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Abstract: Xylose is one of the most abundant carbohydrates in nature, and widely used to produce bioethanol via fermen-

tation in industry. Xylulose can produce two key enzymes: xylose reductase and xylitol dehydrogenase. Owing to the dis-

parate cofactor specificities of xylose reductase and xylitol dehydrogenase, intracellular redox imbalance is detected dur-

ing the xylose fermentation, resulting in low ethanol yields. To overcome this barrier, a common strategy is applied to ar-

tificially modify the cofactor specificity of xylose reductase. In this study, we utilized molecular simulation approaches to 

construct a 3D (three-dimensional) structural model for the NADP-dependent Pichia stipitis xylose reductase (PsXR). 

Based on the 3D model, the favourable binding modes for both cofactors NAD and NADP were obtained using the flexi-

ble docking procedure and molecular dynamics simulation. Structural analysis of the favourable binding modes showed 

that the cofactor binding site of PsXR was composed of 3 major components: a hydrophilic pocket, a hydrophobic pocket 

as well as a linker channel between the aforementioned two pockets. The hydrophilic pocket could recognize the nicoti-

namide moiety of the cofactors by hydrogen bonding networks, while the hydrophobic pocket functioned to position the 

adenine moiety of the cofactors by hydrophobic and -  stacking interactions. The linker channel contained some key 

residues for ligand-binding; their mutation could have impact to the specificity of PsXR. Finally, it was found that any of 

the two single mutations, K21A and K270N, might reverse the cofactor specificity of PsXR from major NADP- to NAD-

dependent, which was further confirmed by the additional experiments. Our findings may provide useful insights into the 

cofactor specificity of PsXR, stimulating new strategies for better designing xylose reductase and improving ethanol pro-

duction in industry. 
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1. INTRODUCTION 

Xylose reductase is a key enzyme to produce xylose from 

xylulose, which is one of the most abundant carbohydrates in 

nature, and also one of the fermentable carbohydrates in 

lignocellulosic biomass [1, 2]. Commonly as a homodimeric 

oxidoreductase, this enzyme is belonged to the aldo-keto 

reductase superfamily [3], which is composed of more than 

100 members and widely distributed in organisms with some 

kinds of interactions with NAD and/or NADP [4]. Using 

NAD or NADP as a cofactor, xylose reductase functions to 

catalyze the reduction of xylose into xylitol in a reversible 

way, which is also known as an initial step in the assimila-

tion of xylose into the glycolytic pathway [5]. Experimental 

evidences showed that the proteins or enzymes in the aldo- 
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keto reductase superfamily adopt a bi-bi mechanism during 

their catalytic functions: binding to the cofactor first and 

subsequently the carbonyl substrates. In human, these en-

zymes can reduce the open chain forms of glucose to sorbi-

tol, which are considered to be physiologically significant 

for diabetes when the blood glucose levels are elevated [6, 

7]. 

The fermentation utilizing xylose reductases to bioetha-

nol is also thought to have remarkable economical and in-

dustrial potential [8]. However, Saccharomyces cerevisiae, a 

most commonly used ethanol producer in industry, cannot 

efficiently utilize xylose reductases [9]. A major strategy to 

overcome this barrier in the fermentation to bioethanol is to 

introduce related genes involved in xylose metabolism from 

other organisms [10, 11]. Xylose reductase and xylitol dehy-

drogenase from Pichia stipitis (PsXD) are the major en-

zymes widely used in recombinant Saccharomyces cere-
visiae strains engineered for xylose utilization in industry 

[12]. In such a way, xylose can be translated into xylulose by 
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the sequential actions of 2 oxidoreductases: i) xylose reduc-

tase from Pichia stipitis (PsXR) can catalyze the reduction of 

xylose into xylitol with NADP as a cofactor; and ii) the 

product xylitol is subsequently oxidized by PsXD using 

NAD exclusively as a cofactor to yield xylulose. However, 

the disparate cofactor specificity for PsXR and PsXD will 

lead to an intracellular redox imbalance and low ethanol 

yields. 

