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Abstract: The Candida tropicalis strain CT1799 xylose reductase (XR) with protein ID ABG49458.1 is a kind of 
NADPH-dependent xylose reductase. It could be used to construct recombinant Saccharomyces cerevisiae strain for utiliz-
ing xylose and producing alcohol. To investigate the interaction mechanism of XR with NADP and NAD, the 3D (dimen-
sional) structure for XR was developed. With the 3D structure, the molecular docking operations were conducted to find 
the most favorable bindings of XR with NADP and NAD. Based on these results, the binding pockets of XR for NADP 
and NAD have been explicitly defined, respectively. It was observed that Asn278 and Arg282 of XR could form hydrogen 
bonds with both NADP and NAD that were bonded to the same site of XR with some competitive relationship. However, 
according to the binding energies and conformational fitting, NADP is a more favorable coenzyme to XR. All these find-
ings may explain why XR is NADP-dependent. The findings can be used to guide mutagenesis studies, providing useful 
clues to modify the enzyme for improving the utilization of xylose in producing alcohol. In addition, because the human 
aldose reductases have the functions to reduce the open chain form of glucose to sorbitol, a process physiologically sig-
nificant for diabetic patients at the time that their blood glucose levels are elevated, the information gained through this 
study may also stimulate the development of new strategies for the therapeutic treatment of diabetes. 

Keywords: New strategy of diabetes therapy, Alcohol-producing, Xylose reductase, Assimilation, Binding pocket, Hydrogen 
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INTRODUCTION 

 NADPH-dependent xylose reductases are classified as 
the monomeric aldo-keto reductase superfamily (AKRs) of 
proteins and enzymes. Each of the family members seems to 
have some kind of interactions with NAD or NADP [1]. 
AKRs have distinctly defined functions for reversibly cata-
lyzing NAD(P)H-dependent reduction of D-xylose to xylitol. 
This kind of reaction is one of the initial steps in assimilation 
of xylose into the glycolytic pathway [2, 3]. 

 Although the roles of the majority of the AKRs have not 
been well defined, many of them are deemed as the general 
detoxification catalysts, meaning that they are able to reduce 
the reactive carbonyl-containing compounds [4, 5]. Accord-
ing to the report [6], they can also control the levels of intra-
cellular polyols in some osmotic regulations. In general, 
however, the reductases possess the special ability to cata-
lyze the NAD(P)H-dependent reduction, capable of trans-
forming the carbonyl substrates to their corresponding alco-
hols. Some of them will choose the directions in which the 
carbonyl substrates are reduced although the reactions are  
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mainly reversible. Furthermore, little substrate specificity 
has been observed. However, there is an interesting finding 
that the hydrophobic compounds are preferred over hydro-
philic compounds. Clinical interest on the AKRs has been 
focused on human aldose reductases because they are 
physiologically significant for diabetic patients at the time 
when their blood glucose levels are elevated [7]. 

 Some kinetic experiments and structural investigations 
have been carried out on the AKRs, which were mainly di-
rected for understanding the mechanism and inhibitions of 
aldose reductases. In the current study, Candida tropicalis 
strain Ct1799 xylose reductase with protein ID ABG49458.1 
has been selected as a target for investigation. To investigate 
the binding mechanism of XR with NADP, an indispensable 
knowledge is of its 3D structure. Since no experimental 
structural data whatsoever is available for XR so far, we 
have to resort to the computational approaches. Many lines 
of evidences have indicated that mathematical/computational 
approaches, such as structural bioinformatics [8-14], molecu-
lar docking [15-20], molecular packing [21-23], pharma-
cophore modelling [24, 25], Mote Carlo simulated annealing 
approach [26], diffusion-controlled reaction simulation [27], 
graph/diagram approach [28-43], bio-macromolecular inter-
nal collective motion simulation [44], QSAR [13, 45-50], 
protein subcellular location prediction [51-57], identification 
of membrane proteins and their types [58, 59], identification 
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of enzymes and their functional classes [60], identification of 
GPCR and their types [61-63], identification of proteases 
and their types [64], protein cleavage site prediction [65-67], 
and signal peptide prediction [68, 69], can timely provide 
very useful information and insights for drug development as 
well as basic research and hence are quite rewarding. The 
present study was initiated in an attempt to use structural 
bioinformatics tools to investigate the binding mechanism of 
XR with NADP in hope to provide useful information to 
stimulate the drug development in the relevant areas.”  

MATERIALS AND METHODS 

 In order to use the structural bioinformatics tools to 
model the 3D structure of XR (protein ID ABG49468.1), the 
crystal structure of xylose reductase AKR2B5 (PDB code 
1K8C) was chosen as templates, which was first released in 
2002 [70], with a resolution of 2.10 Å. 

 The sequence of XR contains 324 amino acids, while that 
of 1K8C contains 322 amino acids. Sequence alignment per-
formed by our in-house software SIMM (Shanghai Molecu-
lar Modeling) for the two sequences is shown in Fig. (1). 
The sequence identity of the two proteins is about 76%. 

