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Xylose reductase has been purified to apparent homogeneity from cell extracts of the
fungus Cryptococcus flavus grown on D-xylose as carbon source. The enzyme, the first
of its kind from the phylum Basidiomycota, is a functional dimer composed of identi-
cal subunits of 35.3 kDa mass and requires NADP(H) for activity. Steady-state kinetic
parameters for the reaction, D-xylose + NADPH + H+� xylitol + NADP+, have been
obtained at pH 7.0 and 25�C. The catalytic efficiency for reduction of D-xylose is 150
times that for oxidation of xylitol. This and the 3-fold tighter binding of NADPH than
NADP+ indicate that the enzyme is primed for unidirectional metabolic function in
microbial physiology. Kinetic analysis of enzymic reduction of aldehyde substrates
differing in hydrophobic and hydrogen bonding capabilities with binary enzyme-
NADPH complex has been used to characterize the substrate-binding pocket of xylose
reductase. Total transition state stabilization energy derived from bonding with non-
reacting sugar hydroxyls is �15 kJ/mol, with a major contribution of 5–8 kJ/mol made
by interactions with the C-2(R) hydroxy group. The aldehyde binding site is �1.2 times
more hydrophobic than n-octanol and can accommodate linear alkyl chains of �6 car-
bons. Hydrophobic interactions provide a total binding energy of �10 kJ/mol. Specifi-
city for the aldehyde substrate is achieved through large decreases in apparent Km
(�100-fold) and smaller but significant increases in turnover number (�5-fold). We
observed up to 250-fold preference of xylose reductase for reaction with pyridine car-
baldehydes, 4-nitro-benzaldehyde, and �-oxo-aldehydes over reaction with D-xylose,
perhaps reflecting a secondary role of this enzyme in detoxication metabolism of
reactive endogenous aldehydes and compounds of xenobiotic origin.

Key words: detoxication metabolism, hydrogen bonding, hydrophobicity, specificity,
substrate-binding site.

Abbreviations: AKR, aldo-keto reductase; hAR, human aldose reductase; XR, xylose reductase; CrfXR, XR from
Cryptococcus flavus; CtXR, XR from Candia tenuis; ds-XR, dual NADH/NADPH-specific XR; ms-XR, NADPH-spe-
cific (monospecific) XR. Enzymes: Xylose reductase, aldose reductase [alditol:NAD(P)+ 1-oxidoreductase; EC
1.1.1.21].

Xylose is the major constituent monosaccharide of the
heteropolysaccharide hemicellulose, the second most
abundant carbohydrate polymer in nature. It represents
an important renewable resource for production of chem-
icals and fuels, but is not well utilized at the present
time. Microbial metabolism of xylose has, therefore,
aroused much interest in respect to its manipulation and
enhancement of its efficiency (1, 2). Enzymes responsible
for the initial steps of xylose assimilation are obviously
important targets for altering and improving the meta-
bolic capabilities of micro-organisms that are relevant for
application in the food and biotech industries (3).

Xylose reductase [alditol:NAD(P)+ 1-oxidoreductase;
XR, EC 1.1.1.21] is the first enzyme of the catabolic path-

way for xylose in fungi. It binds the open-chain free alde-
hyde form of xylose (4) and catalyzes reduction of the C1
carbonyl group, yielding xylitol. XRs can be classified
according to co-substrate specificity into a major group of
NADPH-specific enzymes (ms-XR), and another, smaller
group of enzymes (ds-XR) that can utilize both NADPH
and NADH with physiological catalytic efficiencies. A
clear bias in the literature towards the dual NADPH/
NADH-specific XRs probably reflects the application of
fungal xylose metabolism in xylose fermentation by eth-
anologenic yeasts, in which NADH-linked XR activity is
essential (5, 6). However, this leaves the large NADPH-
specific group of XRs not well characterized. Relation-
ships of ms-XRs with ds-XRs and structurally related oxi-
doreductases of the aldo-keto reductase (AKR) super-
family (7) have not been conclusively defined on the basis
of a rigorous comparison of the corresponding substrate-
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binding pockets via analysis of specificity (8). That has
been a major goal of the present work.

