
Research Article

Structure/function analysis of a critical disulfide bond in the
active site of l-xylulose reductase

H.-T. Zhaoa, †, S. Endob, †, S. Ishikurab, R. Chunga, P. J. Hoggc, A. Harab and O. El-Kabbania, *

a Medicinal Chemistry and Drug Action, Monash Institute of Pharmaceutical Sciences, 381 Royal Parade,
Parkville, Victoria 3052 (Australia), Fax: 61-3-9903-9582, e-mail: ossama.el-kabbani@pharm.monash.edu.au
b Laboratory of Biochemistry, Gifu Pharmaceutical University, Mitahora-higashi, Gifu 502 – 8585 (Japan)
c UNSW Cancer Research Centre, University of New South Wales, Sydney, New South Wales 2052 and
Children�s Cancer Institute Australia for Medical Research, Randwick, New South Wales 2031 (Australia)

Received 25 January 2009; received after revision 12 February 2009; accepted 16 February 2009
Online First 2 April 2009

Abstract. l-Xylulose reductase (XR) is involved in
water re-absorption and cellular osmoregulation. The
crystal structure of human XR complemented with
site-directed mutagenesis (Cys138Ala) indicated that
the disulfide bond in the active site between Cys138
and Cys150 is unstable and may affect the reactivity of
the enzyme. The effects of reducing agents on the
activities of the wild-type and mutant enzymes
indicated the reversibility of disulfide-bond forma-
tion, which resulted in three-fold decrease in catalytic

efficiency. Furthermore, the addition of cysteine (>2
mM) inactivated human XR and was accompanied by
a 10-fold decrease in catalytic efficiency. TOF-MS
analysis of the inactivated enzyme showed the S-
cysteinylation of Cys138 in the wild-type and Cys150
in the mutant enzymes. Thus, the action of human XR
may be regulated by cellular redox conditions through
reversible disulfide-bond formation and by S-cystei-
nylation.

Keywords. l-xylulose reductase, short-chain dehydrogenase/reductase, X-ray crystallography, site-directed
mutagenesis, disulfide bond, protein structure, enzyme regulation.

Introduction

l-Xylulose reductase (XR; EC 1.1.1.10) belongs to a
group of enzymes comprising the glucuronic acid/
uronate cycle of glucose metabolism which accounts
for approximately 5 % of the total glucose catabolized
per day [1]. The enzyme catalyses the NADPH-linked
reduction of l-xylulose to xylitol as well as that of
several types of pentoses, tetroses and trioses [2, 3].
Since XR also efficiently reduces various a-dicarbonyl
compounds including endogenous diacetyl, it is called

dicarbonyl/l-xylulose reductase and is identical to
diacetyl reductase (EC 1.1.1.5). The enzyme is highly
expressed in liver and kidney of the human and has
been shown to be localized in the brush-border
membranes of proximal tubular cells of the mouse
kidney, suggesting a role for the enzyme in water re-
absorption and cellular osmoregulation by producing
xylitol [3]. Moreover, enzymes of the glucuronic acid
pathway are present in mammalian lens, and the flux
of sugars and xylitol through this pathway has been
suggested to be involved in the osmoregulation
process of the lens and the etiology of sugar cataracts
[4]. In apoptosis of human T lymphoma cells induced
by 9,10-phenanthrenequinone, a major component in
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diesel exhaust particles, XR is upregulated and
deteriorates the apoptotic signaling through the gen-
eration of reactive oxygen species [5]. Recently, XR
was identified as a biomarker for prostate cancer [6]
and may contribute to melanoma progression [7].
Therefore, the determination of the structure-func-
tion relationship for the enzyme may lead to the
development of specific inhibitors of XR to be used as
potential anti-cancer agents.
XR is composed of 26 kDa subunits, each consisting of
244 amino acids, and is a member of the short-chain
dehydrogenase/reductase (SDR) superfamily [2, 3, 8].
The crystal structure of human XR has been deter-
mined as a dimer and more recently the quaternary
structure of the physiological tetramer was reported
[9, 10]. The residues comprising the proposed catalytic
tetrad in the SDR enzymes are conserved in human
XR (Asn107, Ser136, Tyr149, and Lys153) and
although the role of Asn107 in the coenzyme binding
is more important for human XR, its additional role in
substrate binding was also suggested [10]. The crystal
structures showed a disulfide bond between Cys138
and Cys150, present within the active site pocket.
Disulfide bonds were reported earlier to serve two
main functions: influencing the thermodynamics of
protein folding, as well as maintaining protein struc-
tural integrity [11, 12]. However, recent reviews
suggested that the function of some proteins/receptors
is controlled by cleavage of one or more of their
disulfide bonds, as the cleavage is mediated by
catalysts or facilitators that are specific for the
substrate protein [13, 14].
We describe a crystal structure of the dimeric form of
human XR with one monomeric unit that has the side-
chain of Cys138 near the substrate-binding site
exhibiting a double conformation; an oxidized con-
former where a disulfide bond existed between
Cys138 and Cys150 and was accompanied by the
binding of a phosphate ion in the active site, and a
reduced conformer where no disulfide bond was
present. In the other monomeric unit, only the
reduced conformer was present and the side-chain of
Cys138 formed a covalent bond with an hydroxide ion.
We demonstrate the reversibility of the disulfide
formation between Cys138 and Cys150 by incubating
human XR in the presence or absence of the reducing
agents 2-mercaptoethanol (2ME), dithiothreitol
(DTT) and glutathione (GSH), as well as the kinetic
effects of the disulfide formation. Furthermore, we
investigate the role of Cys138 in the enzyme reaction
by analyzing kinetic alteration induced by S-cysteiny-
lation of Cys138 in XR and site-directed mutagenesis
of Cys138Ala.