 Based on the sequence alignment (Fig. 1) and the atomic 
coordinates of the crystal structure 1K8C, the 3D structure of 
XR was developed by the “segment matching” or “coordi-
nate reconstruction” approach [71-74]. This kind of approach 
had been used to model the 3D structures of caspase-8 [75], 
Cdk5-Nck5a* complex [76], caspase-9 [77], and BACE1 [8, 
78] before their crystal structures were available or released 
to the public, timely providing useful information for both 
basic research and drug development in the relevant areas [8, 
78-81]. The segment match approach has also been success-
fully used to predict the 3D structures for CARDs (caspase 

recruitment domains) of Apaf-1, Ced-4 and Ced-3 based on 
the solution structure of the RAIDD CARD [82], as well as 
theâ -secretase zymogen [83]; the structural information 
derived from the latter has convincingly elucidated the 
mechanism why the prodomain of â -secretase did not sup-
press the activity like in a strict zymogen, as reported by 
Benjannet et al. [84] and Shi et al. [85]. Furthermore, the 
segment match approach was also used to develop the 3D 
structures of extracellular domains for the subtypes 1, 2, 3, 
and 5 of GABA-A receptors [9], BACE2 [86], GFAT [10], 
human ion channels [87], 7 nicotinic acetylcholine receptor 
[11], cathepsin-E [88], human G alpha 13 and human TXA2 
receptor [12], DNA-CBF3b complex [89], H5N1-NA [90] as 
well as CYP2C19 [17, 91], greatly stimulating the develop-
ment of the related areas (see, e.g., [17, 92-94]).  

 After 500 steps energy minimization of the initial compu-
tational structure, the final 3D structure thus obtained for XR 
is shown in the ribbon drawing colored according to its sec-
ondary structures (Fig. 2) and the ligand NADP shown in the 
ball-and-stick drawing. In addition, some assessments were 
performed on our computational structure using SWISS 
Model Server. 

 In the current study, the molecular docking with the 
Monte Carlo simulated annealing [26, 95], also known as a 
Metropolis algorithm [96], was adopted to investigate the 
interactions of XR with NADP. Before beginning the dock-
ing operation, 1000 steps energy minimization were per-
formed to the initial computational structure in the explicit 
solvent. The binding pocket for both ligands was found ac-
cording to the template 1K8C because the xylose reductases 
have high homology and their binding pockets are quite con-
servative. During the docking process, the ligand was 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). The sequence alignment of XR (Chain-1) with 1K8C (Chain-2), where the amino acids are colored according to the following four 
types: (1) acidic, red; (2) basic, dark blue; (3) hydrophobic, green; (4) hydrophilic, light blue. The sequence identity of the two enzymes is 
about 76%. (For the color drawing of this figure, the reader is referred to the web version of this paper). 
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1 5 10 15 20 25 30 35 40 45 50 55 60 65 
MS T T P T I P T I KLNSGYEMP L VGFGCWKVNNE TAADQ I YNA I KTGYRL FDGAEDYGNEKEVGEG I N

2 8 13 18 23 28 33 38 43 48 53 58 63 
S I PD I KL SSGHLMPS I GFGCWKLANATAGEQVYQA I KAGYRL FDGAEDYGNEKEVGDGVK

70 75 80 85 90 95 100 105 110 115 120 125

1 70 75 80 85 90 95 100 105 110 115 120 125 130 
RA I KEGL VKREE L F I T SKLWNNFHDPKNVE TALNKT L SDLNLDYVDL F L I HF P I AFKF VP I EEKY

2 68 73 78 83 88 93 98 103 108 113 118 123 128 
RA I DEGL VKREE I F L T SKLWNNYHDPKNVE TALNKT LADLKVDYVDL F L I HF P I AFKF VP I EEKY

135 140 145 150 155 160 165 170 175 180 185 190

1 135 140 145 150 155 160 165 170 175 180 185 190 195 
PPGF YCGDGDNFHYEDVP L LDTWKAL EKL VEAGK I KS I G I SNF TGAL I YDL I RGAT I KPAV LQ I E

2 133 138 143 148 153 158 163 168 173 178 183 188 193 
PPGF YCGDGNNF VYEDVP I L E TWKAL EKL VAAGK I KS I GVSNF PGAL L LDL LRGAT I KPAV LQVE

200 205 210 215 220 225 230 235 240 245 250 255

1 200 205 210 215 220 225 230 235 240 245 250 255 260 
HHPY LQQPKL I EYVQKAG I A I TGYSS FGPQS F L E L ESKRALNT P T L FKHE T I KS I ADKHGKSPAQ

2 198 203 208 213 218 223 230 235 240 245 250 255 
HHPY LQQPKL I E FAQKAGV T I TAYSS FGPQS F VNQGRALNT P T L FAHDT I KA I AAKYNKT PAE

265 270 275 280 285 290 295 300 305 310 315 320

1 265 270 275 280 285 290 295 300 305 310 315 320 
V L LRWATQRN I AV I PKSNNPERLAQNL SVVDFDL TKDDLDN I AKLD I GLRFNDPWDWDN I P I F V

2 260 265 270 275 280 285 290 295 300 305 310 315 320 
V L LRWAAQRG I AV I PKSNL PERL VQNRS FNT FDL TKEDF EE I AKLD I GLRFNDPWDWDN I P I F V
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Fig. (2). Illustration to show the computed 3D structure of XR with NADP, where the XR is in the ribbon drawing colored according to its 
secondary structures and the NADP is in the ball-and-stick drawing. (For the color drawing of this figure, the reader is referred to the web 
version of this paper). 
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Fig. (3). Illustration showing the lipophilic and hydrophilic surfaces of the binding pocket (or cavity) of XR for (A) NADP and (B) NAD, 
where the lipophilic and hydrophilic surfaces are colored in green and blue, respectively. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this paper). 

flexible. The program generated a diversified set of confor-
mations by making random changes of the coordinates of 
NADP [96-98]. When a new conformation of NADP was 
generated, the search for the favorable bindings was con-
ducted within a specified 3D box, using either simulated 
annealing [95] or tabu search [99, 100]. Both methods seek 

to optimize the purely spatial contacts as well as electrostatic 
interactions. The interaction energy was calculated using the 
van der Waals and electrostatic potential fields. In all our 
computations, the CHARMM33 force field parameters were 
utilized [101]. For facilitating comparison, using the same 
approach as described above, the docking of NAD to XR 
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was also performed; the information thus obtained would be 
useful for understanding the mechanism about NADPH-
dependence of XR. The most favorable interactions of XR 
with NADP and NAD thus obtained are given in Figs. (3A 
and B), respectively.  

