuration for catalysis. Consequently, the 
activity of N44D/E177Q has been almost lost.

Aspartate has a shorter side chain than glutamate. Thus, 
D44 may not be a good substitute for E177 as the proton 
carrier. To better mimic the proton carrier at this residue 
position, we mutated N44 to E and abolished the function 
of E177 by mutating it to be Q. The double mutants, N44E/
E177Q, has a similar structure with that of WT (Fig. 4). 
The two mutants retain only 0.03% ~ 0.04% activity com-
pared with WT. These kinetic results show that E44 is a 
very inefficient proton carrier for catalysis. In the active site 
of the N44E/E177Q-X3 structure, the O4A atom of the -1 
site xylose does not have any H-bond with E44. Instead, 
it has a strong H-bond (2.5 Å) with the hydroxyl group of 
Y88 (Fig. 4c). Together with other H-bonds with E86, R122, 
and P126, the -1 site xylose has the configuration of 4E. 
The above results indicate that the configuration of the -1 
site xylose can be diversified according to different H-bonds 
networks. However, when its configuration does not undergo 
the correct transition pathway [1, 35], the hydrolysis effi-
ciency is dramatically decreased even though it is within the 
H-bond distance with a potential acid/base.

The accessible surface area of E177 in N44D is signifi-
cantly smaller than that of WT. In contrast, the accessible 

Table 4   Calculated Microscopic 
pKa Values of D44 and E177 in 
WT and the N44D Mutant

Calculations for the X6 bound state structures were based on the crystal structure of the E177Q-X6 com-
plex (PDB ID: 4HK8), but its Q177 was mutated back to the native E177 in WT. In the N44D-X6 complex, 
Q177 and N44 were mutated to E and D, respectively
Calculation parameters: salinity = 0.15, εint = 10, εext = 80, pH 4.5 (downward) or pH 6.0 (upward)

WT N44D

apo X3 X6 apo X3 X6

E177 E177 E177 D44 E177 D44 E177 D44 E177

Up 5.3 7.6 7.8 5.2 5.6 6.2 9.0 7.2 10.5
Down 6.0 8.9 8.5 4.8 8.3 6.4 9.5 7.3  > 12
△pKa  + 0.7  + 1.3  + 0.7 -0.4  + 2.7  + 0.2  + 0.5  + 0.1  > 1.5
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surface area of D44 or E44 in the other mutants is even 
larger than that of E177 in WT (Table 2). These results also 
indicate that D44 or E44 is not an ideal proton carrier as 
E177, thus, the activities of these mutants are significantly 
decreased.

We calculated the microscopic pKa values of E177 and 
D44 of N44D when E177 is in the upward or downward 
conformation. Though the absolute values from the pKa 
calculation might not be accurate, their differences (△pKa) 
would indicate the pKa changes in different conformations 
[27]. The pKa values of D44 in different ligand-bound states 
do not significantly change. In comparison, the pKa value of 
E177 in the downward conformation is significantly higher 
than that of the upward conformation (Table 4). Thus, E177 
should be the major proton carrier as the acid/base. When 
we compare the pKa values of N44D and WT in the upward 
conformation, the pKa values of E177 in the X3 and X6 
bound states of N44D are significantly higher than those of 
the WT. The increased microscopic pKa would make E177 
in N44D more difficult to release a proton as the acid. This 
result could explain why N44D has lower activity than WT.

Protein side-chain dynamics is within the picosecond to 
nanosecond range, while ligand binding and hydrolysis is 
within the microsecond to millisecond range [37]. Thus, it is 
reasonable to propose that when X6 binds in the active site, 
E177 has already picked up a proton in the solvent and ready 
to donate this proton as the general acid. In N44D, when the 
E177 side chain is upward, it is 4.7 Å away from the side 
chain of D44. When E177 rotates downward, it is 3.5 Å away 
from the D44 side chain. According to our calculation, the 
microscopic pKa of D44 is less than 5.0. Thus, in the neutral 
and alkaline pH, D44 is negatively charged, and E177 is 
prone to be in the upward conformation. In the acidic envi-
ronment, D44 is protonated and neutral, thus, E177 would 
be easier to rotate downward with less electrostatic repul-
sion. At the optimal reaction pH (~ pH 4.5), the rotation of 
E177 reaches the equilibrium to have the maximum activity. 
In summary, D44 has increased the negative charge around 
E177, which shifts the pH equilibrium and makes the mutant 
prone to function in a more acidic environment.

Bacillus circulans xylanase (BCX) is another well-
studied GH11. When N35 in BCX (equivalent to N44 in 
XynII) is mutated to D, the activity is slightly increased as 
well as the pH optimum decreased [13, 31]. In the glycol-
enzyme intermediate state of BCX (PDB ID: 1C5I), there 
is an H-bond between D35 and E172 (equivalent to E177 in 
XynII) [13]. When N35 is mutated to E and does not form 
any H-bond with E172, the activity of N35E decreases ~ 80% 
[31]. QM calculations demonstrate that when D35 is proto-
nated, it forms a strong H-bond with E172, which decreases 
the activation energy for the glycosidic bond cleavage. Thus, 
this rate-limiting step has been enhanced [38]. In N44D of 
XynII, D44 is too far away to form an H-bond with E177 in 

either the apo state or the X3 bound state. Thus, the activity 
has been decreased. Our previous studies also demonstrate 
that the H-bond between Y88 and E177 is important to 
maintain the activity of XynII [14]. All these results high-
light the importance of the H-bond formation between the 
acid/base and its neighboring residues, which would be sug-
gestive for protein engineering to regulate both activity and 
pH optimum.

5 � Conclusions

Our high-resolution X-crystallography structures show that 
the itinerary of 1S3 → 4H3 → 4C1 is the proper pathway to 
break up the glycosidic bond. D44 in the N44D and the 
N44D/E177Q mutants is a very inefficient proton carrier 
for catalysis. One possible reason is that it could not appro-
priately regulate its pKa to deliver the proton as E177. The 
other possibility is that it cannot twist the -1 site xylose 
toward the correct intermediate state to break up the glyco-
sidic bond. The major function of D44 in the N44D mutant 
is to change the equilibrium of E177 rotation as the pro-
ton carrier during catalysis. Our results could be helpful to 
design enzymes with different pH optimum by changing 
electrostatics around the catalytic residue.
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