Materials and methods

Materials. High purity reagents and coenzymes were
obtained from Sigma-Aldrich Chemical Company.
Crystallization kits were initially obtained from
Hampton Research.

Site-directed mutagenesis, expression, and purifica-
tion. Mutation of Cys138Ala was introduced into the
cDNA for human XR in an expression vector [3] using
a QuickChange site-directed mutagenesis kit (Stra-
tagene) and a set of forward and reverse primers (30
base pairs) containing the desired mutated Ala codon
(GCC), as described previously [15]. The PCR
product was inserted at the restriction sites of the
pRset vector (Invitrogen), and the coding regions
were sequenced by using a CEQ2000XL DNA
sequencer (Beckman Coulter) to confirm the pres-
ence of the desired mutation and to ensure that no
other mutation had occurred. The mutant and wild-
type XRs were expressed in Escherichia coli BL21
(DE3) and purified to homogeneity from the cell
extracts using buffers containing 2 mM 2ME as
previously described [3].

Crystallization. The wild-type human XR (18 mg/mL)
in buffer A (10 mM Tris-HCl, pH 7.5, containing 2 mM
2ME and 20 % glycerol) was subjected to buffer
replacement with buffer B (10 mM Tris-HCl, pH 7.5,
containing 2 mM 2ME) prior to crystallization. This
was carried out in a 0.5 mL-microcon centrifugal unit
(Millipore) using a Biofuge “Fresco” centrifuge
(Heraeus) set at 7300 x g by repeated cycles of
concentration and dilution with buffer B. Following
buffer replacement, the enzyme was brought to a
concentration of 17.2 mg/mL for crystallization trials.
These experiments were carried out at 22 8C in a 24-
well tissue culture plate via the vapor diffusion
method [16]. Before crystallization, 66 mL of XR
(17.2 mg/mL) in buffer B was mixed with 1 mL of
NADPH (84.2 mM) to yield a molar ratio of 1 : 8. Each
droplet consisted of 2 mL of enzyme-NADPH mixture
mixed with 0.4 mL of xylitol (to a final concentration of
20 % w/v) and 1.6 mL of solution from the well (15 %
PEG 8000, 0.05 M potassium phosphate and 0.1 M
MES buffer, pH 6.5). Crystals grew within one week to
an average dimension of 0.30 � 0.30 � 0.34 mm.

Data collection and analysis. X-ray diffraction data
was recorded at -173 8C from an XR crystal using a
MAR345 image plate mounted on a Rigaku RU-300
rotating-anode X-ray generator operated at 50 kVand
90 mA. Each frame was recorded with a 600 s
exposure and a 18 oscillation around f. The crystal
to detector distance was set to 150 mm so that the
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spots were well resolved. The data were processed and
scaled using the HKL software package [17]. Data
collection and processing statistics are shown in Table
1. Assuming that two molecules (MWof 26500 Da) are
present in the asymmetric unit, the Matthews coef-
ficient (VM) was calculated as 2.24 �3 Da-1, and the
estimated solvent content was 45.1%.