 Similar docking methods were also used for studying the 
binding mechanism of CoV Mpro with ligands [15, 25], alpha 
7 nAChR dimer with GTS-21 [92], and calmodulin with 
chrysin [102], finding anti-SARS drugs [103, 104], seeking 
for agaritine derivatives [19], designing inhibitors against 
SAH enzyme [105], searching for new agonists against Alz-
heimer’s disease [20], as well as investigating the drug resis-
tance of H5N1 virus [94].  

RESULTS AND DISCUSSIONS 

 The binding pockets of XR for NADP and NAD are 
shown in the Table 1. Here, the constituents of the binding 
pocket of a protein receptor to a ligand are 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. Such a criterion was originally used to 
define the binding pocket of ATP in the Cdk5-Nck5a* com-
plex [76] that has later proved quite useful in identifying 
functional domains and stimulating the relevant truncation 
experiments [81]. The similar approach has also been used to 
define the binding pockets of other receptor-ligand interac-
tions [11, 15, 25, 78, 90, 91, 94, 104, 106]. 

 For NADP, the binding pocket is formed by 11 residues, 
among which Asn278 and Arg282 have hydrogen bond in-
teractions with NADP. There are 6 hydrogen bonds existing 
between XR and NADP. For NAD, the corresponding bind-
ing pocket is formed by 13 residues, more than NADP. 
Asn278 and Arg282 also have formed 2 hydrogen bonds 

with NAD. Compared the two binding pockets, we can find 
that they are highly similar. Nine residues, Asn29, Gln225, 
Leu228, Glu229, Lys276, Ser277, Asn278, Asn279, and 
Arg282, have been shared by the two binding pockets. Also, 
it is interesting to find that Asn278 and Arg282 have hydro-
gen bond interactions with both NADP and NAD. So, we 
think that NADP and NAD bond to the same site of XR with 
competitive relationships. Judging from the binding energies, 
as shown in Table 2, the binding energy of NADP is much 
higher than the corresponding energy of NAD. Compared 
with NAD, NADP has a phosphate radical, as shown in Fig. 
(4), which is propitious to disperse charges so as to decrease 
the electronic energies. Also, the phosphate radical can make 
the contact of XR and NADP more sufficient. In addition, as 
mentioned above, NADP forms more hydrogen bonds with 
XR than NAD. So, NADP is considered to be more prefer-
able, which may be the explanations for the NADP-
dependence of XR. 

 The lipophilic and hydrophilic surfaces of the binding 
pockets (or cavities) of XR for NADP and NAD are shown 
in Fig. (3). We can find that the two binding pockets are al-
most the same as mentioned above, which are mainly hydro-
philic. In addition, the conformations of NADP and NAD 
may explain why NADP is preferred. The molecular con-
formation of NAD is folded with a high potential energy, 
which is disadvantageous for NAD to interact with XR; 
while the molecular conformation of NADP stretches well, 
and is advantageous for the interactions between XR and 
NADP. 

CONCLUSION 

 The binding pockets of XR for NADP and NAD are 
found, which are formed by 11 and 13 residues, respectively. 

Table 1. Residues in Forming the Binding Pockets of XR for NADP and NAD, Respectively 

Ligands Binding Pocket Residues
a
 

Lys27  Asn29 Gln225 Leu228 Glu229 Leu230 Lys276 NADP 

Ser277 Asn278 Asn279 Arg282    

Asn29  Phe222 Gln225 Ser226 Leu228 Glu229 Phe242 NAD 

Pro275 Lys276 Ser277 Asn278 Asn279 Arg282  

aResidues with bold-face type mean that they have hydrogen bonding interaction with the ligand. 

Table 2. List of the Interaction Energies (kcal/mol) for XR with NADP and NAD 

Ligands E (electronic) E (van der Waals) E (binding) 

NADP -18.53 -14.27 -32.79 

NAD -7.65 -17.78 -25.43 

The van der Waals interactions were computed with 
( ) ( )

( )
1 1 ij

ij ij

nij m

i j ij ij ij ij vdw

vdw i j ij ij ijm m
i j ij ij ij ijij ij

a R n b R m n
E e s r T I

r aR m mr bR<

+ + +
=

+ +

 

where eij, Rij, Mij and nij are the force-field parameters. To avoid the occurrence of zero denominator, the buffering constants a and b are introduced. S is the smoothing function; Ivdw 
the interaction scale factor defined to be 0 and 1; Tij the interaction scale factor used to scale particular non-bonded interactions. 

The electrostatic interactions were computed with 
( )

( )
2

04
i j ele

ele ij ij ijk
i j

ij ele

q qe
E s r T I

d r b<

=
+

 

where Tij is the interaction scale factor, defined exactly the same as in the van der Waals interaction; qi is the partial charge on atom i; bele the buffering constant intended to avoid 
zero denominators; k is either 1 or 2 depending on whether the constant dielectric or distance-dependent dielectric form is used, respectively; d the dielectric constant; and Iele the 
interaction scale factor defined to be either 0 or 1. 
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There are 9 residues, Asn29, Gln225, Leu228, Glu229, 
Lys276, Ser277, Asn278, Asn279, and Arg282, appearing in 
the two binding pockets. Furthermore, Asn278 and Arg282 
have hydrogen bond interactions with both NADP and NAD. 
So, it is considered that NADP and NAD bond to the same 
site of XR with competitive relationships. Judging from the 
binding energies and molecular conformations, NADP is 
more preferable. This is also why XR is NADP-dependent. 