Like many other AKR enzymes (9, 10) XRs show a
broad in-vitro substrate specificity (11–13). Aside from
the canonical substrate xylose, they are capable of reduc-
ing a number of different aldehydes whose non-reacting
parts represent a wide range of structural scaffolds (8,
11, 12). In consideration of the apparently well-defined
role of XR in fungal physiology, specificity more obviously
primed for reaction with xylose might be anticipated. A
significant question is, therefore, how substrate specifici-
ties and other catalytic properties of ds-XR and ms-XRs
reflect evolution of the basic (�/�)8 AKR fold towards
accomplishment of a given main task in central catabo-
lism and, perhaps, other secondary roles. It is noteworthy
that xylose is a reasonably good substrate of many AKR
enzymes (14) including different reductases of fungal ori-
gin. A functional genomics study of Saccharomyces cere-
visiae AKRs has shown that three out of the six open-
reading frames present in the genome encode proteins
that are enzymatically active with xylose (15). In spite of
this, the organism cannot assimilate xylose efficiently.
Although, of course, the problem of fungal xylose utiliza-
tion is complex and cannot be reduced simply to the prev-
alence of a functional reductase, it is clear from the cur-
rent state of knowledge that XR-specific features of AKR
structure and function still need to be brought into focus.

A literature survey revealed that although the natural
habitats for many basidiomycete fungi are potential
sources of xylose, published studies have focused com-
pletely on XRs from strains belonging to the phylum
Ascomycota (e.g., 11, 16–19). Therefore, we turned our
attention to the phylum Basidiomycota and chose Crypto-
coccus flavus as a wild-type strain producing significant
levels of ms-XR activity during growth on xylose (M.P
and N.B., unpublished results). Here, we describe purifi-
cation of Cr. flavus ms-XR (CrfXR) and report a detailed
characterization of its substrate specificity. The results
reveal that the substrate-binding pockets of CrfXR and
ds-XR from the ascomycete fungus Candida tenuis
(CtXR), a representative XR whose structure and mecha-
nism have been described (20, 21), are very similar over-
all. Clear differences between the two enzymes are
brought to light upon comparison of specificities for
reduction of non-carbohydrate aldehydes. High catalytic
efficiencies of CrfXR for reduction of very reactive, endog-
enous and xenobiotic aldehydes point to a possible sec-
ondary role for the NADPH-dependent enzyme in detoxi-
cation metabolism.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were of the highest purity
available and obtained from Sigma-Aldrich or Fluka.
Materials for electrophoresis and protein chromatogra-
phy were purchased from Amersham Pharmacia Biotech.
The dye Procion Red H-8B (color index Red 31) was from
ICI Chemicals. 2-Keto-D-xylose, 2-keto-D-glucose, and 2-
keto-D-allose were synthesized using pyranose-2-oxidase-
catalysed oxidation of the corresponding aldoses, as
described elsewhere in more detail (22), and kindly pro-
vided by Prof. D. Haltrich (Institute of Food Technology,

BOKU, Austria). 2,3-Diketo-D-glucose was synthesized
enzymatically using pyranose dehydrogenase, essentially
as reported in a recent publication (23), and was a gift of
Dr. J. Volc (Institute of Microbiology, Academy of Sci-
ences, Prague, Czech Republic).

Organism and Growth Conditions—The strain Crypto-
coccus flavus (HB402) was obtained from a fungal culture
collection maintained at the Institute of Applied Microbi-
ology of the University of Agricultural Sciences in
Vienna, Austria. Its natural habitat was the intestine of
a termite of the genus Mastotermes (24). For production
of CrfXR, the organism was grown in a 20-liter bioreactor
containing media composed of 20 g/liter D-xylose, 4 g/liter
yeast extract, and 4 g/liter peptone from casein (enzy-
matic digest), and supplemented with 0.5 g/liter MgSO4.
Dissolved oxygen concentration (20% saturation), pH
(4.5), and temperature (25�C) were maintained at con-
stant levels. At the end of the exponential growth phase,
which was typically after 24 h of cultivation, fungal bio-
mass was harvested by centrifugation at 10,800 �g and
4�C. Approximately 11 g of dry cell mass per liter of
medium was obtained. Washed cells were disrupted with
a continuously operated ball mill (Dynomill, KDL
Bachofen AG, Switzerland) using glass beads of 0.25 to
0.5 mm in diameter, an average residence time of 8 min-
utes, and a maximum temperature of 10�C. The crude
cell extract was obtained after removing cell debris by
ultracentrifugation at 100,000 �g (30 min, 4�C). It was
stored at –70�C prior to further use.