Structure determination and refinement. The struc-
ture of human XR in space group P21212 was
determined with the molecular replacement method
using the atomic coordinates of the binary XR

complex (PDB code: 1PR9), where only the oxidized
form of the Cys138-Cys150 disulfide bond was ob-
served, as the search model and the program MOL-
REP from the CCP4 suite of programs [18]. The
conformations of the amino acid side chains were
determined from Fourier maps (2Fo-Fc and Fo-Fc),
the structure was refined using REFMAC5 from
CCP4, water molecules were added using the molec-
ular-graphics program COOT [19], and the models
were examined using the program XtalView [20]. Data
collection and refinement statistics for the structure
are given in Table 1. Coordinates and structure factor

Table 1. Data collection and refinement statistics (values in the parentheses are for the outer resolution shell).

Data collection

Space group P21212

Unit cell dimensions a = 73.68 �
b = 87.48 �
c = 72.17 �

No. molecules in asymmetric unit 2

Resolution range (�) 30–1.87 (1.94–1.87)

Total no. of reflections 190201 (19651)

Unique reflections 37468 (3363)

Rsym (%) 6.3 (33.9)

Completeness (%) 98.1 (95.7)

Redundancy 5.0 (5.6)

Mean I/s (I) 12.6 (2.5)

Refinement statistics

Resolution limits (�) 30–1.87

Rfree 0.258 (0.343)

Rwork 0.204 (0.357)

No. non-H protein atoms 4321

No. of NADPH molecules 2

No. of Phosphate molecules 1 (50% occupancy)

No. water molecules 557

Mean B factors (�2)

Protein atoms 28

NADPH 32.9

Phosphate 50.6

Waters 39.3

RMS deviations from ideal geometry

Bond distances (�) 0.022

Bond angles (8) 1.9

Dihedral angles (8) 23.3

Ramachandran statisitics

Most favored (%) 90.3

Favored (%) 9.7

Rsym = �j(Ihkl) � Ihklj/jIhklj, where (Ihkl) is the average intensity over symmetry-related reflections and Ihkl is the observed intensity.
Rvalue = �jjFoj � jFcjj/�jFoj, where Fo and Fc are the observed and calculated structure factors. For Rfree the sum is done on the test set
reflections (5% of total reflections), for Rwork on the remaining reflections.

1572 H.-T. Zhao et al. Structure of l-xylulose reductase



amplitudes have been deposited in the protein data
bank (PDB 3D3W) and will be immediately released
upon publication.

Analysis of the disulfide bond between Cys138-
Cys150. The structural features of the Cys138-
Cys150 disulfide bond for each monomer of the
human l-xylulose reductase structure with the oxi-
dized Cys residues (PDB 1PR9; [10]) were deter-
mined as described previously [21, 22]. The disulfide
bond analysis tool is available at http://
www.cancerresearch.unACHTUNGTRENNUNGsw.edu.au/CRCWeb.nsf/page/
Disulfide+Bond+Analysis.
The secondary structures in which the Cys reside and
their solvent accessibility values are from DSSP
(http://swift.cmbi.ru.nl/gv/dssp/). The dihedral strain
energy of the disulfides was estimated from the
magnitude of the five c angles that constitute the
bond [21, 23, 24]. This calculation does not include
factors such as bond lengths, bond angles, and van der
Waals contacts, but it has been shown to provide semi-
quantitative insights into the amount of strain in a
disulfide bond [25 – 28]. The configuration of the
disulfide bonds was classified according to the sign of
the five c angles [21, 22].

Enzyme activity measurement. The reductase activ-
ities of the wild-type and Cys138Ala mutant XRs were
assayed by measuring the change of NADPH absorb-
ance (at 340 nm) in a 2.0 mL reaction mixture, which
consisted of 0.1 M potassium phosphate, pH 7.0, 0.1
mM NADPH, 5.0 mM diacetyl and enzyme. One unit
of enzyme activity is the amount of enzyme which
catalyzes the oxidation of 1 mmol of NADPH per min
at 25 oC.