ACKNOWLEDGMENTS 

 The authors wish to thank the two anonymous reviewers, 
whose constructive comments are very helpful for strength-
ening the presentation of this paper. This work was sup-
ported by the grants from the National 863 bioinformatics 
projects under the contract No.2007AA02Z333, and the Chi-
nese National Science Foundation under the contract 
No.20773085 and 30870476, the Major National Funding of 
New Drug Discovery for the Integrated Platform, as well as 
the National Science Foundation of Guangdong under the 
contract No.06300199. Additional supports were also from 
the special fund for intensive computation, Virtual Labora-
tory for Computational Chemistry of CNIC, and the 
Supercomputing Center of CNIC, Chinese Academy of Sci-
ences. 

REFERENCES 

[1] D. Hyndman, D. R. Bauman, V. V. Heredia, T. M. Penning, "The 
aldo-keto reductase superfamily homepage", Chem. Biol. Interact., 
vol. 143-144, pp. 621-631, 2003. 

[2] J. M. Jez, M. J. Bennett, B. P. Schlegel, M. Lewis, T. M. Penning, 
"Comparative anatomy of the aldo-keto reductase superfamily", 
Biochem. J., vol. 326 ( Pt 3), pp. 625-636, 1997. 

[3] H. Lee, "The structure and function of yeast xylose (aldose) reduc-
tases", Yeast, vol. 14, pp. 977-984, 1998. 

[4] G. O. Aspinall. In The Biochemistry of Plants; P.K. Stumpf, and 
E.E. Conn, Eds.; pp. 473-499. Academic Press, New York, 1980. 

[5] C. E. Grimshaw, "Aldose reductase: model for a new paradigm of 
enzymic perfection in detoxification catalysts", Biochemistry, vol. 
31, pp. 10139-10145, 1992. 

[6] J. J. Bedford, S. M. Bagnasco, P. F. Kador, H. W. Harris, Jr., M. B. 
Burg, "Characterization and purification of a mammalian os-
moregulatory protein, aldose reductase, induced in renal medullary 
cells by high extracellular NaCl", J. Biol. Chem., vol. 262, pp. 
14255-14259, 1987. 

[7] P. F. Kador, W. G. Robison, Jr., J. H. Kinoshita, "The pharmacol-
ogy of aldose reductase inhibitors", Annu. Rev. Pharmacol. Toxi-

col., vol. 25, pp. 691-714, 1985. 
[8] K. C. Chou, "Review: Structural bioinformatics and its impact to 

biomedical science", Curr. Med. Chem., vol. 11, pp. 2105-2134, 
2004. 

[9] K. C. Chou, "Modelling extracellular domains of GABA-A recep-
tors: subtypes 1, 2, 3, and 5", Biochem. Biophys. Res. Commun., 
vol. 316, pp. 636-642, 2004. 

[10] K. C. Chou, "Molecular therapeutic target for type-2 diabetes", J. 

Proteome Res., vol. 3, pp. 1284-1288, 2004. 
[11] K. C. Chou, "Insights from modelling the 3D structure of the ex-

tracellular domain of alpha7 nicotinic acetylcholine receptor", Bio-
chem. Biophys. Res. Commun., vol. 319, pp. 433-438, 2004. 

[12] K. C. Chou, "Coupling interaction between thromboxane A2 recep-
tor and alpha-13 subunit of guanine nucleotide-binding protein", J. 

Proteome Res., vol. 4, pp. 1681-1686, 2005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Illustration showing the binding pocket surfaces of XR for NADP, where the exposed, lipophilic, and hydrophilic surfaces are col-
ored in red, blue, and green, respectively. Also, the phosphate radical of XR is rendered in space-filling representation. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this paper). 



Candida Tropicalis Strain Ct1799 Xylose Reductase The Open Bioinformatics Journal, 2008, Volume 2    77 

[13] H. Gonzalez-Díaz, Y. Gonzalez-Díaz, L. Santana, F. M. Ubeira, E. 
Uriarte, "Proteomics, networks, and connectivity indices", Pro-
teomics, vol. 8, pp. 750-778, 2008. 

[14] H. Gonzalez-Diaz, S. Vilar, L. Santana, E. Uriarte, "Medicinal 
chemistry and bioinformatics - current trends in drugs discovery 
with networks topological indices", Curr. Top. Med. Chem., vol. 
10, pp. 1015-1029, 2007. 

[15] K. C. Chou, D. Q. Wei, W. Z. Zhong, "Binding mechanism of 
coronavirus main proteinase with ligands and its implication to 
drug design against SARS. (Erratum: ibid., 2003, Vol. 310, 675)", 
Biochem. Biophys. Res. Commun., vol. 308, pp. 148-151, 2003. 

[16] Y. Li, D. Q. Wei, W. N. Gao, H. Gao, B. N. Liu, C. J. Huang, W. 
R. Xu, D. K. Liu, H. F. Chen, K. C. Chou, "Computational ap-
proach to drug design for oxazolidinones as antibacterial agents", 
Med. Chem., vol. 3, pp. 576-582, 2007. 

[17] J. F. Wang, D. Q. Wei, C. Chen, Y. Li, K. C. Chou, "Molecular 
modeling of two CYP2C19 SNPs and its implications for personal-
ized drug design", Protein Peptide Lett., vol. 15, pp. 27-32, 2008. 

[18] R. Zhang, D. Q. Wei, Q. S. Du, K. C. Chou, "Molecular modeling 
studies of peptide drug candidates against SARS", Med. Chem., 
vol. 2, pp. 309-314, 2006. 

[19] W. N. Gao, D. Q. Wei, Y. Li, H. Gao, W. R. Xu, A. X. Li, K. C. 
Chou, "Agaritine and its derivatives are potential inhibitors against 
HIV proteases", Med. Chem., vol. 3, pp. 221-226, 2007. 