Protein Purification—Elution column chromatography
was carried out at room temperature with an Äktaex-
plorer 100 system using absorbance at 280 nm for detec-
tion of eluted protein. Prior to use, all buffers were fil-
tered through a 0.45 �m filter and degassed with a
vacuum pump.

Hydrophobic Interaction Chromatography—Ligand
screening for hydrophobic interaction chromatography
(HIC) was carried out with a PIKSII kit (Amersham
Pharmacia Biotech) according to the supplier’s instruc-
tions. This led to the selection of phenyl-Sepharose. For
purification of CrfXR, a 5 cm � 8 cm column (XK 50;
Amersham Pharmacia Biotech) was filled with 150 ml of
phenyl-Sepharose CL-4B high sub fast flow and packed
with 20% ethanol at 10 ml/min. The column was equili-
brated with 600 ml of 1 M (NH4)2SO4 in 50 mM potassium
phosphate buffer, pH 7.0. The crude extract was brought
to 1 M (NH4)2SO4 with cold 4 M (NH4)2SO4 solution in 50
mM potassium phosphate buffer, pH 7.0. About 10 mg of
protein/ml of gel was loaded on the column using a flow
rate of 10 cm/h. Elution was performed at 20 cm/h (6 ml/
min) in a linear (NH4)2SO4 gradient. XR was eluted at 35
to 45% salt.

Concentration and Buffer Exchange—XR-containing
fractions were pooled and concentrated by ultrafiltration
(Amicon 8200, equipped with a PM 10 filter, cut off 10
kDa) at 4�C with 4 bar N2 pressure. Buffer exchange was
performed with a Sephadex G-25 fine HiPrep 26/10 col-
umn (flow rate 15 ml/min) to 10 mM potassium phos-
phate buffer, pH 7.0.

Dye-Ligand Chromatography—Procion Red H-8B (reac-
tive Red 31) was immobilized on Sepharose CL-4B as
described elsewhere in detail (25). A 5 cm � 15 cm XK 50
column was filled with 300 ml of Red 31 gel, packed with
J. Biochem.
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20% ethanol at a flow rate of 6 ml/min and equilibrated
with 1500 ml of 10 mM potassium phosphate buffer, pH
7.0. The concentrated enzyme solution was applied to the
column (0.2 mg protein/ml gel) at a flow of 7 cm/h. Elu-
tion was performed with a step gradient of 0 to 2 M NaCl
at a flow rate of 20 cm/h (6 ml/min). Under these condi-
tions, XR was eluted at 2 M NaCl. The active fractions
were combined and concentrated to about 5 mg/ml, the
buffer was changed to 50 mM potassium phosphate
buffer, pH 7.0, as described above and the enzyme prepa-
ration was stored in aliquots at –70�C prior to use.

Assays and Kinetics—All spectrophotometric measure-
ments were performed with a Beckman DU-650 instru-
ment. Unless mentioned otherwise, 50 mM potassium
phosphate buffer, pH 7.0, was used; and initial rates were
recorded at 340 nm and 25�C in measuring the oxidation
of NADPH or the reduction of NADP+. Enzyme solutions
were diluted as required to ensure constancy of �(absorb-
ance at 340 nm)/�(time) for reaction times of at least 1
min. Under these conditions and using 700 mM xylose
and 200 �M NADPH as the substrates, one unit of XR
activity corresponds to 1 �mol NADPH oxidized per
minute. Kinetic parameters for D-xylose reduction and
xylitol oxidation were obtained from initial-rate data
measured at six constant levels of NADPH (3.3–170 �M)
and NADP+ (10–500 �M) and using xylose and xylitol as
the varied substrates, respectively. Apparent kinetic
parameters for aldehyde reduction were obtained from
initial-rate data recorded at a constant NADPH concen-
tration of 220 �M NADPH, which is fully saturating at
the steady state (see later). Protein concentrations were
determined with the Bio-Rad protein assay referenced
against standard solutions with known BSA concentra-
tions of between 0.1 and 1.0 mg/ml.