Modification by thiol compounds. The enzyme sol-
utions (40 mg/mL in 10 mM potassium phosphate
buffer, pH 7.0) were incubated in the absence or
presence of the thiol compounds at 25 8C. An aliquot
(25 mL) of the solution was taken for assaying the
remaining activity. In the identification of the modi-
fied residues of human wild-type and Cys138Ala
mutant XRs by Cys, the enzyme solutions (0.1 mg/mL
in the phosphate buffer containing 0.5 mM 2ME) were
incubated with 10 mM Cys for 1 h at 25 8C, and the
buffer was replaced with 10 mM potassium phosphate
buffer, pH 7.0 as described above. The enzyme
samples were denatured by adding acetonitrile
(50 %), and digested by trypsin (2.5 mg/mL) for 12 h
at 25 8C. The tryptic digest was analyzed using a Mass
Spectrometry System Ultraflex TOF/TOF (Bruker-
Franzen, Bremen, Germany) with a saturated a-
cyano-4-hydroxy cinnamic acid matrix. Protein iden-
tification using the peptide mass fingerprint data was

performed by the MASCOT search engine (http://
www.matrixscience.com) against the amino acid se-
quence of untreated wild-type and Cys138Ala mutant
XRs.

Results

Structure of XR. The structure of human XR was
refined to a resolution of 1.87 �. The space group is
P21212 with unit cell parameters a = 73.68 �, b = 87.48
�, c = 72.17 �, a = b = g = 90.08. There were two XR
molecules per asymmetric unit, with the molecules
forming the dimer designated as A and B each
consisting of 244 amino acid residues plus 557 water
molecules in the final structure. Electron density
corresponding to a bound xylitol in the crystal
structure was not observed. The final Rwork and Rfree

values were 0.204 and 0.258, respectively. A total of
90.3% of the residues in the XR structure were within
the most favoured region and 9.7 % in the allowed
region of the Ramachandran plot [29]. The estimated
mean coordinate error from the Luzatti plot analysis
was 0.2169 � [30]. The final refinement statistics are
summarized in Table 1. All 244 amino acid residues of
the two subunits of the enzyme were fitted into
corresponding electron density and, as observed in the
previously determined 1.96 � resolution crystal
structure of human XR [10], each subunit is a single
protein domain with a “a/b doubly wound” structure
consisting of a central seven-stranded parallel b-sheet
surrounded by arrays of three a helices. Two shorter
helices are located away from the main domain body
and constitute parts of the substrate-binding cleft
(Fig. 1). The binding conformation of the NADPH
molecule was described in the 1.96 � resolution
crystal structure of human XR [10]. However, unlike
the published structure, the current refinement
showed that the side-chain of Cys138 existed in a
double conformation in one of the two XR molecules
and in the reduced form in the second molecule.
As shown in Figure 2A, in the first conformation the
side chain of Cys138 of molecule A, present near the
substrate-binding site formed a disulfide bond with
Cys150 and a phosphate ion, used as the crystallization
salt, was adjacently bound. In the second conforma-
tion there was no disulfide bond present between
Cys138 and Cys150, as these residues were present in
their reduced forms. Due to the orientation of the
sulfhydryl group of Cys138, the phosphate ion bound
in the active site observed in the oxidized conformer
was not present. Only the reduced form of Cys138 was
present in molecule B of the dimer, shown in Figure
2B, and, similarly, due to the orientation of the
sulfhydryl group of Cys138, there was no phosphate
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ion bound in the active site. However, in this case the
side chain of Cys138 formed a sulfanol group through
a covalent bond with a hydroxide ion.
In the published crystal structure of the XR holoen-
zyme [10] the Cys138-Cys150 disulfide links a 3/10
helix (Cys138) and an a-helix (Cys150) (Table 2). The
disulfide bond in both molecules of the dimer has a –/
+ left-handed hook (–/+LHHook) configuration and
a high average dihedral strain energy of 43 kJ.mol-1.
For comparison, the mean strain energy of a dataset of
6874 unique disulfide bonds in X-ray structures is
15 kJ.mol-1 [21]. There were 254 –/+LHHook�s in this
dataset with a mean dihedral strain energy of
16 kJ.mol-1. The estimated strain energy of the
Cys138-Cys150 disulfide, therefore, is almost three

times the average strain energy of all disulfides in
published X-ray structures. This high strain energy is
expected to render the disulfide bond more suscep-
tible to reduction [25 – 28].
Both Cys of the disulfide bond are exposed to solvent
to some extent. The averaged DSSP scores of the
dimer for solvent accessibility are 8 and 18 for Cys138
and Cys150, respectively (Table 2). The surface
exposure of the disulfide bond is consistent with its
possible manipulation by endogenous oxidoreductas-
es.