[20] H. Zheng, D. Q. Wei, R. Zhang, C. Wang, H. Wei, K. C. Chou, 
"Screening for New Agonists against Alzheimer's Disease", Med. 
Chem., vol. 3, pp. 488-493, 2007. 

[21] K. C. Chou, G. Nemethy, H. A. Scheraga, "Energetic approach to 
packing of a-helices: 2. General treatment of nonequivalent and 
nonregular helices", J. Am. Chem. Soc., vol. 106, pp. 3161-3170, 
1984. 

[22] K. C. Chou, G. M. Maggiora, G. Nemethy, H. A. Scheraga, "Ener-
getics of the structure of the four-alpha-helix bundle in proteins", 
Proc. Natl. Acad. Sci. USA, vol. 85, pp. 4295-4299, 1988. 

[23] L. Carlacci, K. C. Chou, G. M. Maggiora, "A heuristic approach to 
predicting the tertiary structure of bovine somatotropin", Biochem-
istry, vol. 30, pp. 4389-4398, 1991. 

[24] S. Sirois, D. Q. Wei, Q. S. Du, K. C. Chou, "Virtual Screening for 
SARS-CoV Protease Based on KZ7088 Pharmacophore Points", J. 

Chem. Inf. Comput. Sci., vol. 44, pp. 1111-1122, 2004. 
[25] K. C. Chou, D. Q. Wei, Q. S. Du, S. Sirois, W. Z. Zhong, "Review: 

Progress in computational approach to drug development against 
SARS", Curr. Med. Chem., vol. 13, pp. 3263-3270, 2006. 

[26] K. C. Chou, "Energy-optimized structure of antifreeze protein and 
its binding mechanism", J. Mol. Biol., vol. 223, pp. 509-517, 1992. 

[27] K. C. Chou, G. P. Zhou, "Role of the protein outside active site on 
the diffusion-controlled reaction of enzyme", J. Am. Chem. Soc., 

vol. 104, pp. 1409-1413, 1982. 
[28] E. L. King, C. Altman, "A schematic method of deriving the rate 

laws for enzyme-catalyzed reactions", J. Phys. Chem., vol. 60, pp. 
1375-1378, 1956. 

[29] K. C. Chou, S. P. Jiang, W. M. Liu, C. H. Fee, "Graph theory of 
enzyme kinetics: 1. Steady-state reaction system", Scientia Sinica, 
vol. 22, pp. 341-358, 1979. 

[30] A. Cornish-Bowden. Fundamentals of Enzyme Kinetics, Chapter 4, 
Butterworths, London, 1979. 

[31] K. C. Chou, S. Forsen, "Graphical rules for enzyme-catalyzed rate 
laws", Biochem. J., vol. 187, pp. 829-835, 1980. 

[32] K. C. Chou, W. M. Liu, "Graphical rules for non-steady state en-
zyme kinetics", J. Theor. Biol., vol. 91, pp. 637-654, 1981. 

[33] K. C. Chou, "Two new schematic rules for rate laws of enzyme-
catalyzed reactions", J. Theor. Biol., vol. 89, pp. 581-592, 1981. 

[34] G. P. Zhou, M. H. Deng, "An extension of Chou's graphical rules 
for deriving enzyme kinetic equations to system involving parallel 
reaction pathways", Biochem. J., vol. 222, pp. 169-176, 1984. 

[35] D. Myers, G. Palmer, "Microcomputer tools for steady-state en-
zyme kinetics", Bioinformatics; Original: Comput. Appl. Biosci., 
vol. 1, pp. 105-110, 1985. 

[36] K. C. Chou, "Graphical rules in steady and non-steady enzyme 
kinetics", J. Biol. Chem., vol. 264, pp. 12074-12079, 1989. 

[37] K. C. Chou, "Review: Applications of graph theory to enzyme 
kinetics and protein folding kinetics. Steady and non-steady state 
systems", Biophys. Chem.,  vol. 35, pp. 1-24, 1990. 

[38] P. Kuzmic, K. Y. Ng, T. D. Heath, "Mixtures of tight-binding en-
zyme inhibitors. Kinetic analysis by a recursive rate equation", 
Anal. Biochem., vol. 200, pp. 68-73, 1992. 

[39] I. W. Althaus, J. J. Chou, A. J. Gonzales, M. R. Diebel, K. C. 
Chou, F. J. Kezdy, D. L. Romero, P. A. Aristoff, W. G. Tarpley, F. 
Reusser, "Steady-state kinetic studies with the non-nucleoside 
HIV-1 reverse transcriptase inhibitor U-87201E", J. Biol. Chem., 
vol. 268, pp. 6119-6124, 1993. 

[40] I. W. Althaus, A. J. Gonzales, J. J. Chou, M. R. Diebel, K. C. 
Chou, F. J. Kezdy, D. L. Romero, P. A. Aristoff, W. G. Tarpley, F. 
Reusser, "The quinoline U-78036 is a potent inhibitor of HIV-1 re-
verse transcriptase", J. Biol. Chem., vol. 268, pp. 14875-14880, 
1993. 

[41] I. W. Althaus, J. J. Chou, A. J. Gonzales, M. R. Diebel, K. C. 
Chou, F. J. Kezdy, D. L. Romero, P. A. Aristoff, W. G. Tarpley, F. 
Reusser, "Kinetic studies with the nonnucleoside HIV-1 reverse 
transcriptase inhibitor U-88204E", Biochemistry, vol. 32, pp. 6548-
6554, 1993. 