A possible strategy to deal with the intracellular redox 

imbalance is to artificially alter the cofactor specificity for 

PsXR or PsXD. Based on such idea, many good attempts 

have been made to alter the cofactor specificity for PsXR 

and PsXD using site-directed mutagenesis studies [13-18]. 

Most of the successful cases were only detected for PsXD, 

while those of PsXR were less efficacious. In the current 

study, we employed a series of computational tools to model 

the three-dimensional (3D) structure of PsXR, followed by 

finding a favourable binding mode of PsXR with NAD and 

NADP, so as to provide useful structural insights into the 

cofactor specificity of PsXR. 

2. MATERIALS AND METHOD 

2.1. Constructing 3D Structure Model for PsXR 

The entire sequence of PsXR was obtained from the Pro-

tein Information Resource (PIR) database with a number of 

JQ1387. Multiple threading algorithms [19-22] were subse-

quently adopted to search for the structures in the Protein 

Data Bank (PDB), and finally 4 structures (1sm9.pdb, 

1mi3.pdb, 1ads.pdb and 2pdm.pdb) were found to have simi-

lar folding with PsXR. Among these structure, the crystal 

structure of Candida tenuis xylose reductase (PDB ID 1sm9 

[23]) was selected as final template due to its comparatively 

high sequence similarity (~76%) with the target protein. Ac-

cording to the template structure and multiple sequence 

alignment (Fig. 1), the 3D structural model of PsXR was 

derived by the coordinate reconstruction approach [24] and 

ab initio modeling [25]. The former was used to predict the 

aligned region structures based on the template fragments, 

whereas the latter was employed to construct the unaligned 

region structures.  

2.2. Flexible Docking Procedure 

As there is no crystal structure of PsXR-NAD (or NADP) 

complex, we have to employ computational methods to con-

struct a NAD or NADP binding mode for PsXR. Based on 

the 3D structural model of PsXR, flexible docking procedure 

was carried out with Monte Carlo simulated annealing to get 

the favourable binding modes for NAD and NADP. Before 

conducting the docking operations, 10,000 configurations of 

the structural model were randomly extracted from a short-

time molecular dynamics simulation. NAD and NADP were 

subsequently docked into all these configurations to search 

for the favorable binding modes, and the best 100 modes for 

each configuration were taken for the further analyses.  

 

Fig. (1). The multiple sequence alignment of the target protein PsXR with its template structures. Chain 1 is the sequence of the target 

protein PsXR; chains 2, 3, and 4 are the sequence of its homology proteins 1sm9.pdb, 1mi3.pdb, and 1ads.pdb, respectively. The amino acids 

are colored according to the following 7 types: (i) acidic, red; (ii) basic, dark blue; (iii) neutral hydrophilic, pink; (iv) aliphatic, green; (v) 

aromatic, light green; (vi) thiol-containing, yellow; (vii) imino, organ. The sequence similarity scores of the target protein with 1sm9.pdb, 

1mi3.pdb, and 1ads.pdb are 76%, 76%, and 41%, respectively. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this paper). 
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2.3. Molecular Dynamics Simulation 

Here the molecular dynamics simulations were per-

formed by Amber 11 package [26] with the Amber force 

field parameters [27], periodic boundary conditions and NPT 

ensembles. Before starting the simulations, the simulation 

systems were solvated with explicit TIP3P waters [28] em-

bedded in a specified simulation box. The simulation sys-

tems were subsequently subjected to the energy minimiza-

tion with the steepest descents approach [29] for ~3000 

steps, followed by the conjugated gradient method [30] for 

the next 2000 steps. Finally, 10-ns molecular dynamics 

simulation was performed for each simulation system at a 

constant template of 310 K. During the simulations, all the 

bonds were constrained by SHAKE algorithm [31] with a 

tolerance of 10
-6

 and atom velocities for start-up runs were 

obtained according to the Maxwell distribution at 310 K 

[32]. The particle mesh Ewald (PME) algorithm [33] was 

employed to treat electrostatic interactions with interpolation 

order of 4 and a grid spacing of 0.12 nanometer (nm) [34]. 