Effects of depletion and addition of thiol compounds
on the activity of wild-type human XR. When the
purified enzyme containing 2 mM 2ME was diluted
with 10 mM potassium phosphate, pH 7.0, so that the
concentration of 2ME was 12.5 mM, its diacetyl
reductase activity was gradually decreased (Fig. 3).
The decrease in activity was completely prevented by

Figure 1. The human XR dimer.
The a-helices are indicated by
capital letters B–G, FG1, and
FG2. The b-sheets are labeled in
lower case letters a–g. The a-
helices, FG1 and FG2, are the
only regions protruding away
from the main body of the sub-
units. Figure was prepared using
MOLSCRIPT [37].

Figure 2. Close-up view showing the area of Cys138 and Cys150 for
each molecule (A and B) of the XR dimer. Figures were prepared
using PyMOL [38]. Figure 2. (continued)
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the addition of 2 mM 2ME and DTT, and partially by
that of 2 mM GSH. It should be noted that more than
0.4 mM concentrations of 2ME were needed to
protect against the loss of enzyme activity. The loss
of the activity induced by removing 2ME was rapidly
recovered by the addition of 2 mM 2ME and DTT,
although such effect of GSH was not significant.
The enzyme that was incubated for 60 min in the
buffer alone (a in Fig. 3) showed 1.6-fold higher Km for
the substrate and 2-fold lower Vmax than those of the
untreated enzyme (Table 3). The treatment of the
inactivated enzyme with 2ME and DTT (b and c,
respectively, in Fig. 3) recovered not only activity but
also kinetic properties where the Km and Vmax values
were almost the same as those of the 2ME-diluted
enzyme. Based on the present crystal structure, these
results indicate that the purified XR exists in the
reduced (SH) form, the disulfide bond between
Cys138 and Cys150 is formed only by removing 2ME
from the enzyme solution, and the formed disulfide
bond is easily reduced by the addition of 2ME and
DTT.
In contrast to the preventive effects of 2ME, DTT, and
GSH against disulfide formation, the incubation of the
reduced (SH) form of XR in the presence of Cys
caused a significant and progressive inactivation of the
enzyme. Both the rate and maximal extent of inacti-
vation were dependent on the Cys concentration
(Fig. 4A). The inactivation was not complete as
approximately 20 % of the activity remained after
incubation for 1 h with 10 mM Cys. The activity of the
Cys-inactivated enzyme was not recovered by the

addition of 10 mM DTT and 2ME (data not shown).
The modification by Cys resulted in a 2-fold increase
in Km value as well as a 3-fold decrease in the Vmax

value compared with the untreated SH-form of the

Table 2. Features of the Cys138-Cys150 disulfide bond in human XR (PDB 1PR9).

Cys138
Chain

Cys138 Secondary
structure#

Cys138 Solvent
accessibility#

Cys150
Chain

Cys150 Secondary
structure#

Cys150 Solvent
accessibility#

Dihedral Energy*
(kJ.mol-1)

Configuration

A 3/10 helix 9 A a helix 18 44.5 –/+LHHook

B 3/10 helix 7 B a helix 18 41.9 –/+LHHook

# Secondary structures and solvent accessibility of the Cys residues are from DSSP (http://swift.cmbi.ru.nl/gv/dssp/)
* The dihedral strain energy of the disulfides was estimated as described previously [21, 23, 24].

Table 3. Summary of the kinetic constants of human wild-type (WT) and Cys138Ala mutant XRs with or without various treatments. The
untreated enzymes were diluted with 10 mM potassium phosphate buffer containing 2 mM 2ME, and the other enzyme samples were
treated as shown in arrows in Figures 3, 4A, and 5A.