[42] K. C. Chou, F. J. Kezdy, F. Reusser, "Review: Steady-state inhibi-
tion kinetics of processive nucleic acid polymerases and nucle-
ases", Anal. Biochem., vol. 221, pp. 217-230, 1994. 

[43] J. Andraos, "Kinetic plasticity and the determination of product 
ratios for kinetic schemes leading to multiple products without rate 
laws: new methods based on directed graphs", Can. J. Chem., vol. 
86, pp. 342-357, 2008. 

[44] K. C. Chou, "Review: Low-frequency collective motion in biomac-
romolecules and its biological functions", Biophys. Chem., vol. 30, 
pp. 3-48, 1988. 

[45] Q. S. Du, R. B. Huang, K. C. Chou, "Review: Recent advances in 
QSAR and their applications in predicting the activities of chemical 
molecules, peptides and proteins for drug design", Curr. Protein 
Peptide Sci., vol. 9, pp. 248-259, 2008. 

[46] Q. S. Du, P. G. Mezey, K. C. Chou, "Heuristic Molecular Lipophil-
icity Potential (HMLP): A 2D-QSAR Study to LADH of Molecular 
Family Pyrazole and Derivatives", J. Comput. Chem., vol. 26, pp. 
461-470, 2005. 

[47] Q. S. Du, R. B. Huang, Y. T. Wei, L. Q. Du, K. C. Chou, "Multiple 
Field Three Dimensional Quantitative Structure-Activity Relation-
ship (MF-3D-QSAR)", J. Comput. Chem., vol. 29, pp. 211-219, 
2008. 

[48] F. J. Prado-Prado, H. Gonzalez-Diaz, O. M. de la Vega, F. M. 
Ubeira, K. C. Chou, "Unified QSAR approach to antimicrobials. 
Part 3: First multi-tasking QSAR model for Input-Coded predic-
tion, structural back-projection, and complex networks clustering 
of antiprotozoal compounds", Bioorg. Med. Chem., vol. 16, pp. 
5871-5880, 2008. 

[49] H. Gonzalez-Diaz, A. Sanchez-Gonzalez, Y. Gonzalez-Diaz, "3D-
QSAR study for DNA cleavage proteins with a potential anti-tumor 
ATCUN-like motif", J. Inorg. Biochem., vol. 100, pp. 1290-1297, 
2006. 

[50] M. A. Dea-Ayuela, Y. Perez-Castillo, A. Meneses-Marcel, F. M. 
Ubeira, F. Bolas-Fernandez, K. C. Chou, H. Gonzalez-Diaz, "HP-
Lattice QSAR for dynein proteins: Experimental proteomics (2D-
electrophoresis, mass spectrometry) and theoretic study of a 
Leishmania infantum sequence", Bioorg. Med. Chem., vol. 16, pp. 
7770-7776, 2008. 

[51] K. C. Chou, H. B. Shen, "Cell-PLoc: A package of web-servers for 
predicting subcellular localization of proteins in various organ-
isms", Nat. Protocols, vol. 3, pp. 153-162, 2008. 

[52] K. C. Chou, H. B. Shen, "Review: Recent progresses in protein 
subcellular location prediction", Anal. Biochem., vol. 370, pp. 1-16, 
2007. 

[53] K. C. Chou, H. B. Shen, "Hum-PLoc: A novel ensemble classifier 
for predicting human protein subcellular localization", Biochem. 

Biophys. Res. Commun., vol. 347, pp. 150-157, 2006. 
[54] K. C. Chou, H. B. Shen, "Euk-mPLoc: a fusion classifier for large-

scale eukaryotic protein subcellular location prediction by incorpo-
rating multiple sites", J. Proteome Res., vol. 6, pp. 1728-1734, 
2007. 

[55] K. C. Chou, H. B. Shen, "Predicting eukaryotic protein subcellular 
location by fusing optimized evidence-theoretic K-nearest neighbor 
classifiers", J. Proteome Res., vol. 5, pp. 1888-1897, 2006. 

[56] H. B. Shen, K. C. Chou, "Virus-PLoc: A fusion classifier for pre-
dicting the subcellular localization of viral proteins within host and 
virus-infected cells", Biopolymers, vol. 85, pp. 233-240, 2007. 

[57] K. C. Chou, H. B. Shen, "Large-scale plant protein subcellular 
location prediction", J. Cell Biochem., vol. 100, pp. 665-678, 2007. 

[58] K. C. Chou, H. B. Shen, "MemType-2L: A Web server for predict-
ing membrane proteins and their types by incorporating evolution 



78    The Open Bioinformatics Journal, 2008, Volume 2 Wang et al. 

information through Pse-PSSM", Biochem. Biophys. Res. Com-

mun., vol. 360, pp. 339-345, 2007. 
[59] T. Wang, J. Yang, H. B. Shen, K. C. Chou, "Predicting membrane 

protein types by the LLDA algorithm", Protein Peptide Lett., vol. 
15, pp. 915-921, 2008. 

[60] H. B. Shen, K. C. Chou, "EzyPred: A top-down approach for pre-
dicting enzyme functional classes and subclasses", Biochem. Bio-

phys. Res. Commun., vol. 364, pp. 53-59, 2007. 
[61] K. C. Chou, D. W. Elrod, "Bioinformatical analysis of G-protein-

coupled receptors", J. Proteome Res., vol. 1, pp. 429-433, 2002. 
[62] K. C. Chou, "Prediction of G-protein-coupled receptor classes", J. 

Proteome Res., vol. 4, pp. 1413-1418, 2005. 
[63] X. Xiao, P. Wang, K. C. Chou, "GPCR-CA: A cellular automaton 

image approach for predicting G-protein-coupled receptor func-
tional classes", J. Comput. Chem., DOI 10. 1002/jcc. 21163, 2008. . 