The van der Waals interactions were treated by using a cut-

off of 12 Å [35]. The integration step was set to be 2 femto-

second (fs), and the coordinates were saved every 1 picosec-

ond (ps). 

2.4. Experimental Validation 

The mutants of PsXR were constructed by PCR-based 

site-directed mutagenesis using a QuikChange
®

 Site-

Directed Mutagenesis Kit (Stratagene). Each mutant was 

verified by DNA sequencing (Sangon Biotechnology Com-

pany, Shanghai, China) and amino acid sequence alignment. 

The E.coli BL21 (DE3) harboring the expression plasmid for 

the His-tagged wild-type and mutated enzymes were grown 

at 37°C overnight in LB medium supplemented with Ka-

namycin. The saturated overnight cultures were diluted 100-

fold into fresh LB media containing Kanamycin and grown 

for ~ 2 hours to a turbidity of 0.6 at 600 nm. After the addi-

tion of 1 millimol (mM) isopropyl- -D-thiogalactopyrano-

side, the culture was further grown at 25°C for 4 hours to 

induce the expression of the proteins. 

After harvested by centrifugation at 10,000 generations 

for 10 minutes at 4°C, the cells were resuspended in 5 milli-

liter (ml) of Buffer A (20 mM sodium phosphate, pH 7.4 

containing 500 mM NaCl and 20 mM imidazole) and sub-

jected to 99 pulses of sonication, 5s each with a 9s interval in 

an ice-water bath. After centrifugation of the cell lysate at 

10,000 generations for 10 minutes to remove cell debris, the 

resultant supernatant was purified by an ÄKTA purifier sys-

tem using a Ni
2+

-charged 1 ml HisTrap
®

 FF Crude column 

(GE Healthcare) equilibrated with Buffer A. SDS-

polyacrylamide gel electrophoresis (PAGE) was carried out 

in 10% slab gels. 

The specific activity was determined by measuring the 

decrease in absorbance at 340 nm at 35°C corresponding to 

the oxidization of NAD(P)H to NAD(P) using a spectropho-

tometer. The standard assay mixture contained 80 mM xy-

lose and 100 mM NAD(P)H in 50 mM sodium phosphate 

buffer (pH 6.5). All reactions were started with the addition 

of 100 microliter (μl) of enzyme to a final volume of 3.0 ml. 

One unit of enzyme activity refers to 1 micromol (μm) of 

NAD(P)H reduced per minute. Protein concentrations were 

determined using absorbance at 280 nm. 

3. RESULTS AND DISCUSSION 
3.1. Structure Model for PsXR 

It was found from the 3D structural model of PsXR (Fig. 
2A) that the enzyme folded into a ( / )8 barrel, which has 

been adopted by most of xylose reductases. As sharing a 

comparatively high sequence similarity with the template 

structure, the overall structure of PsXR seemed quite like the 

template structure (Fig. 2B). To validate the 3D structural 

model, we employed multiple algorithms to estimate the 

local and global model qualities and stereochemical features. 