Quaternary Structure, Molecular Mass and Isoelectric
Point—The molecular mass of CrfXR subunit was deter-
mined by using SDS/PAGE and matrix assisted laser-
desorption/ionization MS (MALDI-MS) as described else-
where (26). Column-sizing experiments were used to
deduce the molecular mass of functional CrfXR. To vali-
date results of the analysis, two different gel filtration
columns, Superose 12 HR 10/30 and Superdex 75 HR 10/
30 (both from Amersham Pharmacia Biotech), were used.
Purified CrfXR (�0.3 mg/ml in a volume of 500 �l) was
applied onto each column equilibrated with 50 mM potas-
sium phosphate buffer, pH 7.0, containing 200 mM NaCl.
Elution was carried out at a constant flow rate of 0.3 ml/
min. Calibration for molecular mass determination was
performed by using the following standard proteins: cyto-
chrome c (12.4 kDa), myoglobin (17.6 kDa), �-lactoglobu-
lin (35 kDa), egg albumin (43 kDa), BSA (67 kDa), hex-
okinase (100 kDa), and aldolase (158 kDa). The pI of

purified CrfXR was determined by IEF PAGE using pre-
cast gels in the pH ranges 3.0–9.0 and 4.0–6.5, and an
isoelectric calibration kit (all from Amersham Pharmacia
Biotech).

RESULTS AND DISCUSSION

Purification and Structural Properties of CrfXR—
Crude cell extracts of Cr. flavus grown on xylose con-
tained approximately 9 U/ml NADPH-linked XR activity
with a specific activity of 1.1 U/mg of protein. No activity
was detectable using NADH. XR activity was purified by
a two-step procedure (Table 1). Analysis by SDS PAGE
demonstrates apparent homogeneity of the isolated pro-
tein (Fig. 1).

Staining for XR activity after non-denaturing electro-
phoresis revealed that the protein band was enzymati-
cally active and required NADP(H) as co-substrate (not
shown). Purified CrfXR eluted as single protein peak in
high-resolution anionic exchange chromatography on a
MonoQ column and gel permeation chromatography on a
Superose 12 column, suggesting the absence of substan-
tial structural microheterogeneity due to posttransla-
tional modifications. MALDI-TOF MS analysis yielded a
value of 35,322 Da for the molecular mass of CrfXR subu-
nit. The analysis by SDS–PAGE in Fig. 1 gave a closely
similar value of 35,000 � 1,000 Da. Functional molecular
masses of 58,000 � 4,000 Da, and 62,000 � 4,000 Da have

Table 1. Purification of xylose reductase from Cryptococcus flavus.a

aResults are based on processing 30 g of wet fungal biomass.

Purification step Total activity 
(U)

Specific activity 
(U/mg)

Purification 
(fold)

Yield 
(%)

Crude extract 620 1.1 1 100
(NH4)2SO4-addition 560 1.2 1.1 91
Phenyl-HIC with 25% (NH4)2SO4 490 6.5 5.9 79
Concentration and buffer exchange 350 6.5 5.9 56
Red 31 affinity chromatography 180 21 19 29

Fig. 1. Purification of CrfXR documented by SDS PAGE. Lane
1, SDS standard proteins (Sigma); lane 2, CrfXR after Red 31 chro-
matography. Electrophoresis was carried out with an Amersham
Pharmacia Biotech Phast-System using Phast Gel Gradient 8–25
and silver staining for visualization of protein bands.
Vol. 133, No. 4, 2003
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been determined by column-sizing experiments using a
Superose 12 and Superdex 75 column, respectively. The
results suggest that CrfXR exists exclusively as dimer in
solution, and the dimer is probably composed of identical
subunits.

Two further outcomes of CrfXR purification are worth
noting. First, fractionation of the cell extract did not
reveal proteins having NADPH- or NADH-linked XR
activity other than the one purified, essentially ruling
out formation of another major XR by Cr. flavus. Multiple
forms of XR have been found in other fungi (27–29). Sec-
ond, establishing an efficient procedure for isolation of
CrfXR required that dye-ligand chromatography not be
used as the first purification step. Considering our sug-
gestions for a procedure generally applicable to XR puri-
fication (25), 20 triazine dyes representing a wide range
of protein-binding capacity were tested as potential bio-
mimetic ligands, but no detectable capture of CrfXR from
crude cell extract was found. Partially purified enzyme
showed practically useful binding to a Red 31-Sepharose
CL-4B column. However, the capacity of the column for

binding CrfXR was just one tenth of that for binding
CtXR (25).