 [64] K. C. Chou, H. B. Shen, "ProtIdent: A web server for identifying 
proteases and their types by fusing functional domain and sequen-
tial evolution information", Biochem. Biophys. Res. Comm., vol. 
376, pp. 321-325, 2008. 

[65] K. C. Chou, "A vectorized sequence-coupling model for predicting 
HIV protease cleavage sites in proteins", J. Biol. Chem., vol. 268, 
pp. 16938-16948, 1993. 

[66] K. C. Chou, "Review: Prediction of HIV protease cleavage sites in 
proteins", Anal. Biochem., vol. 233, pp. 1-14, 1996. 

[67] H. B. Shen, K. C. Chou, "HIVcleave: a web-server for predicting 
HIV protease cleavage sites in proteins", Anal. Biochem., vol. 375, 
pp. 388-390, 2008. 

[68] K. C. Chou, H. B. Shen, "Signal-CF: a subsite-coupled and win-
dow-fusing approach for predicting signal peptides", Biochem. 

Biophys. Res. Commun., vol. 357, pp. 633-640, 2007. 
[69] H. B. Shen, K. C. Chou, "Signal-3L: a 3-layer approach for predict-

ing signal peptide", Biochem. Biophys. Res. Commun., vol. 363, pp. 
297-303, 2007. 

[70] K. L. Kavanagh, M. Klimacek, B. Nidetzky, D. K. Wilson, "The 
structure of apo and holo forms of xylose reductase, a dimeric aldo-
keto reductase from Candida tenuis", Biochemistry, vol. 41, pp. 
8785-8795, 2002. 

[71] T. A. Jones, S. Thirup, "Using known substructures in protein 
model building and crystallography", EMBO J., vol. 5, pp. 819-
822, 1986. 

[72] T. L. Blundell, B. L. Sibanda, M. J. E. Sternberg, J. M. Thornton, 
"Knowledge-based prediction of protein structures and design of 
novel molecules", Nature (London) vol. 326, pp. 347-352, 1987. 

[73] K. C. Chou, G. Nemethy, M. Pottle, H. A. Scheraga, "Energy of 
stabilization of the right-handed beta-alpha-beta crossover in pro-
teins", J. Mol. Biol., vol. 205, pp. 241-249, 1989. 

[74] B. C. Finzel, S. Kimatian, D. H. Ohlendorf, J. J. Wendoloski, M. 
Levitt, F. R. Salemme. in Crystallographic and Modeling Methods 
in Molecular Design. C. E. Bugg, and S. E. Ealick, Eds.; Springer-
Verlag, Berlin, pp. 175-188, 1989. 

[75] K. C. Chou, D. Jones, R. L. Heinrikson, "Prediction of the tertiary 
structure and substrate binding site of caspase-8", FEBS Lett., vol. 
419, pp. 49-54, 1997. 

[76] K. C. Chou, K. D. Watenpaugh, R. L. Heinrikson, "A Model of the 
complex between cyclin-dependent kinase 5(Cdk5) and the activa-
tion domain of neuronal Cdk5 activator", Biochem. Biophys. Res. 
Commun., vol. 259, pp. 420-428, 1999. 

[77] K. C. Chou, A. G. Tomasselli, R. L. Heinrikson, "Prediction of the 
Tertiary Structure of a Caspase-9/Inhibitor Complex", FEBS Lett., 
vol. 470, pp. 249-256, 2000. 

[78] K. C. Chou. In Frontiers in Medicinal Chemistry; Atta-ur-Rahman 
and Reitz, A. B., Ed.; Bentham Science Publishers, The Nether-
lands, pp. 455-502, 2006. 

[79] A. Castro, A. Martinez, "Inhibition of tau phosphorylation: a new 
therapeutic strategy for the treatment of Alzheimer's disease and 
other neurogegenerative disorders", Exp. Opin. Ther. Patents, vol. 
10, pp. 1519-1527, 2000. 

[80] C. Tarricone, R. Dhavan, J. Peng, L. B. Areces, L. H. Tsai, A. 
Musacchio, "Structure and regulation of the Cdk5-p25 (Nck5a) 
complex", Mol. Cell, vol. 8, pp. 657-669, 2001. 

[81] J. Zhang, C. H. Luan, K. C. Chou, G. V. W. Johnson, "Identifica-
tion of the N-terminal functional domains of Cdk5 by molecular 
truncation and computer modeling", PROTEINS Struct. Funct. 

Genet., vol. 48, pp. 447-453, 2002. 
[82] J. J. Chou, H. Matsuo, H. Duan, G. Wagner, "Solution structure of 

the RAIDD CARD and model for CARD/CARD interaction in 

caspase-2 and caspase-9 recruitment", Cell, vol. 94, pp. 171-180, 
1998. 

[83] K. C. Chou, W. J. Howe, "Prediction of the tertiary structure of the 
beta-secretase zymogen", Biochem. Biophys. Res. Commun., vol. 
292, pp. 702-708, 2002. 

[84] S. Benjannet, A. Elagoz, L. Wickham, M. Mamarbachi, J. S. Mun-
zer, A. Basak, C. Lazure, J. A. Cromlish, S. Sisodia, F. Checler, M. 
Chrétien, N. G. Seidah, "Post-translational Processing of beta-
Secretase-Amyloid-converting Enzyme) and Its Ectodomain Shed-
ding", J. Biol. Chem., vol. 276, pp. 10879-10887, 2001. 

[85] X. P. Shi, E. Chen, K. C. Yin, S. Na, V. M. Garsky, M. T. Lai, Y. 
M. Li, M. Platchek, R. B. Register, M. K. Sardana, M. J. Tam, J. 
Thiebeau, T. Wood, J. A. Shafer, S. J. Gardell, "The pro domain of 
beta-secretase does not confer strict zymogen-like properties but 
does assist proper folding of the protease domain", J. Biol. Chem., 
vol. 276, pp. 10366-10373, 2001. 