Enzyme Km (mM) Vmax (units/mg) Vmax/Km (units/mg/mM)

Untreated WT 94 � 5 8.7 � 0.3 93

WT oxidized by incubation with buffer alone, (a) in Figure 3 150 � 8 4.3 � 0.2 30

WT reactivated by treatment with 2ME, (b) in Figure 3 90 � 2 8.7 � 0.3 96

WT reactivated by treatment with DTT, (c) in Figure 3 88 � 6 8.5 � 0.1 96

WT inactivated by treatment with Cys, (*) in Figure 4A 220 � 20 2.6 � 0.1 12

Untreated Cys138Ala 220 �10 29 � 2 134

Cys138Ala inactivated by incubation with Cys, (*) in Figure 5A 410 � 10 6.5 � 0.2 16

Figure 3. Effects of reducing agents on inactivation of human XR
diluted with 10 mM potassium phosphate, pH 7.0. The enzyme was
diluted to 40 mg/mL with the phosphate buffer (*) or the buffers
containing 2 mM 2ME (~), 2 mM DTT (D) and 2 mM GSH (&), and
then the residual activity was assayed at indicated times of the
incubation at 25 8C. At 60 min after incubation of the enzyme
diluted with the buffer alone (shown by an arrow, a), 2 mM 2ME
(~), 2 mM DTT (D) and 2 mM GSH (&) were added (dashed lines).
The enzyme samples obtained at arrows (a), (b) and (c) were used
for kinetic analysis in Table 3.

Cell. Mol. Life Sci. Vol. 66, 2009 Research Article 1575



enzyme (Table 3). The Cys-induced inactivation was
prevented by the addition of both NADP(H) and a
competitive inhibitor, n-butyric acid [3], but not by the
addition of the coenzyme alone (Fig. 4B), suggesting
that the residue(s) in the active site of the enzyme is
(are) modified by the added Cys.

Cys138Ala mutant XR. Unlike wild-type XR, the
mutant enzyme was stable in the phosphate buffer and
its activity was not influenced by 2ME and DTT
(Fig. 5A), supporting the disulfide formation between
Cys138 and Cys150 in the purified wild-type enzyme
by the removal of 2ME from the enzyme solution. In
contrast, Cys inactivated the Cys138Ala mutant, and
the time- and dose-dependent effects were almost the
same as those of the wild-type SH-form of XR. In
addition, like the case of the wild-type enzyme, the
activity of the Cys-inactivated mutant enzyme was not
recovered by the addition of 10 mM DTT and 2ME
(data not shown), and the inactivation was prevented
by the addition of both NADP(H) and competitive
inhibitor, n-butyric acid, but not by the addition of the
coenzyme alone (Fig. 5B). Furthermore, the Km for
diacetyl and Vmax values were elevated and decreased,
respectively, by incubation with 5 mM Cys, and the
extent of the kinetic alteration was similar to that of
the disulfide formation of the wild-type enzyme by
removing 2ME (Table 3).

S-Cysteinylation of XR. The inactivation of both wild-
type and Cys138Ala mutant XRs by Cys suggested a
possibility that Cys residue(s) is (are) covalently
modified by the addition of Cys. To identify the
modified residues, we examined the tryptic peptides
derived from the enzymes treated with 10 mM Cys for
1 h by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-
MS). We determined the sequences (composed of a
total 117 residues) of nine tryptic peptides derived
from the two Cys-inactivated enzymes, of which only
two peptide fragments, Gly126–Arg141 and Ala142–-
Lys153, contain Cys138 and Cys150, respectively. In
the wild-type XR, the m/z value of the Gly126–Arg141
fragment was 1720.9, which was larger by 120 mass
than the value of 1600.8 of the corresponding frag-
ment derived from the untreated enzyme. The differ-
ence of the values corresponded to one Cys molecule,
and was actually observed in the Cys138 residue. In
contrast, the Ala142–Lys153 fragment showed the
same m/z value of 1309.5 as the corresponding frag-
ment derived from the untreated enzyme, implying
that Cys150 was not modified. Thus, the result
indicated that at least Cys138 is S-cysteinylated by
the incubation of wild-type XR. Among the analyzed
peptides derived from the Cys-inactivated mutant
enzyme, the Ala142–Lys153 fragment showed the

Figure 4. (A) Inactivation of human XR by Cys. The SH-form
enzyme solution (40 mg/mL in 10 mM potassium phosphate, pH 7.0,
containing 0.5 mM 2ME) was incubated at 25 8C without (~) or
with 2 mM (&), 5 mM (*) and 10 mM (*) Cys, and the residual
activity was measured. The enzyme sample obtained at an arrow
(*) was used for kinetic analysis in Table 3. (B) Effects of
NADP(H) and n-butyric acid on Cys-induced inactivation of the
SH form XR. The enzymes were incubated at 25 8C in the presence
of 5 mM Cys and the following compounds: none (*, dashed line), 1
mM NADP+ (&), 1 mM NADPH (D), 1 mM NADP+ plus 0.5 mM n-
butyrate (&) or 1 mM NADPH plus 0.5 mM n-butyrate (~).