Steady-State Kinetic Analysis for Xylose Reduction and
Xylitol Oxidation—Initial-rate measurements were car-
ried out in the direction of xylose reduction under condi-
tions of the standard enzyme assay but using either
NADPH or NADH at a constant level of 200 �M. Within
the limit of detection of the assay, which was estimated to
be approximately 0.02–0.05% of the rate recorded with
NADPH, CrfXR was inactive with NADH as co-substrate.
Therefore, a detailed steady-state kinetic analysis was
carried out for the physiological reaction, D-xylose +
NADPH + H+ 	 xylitol + NADP+, at pH 7.0 and 25�C.
Double reciprocal plots for initial-rate data recorded in
forward and reverse directions of the reaction are dis-
played in Figs. 2, A and B.

Both graphs show a characteristic “intersecting line”
pattern, which is indicative of a sequential bi-substrate
reaction in which a ternary enzyme-substrate complex
must be formed before any product is released. A steady-
state ordered bi-bi kinetic mechanism, in which NADPH
binds first and NADP+ leaves last appears to be typical of
many AKR oxidoreductases (e.g., 14, 30) including CtXR
(21). In this mechanism, NADPH and NADP+ compete for
binding to free enzyme. NADP+ was tested as inhibitor of
CrfXR-catalyzed reduction of xylose using varied concen-
trations of NADPH at a constant saturating level of sub-
strate. The double reciprocal plot of the experimental
data is shown in Fig. 3 and demonstrates competitive
inhibition of NADP+ against NADPH.

Though it is not a proof, this result provides supporting
evidence that analysis of kinetic data can be made with
assumptions implied in Scheme 1 and by using Eq. 1,

v = kcat[E][A][B]/{KiAKB+KB[A]+KA[B]+[A][B]}  (1)

Fig. 2. Double-reciprocal plot from initial-rate measure-
ments for NADPH-dependent reduction of xylose (A) and
NADP+-dependent oxidation of xylitol (B) by CrfXR. Observed
rates were related to the total concentration of 35-kDa enzyme sub-
units present (Et). In panel A, NADPH concentrations were 3.3 �M
(full diamonds), 6.7 �M (open diamonds), 12.7 �M (full squares), 46
�M (open squares), 75 �M (full triangles), and 170�M (open trian-
gles). In panel B, NADP+ concentrations were 10 �M (full dia-
monds), 20 �M (open diamonds), 40 �M (full squares), 100 �M (open
squares), 250 �M (full triangles), 500 �M (open triangles). Lines are
calculated from a non-linear fit of the data to Eq. 2.

Fig. 3. Double-reciprocal plot from initial-rate measure-
ments for NADPH-dependent reduction of xylose by CrfXR
in the absence and presence of NADP+. Observed rates were
related to the total concentration of 35-kDa enzyme subunits
present (Et). The NADP+ concentrations were 5 �M (full diamonds),
10 �M (open diamonds), 20 �M (full squares), 50 �M (open squares),
100 �M (full triangles), and 200 �M (open circle). The concentration
of xylose was constant and saturating (700 mM). Lines are calcu-
lated from a non-linear fit of the data to a single substrate Michae-
lis-Menten equation expanded to incorporate inhibition by a com-
petitive inhibitor.
J. Biochem.
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where v is the initial rate, KA and KB are Michaelis con-
stants for coenzyme and substrate, [A] and [B] are con-
centrations of coenzyme and substrate, and KiA is the
apparent dissociation constant of the binary complex
between CrfXR and coenzyme.

Kinetic parameters for xylose reduction and xylitol oxi-
dation were obtained from non-linear fits of initial-rate
data to Eq. 1 using the Sigma Plot 2000 program and are
summarized in Table 2. The internal consistency of the
kinetic parameters was checked by using the Haldane
relationship for an ordered bi-bi kinetic mechanism, as
shown in the legend to Table 2. The calculated value of
446 for the equilibrium constant (Keq) at pH 7.0 and 25�C
agrees well with the experimentally observed value of
528 at this pH. Similar values for KiNADP+ were obtained
from extrapolations to either a very low level of NADPH
in inhibition experiments carried out at saturating con-
centration of xylose or very low concentrations of both
reactants so that only the free enzyme was present (Eq.
1). The result is as expected if NADP+ bound only to the
free CrfXR (Scheme 1). Comparison of KiNADP(H) values
indicates approximately 2- to 3-fold tighter apparent
binding of NADPH than NADP+. Considering the nor-
mally high ratio of intracellular concentrations of
NADPH and NADP+, CrfXR should generally be primed
for reductive metabolism, and product inhibition by
NADP+ should be hardly significant. Comparison of kcat/
KB values reveals a large, approximately 150-fold prefer-
ence for reduction of xylose over oxidation of xylitol. This
result reinforces the conclusion of a completely unidirec-
tional function of CrfXR in xylose metabolism.