The local model quality was assessed by QMEAN [36], a 

scoring function of a linear combination of 6 structural de-

scriptors (C  interaction energy, all-atom pairwise energy, 

salvation energy, torsion angle energy, secondary structure, 

and solvent accessibility). The QMEAN score, ranging be-

tween  0  and 1 with higher value to reflect a better quality of  

 

Fig. (2). Ribbon drawing to show the 3D structure of PsXR developed by the coordinate reconstruction and ab initio modeling. (A) 

The backbone structure of PsXR, in which the cofactor NAD is depicted with pink stick drawing. (B) A superimposition of PsXR with its 

template structure 1sm9.pdb, where PsXR is colored in red, while 1sm9.pdb in blue. (For interpretation of the references to color in this fig-

ure legend, the reader is referred to the web version of this paper). 
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Fig. (3). The local quality for the 3D structural model of PsXR estimated by QMEAN scores. (A) The density plot of the QMEAN scores 

for the computational model. (B) Z-score for the computational model in comparison with the scores of the reference X-ray structures of simi-

lar size from Protein Data Bank. (C) Z-score for each QMEAN components of the computational model in comparison with the average X-

ray structures. 

 

the model, for the current model was 0.645, and the density 

plot of this score was shown in (Fig. 3A). To further evaluate 

the absolute model quality, a Z-score of the structural model 

was also calculated in comparison with thoses of the refer-

ence X-ray structures of similar size from the Protein Data 

Bank (Fig. 3B). For each QMEAN component, the Z-score 

was calculated in comparison with the average X-ray struc-

tures, in which the average score was 0 (Fig. 3C). 

The global model quality was estimated by DFIRE [37], 

an all-atom statistical potential based on a distance-scaled 

finite ideal-gas reference state to assess non-bonded atomic 

interactions in the protein model. DFIRE can provide pseudo 

energies for the computational model that reflected the qual-

ity of the model. The DFIRE score for our structural model 

was -427.58, indicating that the model was close to the na-

tive conformation. To further examine the stereochemical 

features of the structural model, we also involved Procheck 

[38], which indicated that 84.8% residues of the structural 

model were located in the core region, 10.5% in the allowed 

region, 2.9% in the general region, and only 1.8% in the dis-

allowed region. For a good quality model, the residues lo-

cated in the core and allowed regions should be expected to 

be over 90%, which is the case for our model since 84.8% + 

10.5% = 95.3%. Moreover, for the main-chain residues, 

98.3% of the bond lengths and 83.0% of the bond angles are 

within the allowed limits. All these information indicated 

that our computational structure of PsXR was reliable. 

3.2. Favorable Binding Modes of NAD and NADP 

Based on the 3D structural model of PsXR, we employed 

flexible docking procedure, molecular dynamics simulation 

and free energy calculations to get a favorable binding mode 

for both NAD and NADP. As sharing a similar folding struc-

ture, the cofactor binding site in PsXR could be predicted 

according to that of the template structure, which have been 

well studied and mapped out [23]. Based on the cofactor 

binding information of the template structure, we success-

fully identified the cofactor binding site in PsXR, and 

docked the cofactors (NAD and NADP) into the 3D struc-

tural model of PsXR (Fig. 4).  

The information of the binding pocket of a receptor to its 

ligand is very important for drug design, particularly for 

conducting mutagenesis studies [19]. In the literature, the 

binding pocket of a protein receptor to a ligand is usually 

defined by those residues that have at least one heavy atom 

(i.e., an atom other than hydrogen) with a distance <5 Å 

from a heavy atom of the ligand. The binding pocket thus 

found for the current cofactor looks like a dumbbell that is 

composed of 3 major components: a hydrophilic pocket for 

the nicotinamide moiety of the cofactor formed by Asp43, 

His110, Asn166, Gln187 as well as Tyr213; a hydrophobic 

pocket for the adenine moiety of the cofactor formed by 

Trp20, Phe216, Pro218 as well as Phe236; and a linker 

channel formed by Gly18, Lys77, and Ile268. 
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The interactions between cofactors and the residues in 

these components of the cofactor binding site were quite 

different. The residues in the hydrophilic pocket were recog-

nizing and positioning the nicotinamide moiety of the cofac-

tors mainly via a hydrogen bonding network (Fig. 5). In the 

current case, let us define the hydrogen bond with the inter-

action scope that the distance between the heavy atoms of a 

donor and an acceptor was less than 3.5 Å and that the do-

nor-H-acceptor angle was less than 30° [39]. For a signifi-

cant hydrogen bond, the life-time should be expected to be 

more than 10% in all the frames involved in our simulations. 