Figure 5. (A) Effects of thiol compounds on the activity of Cys138A
mutant XR. The enzyme solution (40 mg/mL in 10 mM potassium
phosphate, pH 7.0) was incubated at 25 8C without (*) or with 2
mM 2ME (~), 2 mM DTT (D), or Cys (dashed lines), and the
residual activity was measured. The concentrations of Cys: 2 mM
(&), 5 mM (*) and 10 mM (*). The enzyme sample obtained at an
arrow (*) was used for kinetic analysis in Table 3. (B) Effects of
NADP(H) and n-butyric acid on Cys-induced inactivation of the
mutant enzyme. The enzymes were incubated at 25 8C in the
presence of 5 mM Cys and the following compounds: none (*,
dashed line), 1 mM NADP+ (&), 1 mM NADPH (D), 1 mM NADP+

plus 0.5 mM n-butyrate (&) or 1 mM NADPH plus 0.5 mM n-
butyrate (~).
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larger m/z value of 1428.7 than the value (1309.5) of
the corresponding peptide derived from the untreated
mutant enzyme, implying that Cys150 was S-cysteiny-
lated in the mutant enzyme. No increase in the m/z
value was observed in other peptides, including the
Gly126–Arg141 fragment that has Ala138 in this
mutant enzyme. The sequences (m/z values) deter-
mined for seven other peptides were fMet1–Arg9
(1092.5), Gly22–Arg33 (1181.6), Glu98–Arg109
(1482.6), Ala110–Arg120 (1183.6), Val162–Lys171
(1094.5), Ile172–Lys196 (2739.2) and Thr199–Lys208
(1142.6), which were the same in all analyzed enzymes.

Discussion

Since the determination of the first crystal structure of
human XR binary complex the involvement of the
disulfide bond present in the active site pocket of the
enzyme between Cys138 and Cys150 in the regulation
of enzyme activity has not validated by other methods
[9, 10]. However, as shown in Figure 2, the refinement
of the present structure did not show electron density
corresponding to a disulfide bond between Cys138
and Cys150 in molecule B of the dimer, where the side-
chain of Cys138 formed a covalent bond with a
hydroxide. A double conformation was observed in
molecule A where one conformer of Cys138 formed a
disulfide bond with Cys150 in the oxidized form, along
with the presence of a phosphate ion bound in the
active site, and the second conformer was present in
the reduced form. A close analysis of the nature of the
disulfide bond suggested that it may be present in the
enzyme as a means to regulate the activity rather than
just to maintain the overall structure. Based on
geometrical analysis, the disulfide bond conformation
was classified as a –/+LHHook, a conformation
associated with an unusually high dihedral strain
energy, and hence can be easily broken for regulation
of enzyme activity [21].
The progressive loss of enzyme activity by the removal
of 2ME and its complete recovery by the addition of
2ME and DTT (Fig. 2) suggested that, first, Cys138
and Cys150 exist as the free SH forms in the purified
wild-type XR, and secondly, the formed disulfide
bond between the two residues was structurally
unstable. This is supported by the kinetic alterations
by these treatments, and is in good agreement with the
new crystal structure of human XR and geometrical
analysis of the S-S bond, indicating that this bond is
highly strained and hence may be easily broken for the
regulation of the enzyme activity. Compared with
2ME and DTT, GSH showed a low protective effect
against the formation of the S-S bond and apparently
no reduction of the formed S-S bond. Since GSH, a