Characterization of the Substrate Binding Site of
CrfXR—General: The unusually broad substrate specifi-
city of many AKR members including the xylose reduct-
ases could be explained in two different ways: (i) the

topology of the substrate binding site, particularly the
position of the loops that form the sides of the apolar cleft
leading to the active site, is rather flexible, such that the
exact binding mode is dependent on structural features of
the non-reacting portions of the aldehyde; (ii) the binding
site is essentially indiscriminate, because no significant
transition-state stabilization energy is derived from
non-covalent interactions with the substrate. Studies of
ligand recognition and catalysis by �-hydroxysteroid
dehydrogenase, a well-characterized AKR member, have
revealed elegantly that different binding modes for sub-
strates do occur within the same binding pocket (31).
Likewise, the substrate binding site of C. tenuis XR is not
indiscriminate and capable of utilizing hydrogen bonding
to bring about specificity for xylose (13). This is illus-
trated in Fig. 4, which points out the few polar residues
in the substrate binding pocket of CtXR. Therefore, char-
acterization of the substrate binding site of CrfXR
required that different series of structurally related alde-
hydes be compared as substrates of the enzyme and that
structural features leading to high kcat/Km, high kcat, or
low Km (which is an apparent Michaelis constant) be
deduced in a systematic fashion. For steady-state kinetic
measurements, we chose aldehydes differing in hydro-
phobic and hydrogen bonding capabilities with the
enzyme-NADPH complex. Furthermore, a number of
highly reactive aldehydes were tested as substrates to
evaluate the potential of CrfXR to protect the cell against
xenobiotic and endogenous aldehydes.

Aliphatic aldehydes as substrates of CrfXR and hydro-
phobic bonding effects—Aldehydes of the form R-CHO,
where R is an unbranched or branched alkyl chain, were
used as substrates of NADPH-dependent reduction by
CrfXR. Initial rates were fitted to the Michaelis-Menten
equation and apparent kinetic parameters for NADPH-
dependent enzymic reduction are summarized in Table 3.
The value for kcat/Km increases approximately 60-fold as
R increases in size and hydrophobicity from -CH2-CH3 to

Table 2. Steady state kinetic parameters for CrfXR.a

aInitial-rate data were obtained in 50 mM potassium phosphate
buffer, pH 7.0, and at 25�C; parameters are the results of non-linear
fits of the data shown in Fig. 2, A and B, to Eq. 1; bkcatR, turnover
number for reduction of xylose; kcatO, turnover number for oxidation
of xylose; cunless indicated otherwise, calculated standard devia-
tions for the fitted estimates were smaller than 12% of the reported
values; dcalculated standard deviations smaller than 20%; eobtained
from fits of data in Fig. 3 to the equation for competitive inhibition;
fcalculated from the Haldane relationship for an ordered bi-bi mech-
anism, Keq = (kcatR/Kxylose)KiNADP/{(kcatO/Kxylitol)KiNADPH}; gexperimental
equilibrium constant at pH 7.0, calculated according to Keq =
[NADP+] [xylitol]/([NADPH] [xylose]) for the reaction, D-xylose +
NADPH + H+ � xylitol + NADP+.

D-xylose reduction xylitol oxidation
kcatR (s–1)b 15.5c kcatO (s–1)b 1.0
Kxylose (mM) 21.4 Kxylitol (mM) 202
KNADPH (�M) 7.1 KNADP+ (�M) 41.4
KiNADPH (�M) 10.5d KiNADP+ (�M) 31.3d (20.8)e

Keq 446f (528)g,d

Scheme 1. Tentative kinetic mechanism of CrfXR. E is the enzyme, A is

NADPH, B is xylose, P is xylitol and Q is NADP+. k
1
 to k

10
 are rate con-

stants.