The detailed information for the significant hydrogen bonds 

was described in Table 1. Although both Asn166 and Gln187 

could form significant hydrogen bonds to recognize the 

amido group of the nicotinamide moiety of the cofactors, 

they played different roles: Asn166 acted as a hydrogen do-

nor, while Gln187 did as a hydrogen acceptor. The hydrogen 

bonds formed by Asp43 and Tyr48 functioned to position the 

multiple hydroxyl groups in the nicotinamide moiety of the 

cofactors. For the hydrophobic pocket, van der Waals inter-

actions had major contributions to the cofactor binding. The 

hydrophobic residues in this pocket, such as Trp20, Pro218 

as well as Phe216, could provide crucial hydrophobic inter-

actions with the adenine moiety of the cofactors. Besides 

these hydrophobic interactions, Phe236 could form -  

stacking interactions with the aromatic rings in the adenine 

moiety, which was also considered to be essential for recog-

nizing and positioning the adenine moiety of the cofactors. 

Additionally, the residues in the linker channel could provide 

both hydrogen bonding (i.e., Lys270) and van der Waals 

interactions (i.e., Ile268) to stabilize the phosphate group 

locating between the nicotinamide and adenine moieties of 

the cofactors. 

3.3. Strategy for Altering the Cofactor Specificity of 
PsXR 

To explore the cofactor specificity of PsXR, we docked 

both NAD and NADP into the cofactor binding site men-

tioned above. Due to having strong van der Waals and elec-

trostatic interactions, the binding affinity of NADP was 1.5-

fold higher than that of NAD, which also indicated the fact 

that PsXR was NADP specific. To alter the current cofactor 

 

Fig. (5). A 3D diagram to show the details of the interactions between the cofactors and the residues in the active site. The interactions 

in the hydrophilic pocket are mainly involved with the multiple hydrogen bonding networks to position the nicotinamide moiety of the cofac-

tors. In contrast, the hydrophobic pocket may recognize the adenine moiety of the cofactors via the -  stacking interactions.  

 

Fig. (4). Cofactor binding site in the 3D structural model of 
PsXR. The backbone structure of PsXR is shown in ribbon drawing 

with the colors based on its secondary structures. The cofactor 

NAD shown in stick drawing and its binding pocket is in the orange 

surface. The cofactor binding pocket is composed of three major 

parts: a hydrophilic pocket that can recognize the nicotinamide 

moiety of NAD; a hydrophobic pocket that can bind the adenine 

moiety of NAD; and a linker channel that connects the above two 

pockets. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this paper). 
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specificity, we had to design some mutations which lowered 

the binding affinity of NADP and changed the cofactor bind-

ing site to increase the binding affinity of NAD. According 

to the previous analyses, we known that the residues in the 

hydrophilic and hydrophobic pockets played important roles 

to recognize and position the nicotinamide and adenine 

moieties which were shared by both NAD and NADP. Thus, 

it was better to keep these residues, indicating that the de-

sired mutations might be found in the linker channel of the 

cofactor binding site. Compared with NAD, NADP had an 

additional phosphate group near the adenine moiety, which 

could provide additional van der Waals and hydrogen bond-

ing interactions with the neighboring residues. Thus, a possi-

ble strategy to lower the binding affinity of NADP was to 

mutate the residues that had van der Waals or hydrogen 

bonding interactions with the additional phosphate group in 

NADP. 

As shown in Fig. (6), the additional phosphate group in 

NADP was detected to form hydrogen bonds with Lys21 and 

Lys270 in the linker channel. These hydrogen bonds were 

not detected in the binding mode of the cofactor NAD due to 

lacking the additional phosphate group in Ribose 2 moiety. 