tripeptide, is relatively larger than 2ME and DTT, its
access to, and influence on Cys138 and/or Cys150 in
and near the active site of the enzyme may be less
pronounced. The formation of the S-S bond decreased
the catalytic efficiency for diacetyl reduction to one-
third of that of the reduced SH form of XR. Thus, the
catalytic action of human XR may be influenced by
cellular redox conditions through the reversible for-
mation of the S-S bond, although the physiological
significance of this phenomenon remains unknown at
present.
While Cys150 is conserved in mammalian XRs,
Cys138 of human XR is replaced with alanine [2, 3].
Human XR shows lower Km and kcat (i. e. Vmax) values
than other animal XRs. The mutation of Cys138Ala
resulted in a 2� 3 fold increase in the kinetic constants
for diacetyl, although the values are still low compared
to those of other animal XRs. Previous crystal
structures of binary complexes of human XR showed
that Cys138 is one of the substrate-binding residues [9,
10]. The kinetic alteration by Cys138Ala demonstrat-
ed that this residue participates in the binding of
diacetyl, and also suggested that the residue difference
at this position is one reason for the kinetic difference
between human and other animal XRs. The role of
Cys138 in substrate binding is also supported by more
significant impairment of the kinetic alteration result-
ing from the cysteinylation of Cys138 of wild-type XR
that was demonstrated by the MALDI-TOF/MS
analysis. Although Cys150 has not been described as
a substrate-binding residue in previous crystallo-
graphic studies of human XR [9, 10], a similar extent
of the kinetic alteration was observed by cysteinyla-
tion of Cys150 of the Cys138Ala mutant. In the
present crystal structure of the enzyme, the side-chain
of Cys150 is located close to the catalytic residue
Tyr149 (Fig. 2B) and the substrate-binding residue
Val143. The additional Cys residue moiety on the
cysteinylated Cys150 may affect the orientation of
these two residues in the substrate-binding pocket,
thus influencing both the binding of the substrate and
the dissociation of the product.
Human XR contains five Cys residues, two of which
(Cys138 and Cys150) are located close to the catalytic
pocket. The results of the MALDI-TOF/MS reveal
that at least Cys138 in the wild-type enzyme and
Cys150 in the Cys138Ala mutant were thiolated by the
added Cys, although we can not rule out the possibility
that other Cys residues are modified. The modifica-
tion of the two Cys residues is also supported by the
alteration of the kinetic constants due to the cystei-
nylation and prevention of the Cys-induced inactiva-
tion by the coenzyme plus competitive inhibitor, but
not by the coenzyme alone. In the wild-type enzyme
the presence of the reduced side-chain of Cys138
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within the substrate-binding pocket (Fig. 2B) makes it
the preferred candidate for the selective modification
by the added Cys, and once Cys138 is modified it
sterically prevents the modification of Cys150, which
is located further away from the binding pocket. In the
case of the Cys138Ala mutant, due to the relatively
small methyl side-chain compared to CH2-SH of the
wild-type, there is sufficient space that allows the
added Cys to reach and modify the side-chain of
Cys150.
Recently, S-cysteinylation has been reported for
bacterial proteins [31] and mammalian proteins, such
as albumin [32], MHC class II ligands [33], protein
kinase C [34] and aldose reductase [35]. In most of
these reports, cystine, and not Cys, was predicted or
demonstrated to act as a direct protein thiolator. In
contrast, Cys itself reacts with Cys138 or Cys150 in the
case of human XR and its mutant as described above.
Cys, like 2ME and DTT, is a small molecule that might
bind in the catalytic pocket of XR, modifying the Cys
residues. In addition, the cysteinylation of human XR
is irreversible because the enzyme activity was not
restored by the addition of 2ME or DTT, that lead to
the release of the modified Cys moiety from other
cysteinylated proteins [33� 35]. Since the irreversible
S-cysteinylation by Cys resulted in a large decrease in
catalytic efficiency of human XR, it will be important
to demonstrate the S-cysteinylation of the enzyme in
cellular models and investigate its physiological
significance.
The newly-determined human XR structure indicated
that the disulfide bond between Cys138 and Cys150
could be broken, and results obtained from disulfide
bond analysis as well as site-directed mutagenesis
along with kinetic studies, have shown that the
disulfide bond may affect the reactivity of the enzyme.
Recently, there has been a report of an intra-subunit
disulfide bond located in 3b-hydroxysteroid dehydro-
genase, a member of the SDR family, which enhances
the affinity of the enzyme for substrates and cofactors
[36]. Similarly, the importance of the disulfide bond in
regulating the activity of human XR, another member
of the SDR family, has been demonstrated in this
study. Due to recent evidence implicating XR with the
development of cancer [6, 7], enhanced understanding
of the function of the disulfide bond present in the
active site of human XR may lead to the discovery of
new inhibitors to be used as lead compounds in the
development of new anti-cancer agents.
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