Fig. 4. The substrate binding site of Candida tenuis XR hav-
ing NADP(H) bound (20). The figure has been drawn with the
aim of emphasizing the few polar groups that are potentially avail-
able for interactions with sugar hydroxyls. The active-site tetrad
Tyr-51/Lys-80/Asp-46/His-113 is also shown. On the basis of this
figure, the comparison of CrfXR and CtXR with regard to kcat/Km
values for reaction with sugars is relevant, considering the limited
number of possible hydrogen bonds.
Vol. 133, No. 4, 2003
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-(CH2)5-CH3, suggesting that the substrate binding site
can accommodate the aldehyde group and an alkyl chain
of six carbon atoms in length. The value of kcat appears to
be hardly affected by structural changes of R, perhaps
indicating that rate limitation for kcat is due to steps out-
side the sequence of steps contributing to kcat/Km. There-
fore, the observed increases in the specificity constant are
entirely due to decreases in apparent Km by about the
same factor. Adding more than five methylene groups
leads to decreases in kcat/Km to approximately one third of
the maximum value. When substrates with branched and
unbranched alkyl chains are compared on the basis of
similar side chain hydrophobicity or the same number of
carbons, kcat/Km values are consistently smaller for branch-
ed substrates, perhaps as a result of steric hindrance.
Maximum transition-state stabilization energy derived
from hydrophobic bonding with R is estimated to be
approximately 10 kJ/mol, comparing catalytic efficiencies
for reductions of hexanal and propanal by using Eq. 2,

��G# = –RT ln [(kcat/Km)R-CHO /(kcat/Km)propanal] (2)

where R is the gas constant in J/(K mol) and T is the tem-
perature in K. When the values of ��G# are plotted

against the incremental Gibbs free energy of transfer of
R from n-octanol to water (��Gtrans values in Table 3), a
linear relationship is obtained for the range of R from -
CH2-CH3 to -(CH2)5-CH3 (not shown). Fit of the data to a
straight line yielded a slope value of 1.15 and a good cor-
relation coefficient of 0.996. Therefore, the result implies
that the substrate-binding pocket of CrfXR is approxi-
mately 1.15 times more hydrophobic than n-octanol and,
upon comparison with literature data, 1.2-fold and 2.1-
fold less hydrophobic than aldehyde binding sites of
CtXR (13) and human aldose reductase (hAR) (9), respec-
tively. Probably because of unfavorable steric effects,
most of the branched aldehydes did not fit into the corre-
lation, ��G# vs. ��Gtrans. Correlations of log (kcat/Km) val-
ues for CrfXR-catalyzed reduction of R-CHO in Table 3
with corresponding log (kcat/Km) values reported for CtXR
(13) and hAR (9) were linear (not shown), suggesting sim-
ilarity among the three enzymes in regard to the mode of
binding aliphatic aldehydes.

Polyhydroxylated aldehydes (sugars) as substrates of
CrfXR and hydrogen bonding effects—Apparent kinetic
parameters for NADPH-dependent reduction of a series
of different aldoses and derivatives thereof were deter-
mined to characterize the positioning of carbohydrates at

Table 3. Apparent kinetic parameters of CrfXR for NADPH-dependent reduction of aliphatic aldehydes
of the form R-CHO, where R is the alkyl chain.

aIncremental Gibbs free energy of transfer of the group R from n-octanol to water, calculated by using the relation-
ship ��Gtrans = –2.303 RT where � is the hydrophobicity constant of R, relative to the hydrogen atom (32); bunless
indicated otherwise, standard deviation was smaller than 18% for all values; cstandard deviation was 32%. The
NADPH concentration was 220 �M and saturating (�31 � KNADPH). Initial rates were determined in 50 mM potas-
sium phosphate buffer, pH 7.0, and at 25�C. ��G# was calculated according to Eq. 2.