[86] K. C. Chou, "Insights from modelling the tertiary structure of 
BACE2", J. Proteome Res., vol. 3, pp. 1069-1072, 2004. 

[87] K. C. Chou, "Insights from modelling three-dimensional structures 
of the human potassium and sodium channels", J. Proteome Res., 
vol. 3, pp. 856-861, 2004. 

[88] K. C. Chou, "Modeling the tertiary structure of human cathepsin-
E", Biochem. Biophys. Res. Commun., vol. 331, pp. 56-60, 2005. 

[89] K. C. Chou, "Insights from modeling the 3D structure of DNA-
CBF3b complex", J. Proteome Res., vol. 4, pp. 1657-1660, 2005. 

[90] D. Q. Wei, Q. S. Du, H. Sun, K. C. Chou, "Insights from modeling 
the 3D structure of H5N1 influenza virus neuraminidase and its 
binding interactions with ligands", Biochem. Biophys. Res. Com-
mun., vol. 344, pp. 1048-1055, 2006. 

[91] J. F. Wang, D. Q. Wei, L. Li, S. Y. Zheng, Y. X. Li, K. C. Chou, 
"3D structure modeling of cytochrome P450 2C19 and its implica-
tion for personalized drug design", Biochem. Biophys. Res. Com-
mun. (Corrigendum: ibid, 2007, Vol. 357, 330) vol. 355, pp. 513-
519, 2007. 

[92] D. Q. Wei, S. Sirois, Q. S. Du, H. R. Arias, K. C. Chou, "Theoreti-
cal studies of Alzheimer's disease drug candidate [(2, 4-dimethoxy) 
benzylidene]-anabaseine dihydrochloride (GTS-21) and its deriva-
tives", Biochem. Biophys. Res. Commun., vol. 338, pp. 1059-1064, 
2005. 

[93] W. Kem, F. Soti, S. LeFrancois, K. Wildeboer, K. MacDougall, D. 
Q. Wei, K. C. Chou, H. R. Arias, "Review: The nemertine toxin 
anabaseine and its derivative DMXBA (GTS-21): chemical and 
pharmacological properties", Marine Drugs, vol. 4, pp. 255-273, 
2006. 

[94] S. Q. Wang, Q. S. Du, K. C. Chou, "Study of drug resistance of 
chicken influenza A virus (H5N1) from homology-modeled 3D 
structures of neuraminidases", Biochem. Biophys. Res. Commun., 

vol. 354, pp. 634-640, 2007. 
[95] K. C. Chou, L. Carlacci, "Simulated annealing approach to the 

study of protein structures", Protein Eng., vol. 4, pp. 661-667, 
1991. 

[96] G. M. Morris, D. S. Goodsell, R. Huey, A. J. Olson, "Distributed 
automated docking of flexible ligands to proteins: parallel applica-
tions of AutoDock 2. 4", J. Comput. Aided Mol. Des., vol. 10, pp. 
293-304, 1996. 

[97] I. D. Kuntz, "Structure-based strategies for drug design and discov-
ery", Science, vol. 257, pp. 1078-1082, 1992. 

[98] E. C. Meng, I. D. Kuntz, D. J. Abraham, G. E. Kellogg, "Evaluat-
ing docked complexes with the HINT exponential function and 
empirical atomic hydrophobicities", J. Comput. Aided Mol. Des., 
vol. 8, pp. 299-306, 1994. 

[99] F. Glover, "Tabu search: a tutorial", Interfaces, vol. 20, pp. 74-94, 
1990. 

[100] R. Battiti, G. Tecchiolli, "Simulated annealing and tabu search in 
the long run: a comparison on qap tasks", Comput. Math. Appl., 

vol. 28, pp. 1-8, 1994. 
[101] A. D. MacKerell Jr., D. Bashford, M. M. Bellott, R. L. Dunbrack 

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



Candida Tropicalis Strain Ct1799 Xylose Reductase The Open Bioinformatics Journal, 2008, Volume 2    79 

[102] L. Li, D. Q. Wei, J. F. Wang, K. C. Chou, "Computational studies 
of the binding mechanism of calmodulin with chrysin", Biochem. 
Biophys. Res. Commun., vol. 358, pp. 1102-1107, 2007. 

[103] D. Q. Wei, R. Zhang, Q. S. Du, W. N. Gao, Y. Li, H. Gao, S. Q. 
Wang, X. Zhang, A. X. Li, S. Sirois, K. C. Chou, "Anti-SARS drug 
screening by molecular docking. " Amino Acids, vol. 31, pp. 73-80, 
2006. 

[104] Q. S. Du, H. Sun, K. C. Chou, "Inhibitor design for SARS 
coronavirus main protease based on "distorted key theory"", Med. 

Chem., vol. 3, pp. 1-6, 2007. 

[105] H. Wei, R. Zhang, C. Wang, H. Zheng, K. C. Chou, D. Q. Wei, 
"Molecular insights of SAH enzyme catalysis and their implication 
for inhibitor design", J. Theor. Biol., vol. 244, pp. 692-702, 2007. 

[106] M. R. Housaindokht, M. R. Bozorgmehr, M. Bahrololoom, "Analy-
sis of ligand binding to proteins using molecular dynamics simula-
tions", J. Theor. Biol., vol. 254, pp. 294-300, 2008. 

 

 
 

Received: September 23, 2008 Revised: October 24, 2008 Accepted: November 10, 2008 
 
© Wang et al.; Licensee Bentham Open. 
 

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the 
work is properly cited. 

 