Thus, mutation in both Lys21 and Lys270 might effica-

ciously reduce the binding affinity of NADP with few influ-

ences on that of NAD. This point was also supported by the 

previous mutagenesis studies that Lys270 was potential mu-

tation site for altering the cofactor specificity for PsXR [10, 

16]. After mutating Lys21 and Lys270 into another 19 amino 

acids one by one, we found two single mutations K21A and 

K270N were found to exhibit a significant reversal of the 

cofactor specificity in PsXR (Table 2). Compared with the 

wild-type enzymes, the side-chains of Ala21 and Asn270 in 

the mutated enzymes were much smaller and shorter, which 

Table 1. The Detailed Information for the Hydrogen Bonding Interactions Formed by the Cofactors and the Residues Around their 
Binding Site 

No. Residues Cofactors Life-time Distance/Å 

1 Gly18 Nicotinamide moiety 67.4% 1.74 

2 Gln187 Nicotinamide moiety 55.7% 2.79 

3 Asp43 Ribose 1 52.0% 1.64 

4 Gln187 Nicotinamide moiety 34.3% 1.91 

5 Tyr48 Ribose 2 27.6% 2.86 

6 Tyr48 Ribose 2 27.6% 2.86 

7 Asn166 Nicotinamide moiety 20.9% 3.04 

8 Lys270 Adenine moiety 15.3% 2.93 

9 Lys270 Phosphate group 14.9% 1.48 

 

Fig. (6). A 2D diagram for the hydrogen bonding interactions of the cofactor NADP. The chemical of the cofactor NADP is composed 

of 5 parts: nicotinamide (green), adenine (red), phosphate group (pink) as well as ribose 1 and 2 (blue). The additional phosphate group 

(black) can form significant hydrogen bonds with Lys21 and Lys270, which was not detected in the cofactor NAD. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this paper). 
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broke the significant hydrogen bonds of the additional phos-

phate group detected in the wild-type enzyme. This was fur-

ther supported by the fact that the K21R mutation, whose 

side-chain length was similar with the wild-type, had little 

influence on the cofactor specific activity. 

4. CONCLUSION 

We adopted a series of molecular modeling approaches 

to construct a 3D structural model of PsXR, with an aim of 

investigating the cofactor specificity of PsXR to solve the 

intracellular redox imbalance problem during the ethanol 

production in industry. To validate the structural model, mul-

tiple algorithms were utilized to estimate the local and global 

qualities and stereochemical features; the outcomes indicated 

that our computational structure of PsXR was quite reliable. 

Based on the computational structure of PsXR, we also got 

the favorable binding modes for both NAD and NADP using 

the flexible docking and molecular dynamics simulation. Our 

calculations showed that the cofactor binding site in PsXR 

was composed of 3 major components: a hydrophilic pocket, 

a hydrophobic pocket and a linker channel between the 

aforementioned two pockets. The hydrophilic pocket could 

recognize the nicotinamide moiety of the cofactors through a 

number of hydrogen bonds, while the hydrophobic pocket 

functioned to position the adenine moiety of the cofactors by 

hydrophobic interactions and -  stacking. The linker chan-

nel contained some key residues that had potential abilities 

to alter the cofactor specificity of PsXR by mutations. Based 

on the structural comparisons of the binding modes for NAD 

and NADP, we found that the hydrogen bonds formed by 

Lys21 and Lys270 only existed in the binding mode of 

NADP. To alter the major NADP-dependence of PsXR, we 

mutated these residues into another 19 amino acids, and fi-

nally got two single mutations (K21A and K270N). Addi-

tional experiments showed that these mutations could sig-

nificant reverse the cofactor specificity (major NADP-

dependence in the wild-type) of PsXR into NAD-

dependence. These findings could provide useful insights 

into the cofactor specificity of PsXR, stimulating novel 

strategies for re-designing xylose reductase and improving 

ethanol production in industry. 
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