Alkyl chain R kcat 
(s–1)

Km 
(mM)

kcat/Km 
(mM–1 s–1)

–��Gtrans (n-octanol�H2O)a 
(kJ/mol)

–��G# 
(kJ/mol)

-CH3 15.0b 35 0.44 — —
-CH2-CH3 12.9 34 0.38 5.6 0.0
-(CH2)2-CH3 13.3 7.9 1.7 8.4 3.7
-(CH2)3-CH3 14.4 2.2 6.4 11 7.0
-(CH2)4-CH3 14.0 0.72 19 14 9.8
-(CH2)5-CH3 14.8 0.61 24 17 10
-(CH2)6-CH3 14.3 2.0 7.3 20 7.3
-(CH2)7-CH3 14.2 2.2 6.6 22 7.1
-CH-(CH3)2 13.7 8.3 1.7 7.3 3.7
-CH(CH3)-CH2-CH3 12.8 2.7 4.8 10 6.3
-CH2-CH(CH3)2 14.6 9.2 1.6 10 5.5
-CH(CH3)-(CH2)2-CH3 6.2 1.8 3.5 13 3.6
-CH-(C2H5)2 4.3 3.2 1.3c 13 3.1
-C-(CH3)3 11.0 46 0.24 8.9 –1.1

Table 4. Apparent kinetic parameters of CrfXR for NADPH-dependent reduction of different pentoses.

aPercentage of free aldehyde present in aqueous solution of the sugar (33); bcorrected for free aldehyde in solution;
cstandard deviations for kcat and Km were smaller than 10% and 16% of the reported values, respectively. The
NADPH concentration was 220 �M and saturating (�31 � KNADPH). Initial rates were determined in 50 mM potas-
sium phosphate buffer, pH 7.0, and at 25�C. ��G# was calculated according to Eq. 2.

Substrate (%)a kcat (s–1) Km
b (�M) kcat/Km

b (�M–1 s–1) –��G# (kJ/mol)
D-xylose 0.02 16.3c 3.6 4.5 16
L-arabinose 0.03 12.5 4.2 3.0 15
D-ribose 0.05 12.4 22 0.56 11
2-deoxy-D-ribose 0.01 2.5 53 0.047 4.9
L-lyxose 0.03 11.3 27 0.42 10
D-lyxose 0.03 4.7 82 0.057 5.4
pentanal 100 14 2200 0.0066 0.0
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the substrate-binding site of CrfXR and identify interac-
tions with individual hydroxy groups that make an
important contribution to specificity. Results are summa-
rized in Tables 4 and 5 and reveal a clear dependence of
kcat/Km and kcat on the configuration of hydroxy groups in
pentose and hexose substrates. The variation in catalytic
efficiency across the pentose series is approximately 100-
fold and reflects a 6.5-fold variation of kcat and a 20-fold
variation in apparent Km.

CrfXR displays highest specificity constants for reac-
tions with the physiological substrate D-xylose, and L-
idose. To estimate the maximum transition-state stabili-
zation energy derived from productive bonding with
hydroxy groups, we use Eq. 2 and compare kcat/Km values
for reduction of the preferred pentose and hexose with
catalytic efficiencies for reactions with pentanal and hex-
anal, respectively. Differential binding energy stabilizing
the transition state for NADPH-dependent reduction of
sugars is approximately 15–16 kJ/mol. Comparisons of
kcat/Km values of D-ribose, D-galactose, or D-glucose with
the corresponding 2-deoxy derivative shows clearly that
interactions with the C-2(R) hydroxy group contribute
most, approximately 5–8 kJ/mol, to transition-state sta-
bilization. A hydrogen bond between this hydroxy group
and an uncharged donor or acceptor group on the enzyme
could provide such a net amount of binding energy. Com-
parisons of sugars having R-configured C-2 with the cor-
responding C-2 epimers (D-xylose vs. D-lyxose; D-glucose
vs. D-mannose) indicate that losses of transition-state
stabilization energy in the C-2(S) substrates and in the 2-
deoxy substrates are similar. Therefore, aldose sub-
strates having R-configured C-2 are preferred over their
C-2 epimers, clearly because the substrate binding site of
CrfXR provides favorable interactions with the C-2(R)
hydroxy group which are lacking in C-2(S) substrates.
Comparison of kinetic parameters for reductions of D-
ribose and 2-deoxy-D-ribose shows that replacement of
the 2-OH by hydrogen leads to a 5-fold decrease in the
value of kcat and a 12-fold decrease in kcat/Km. The result
appears to be at variance with the observation in Table 3
that an approximately 50-fold variation in specificity con-
stant across a series of n-alkyl aldehydes is accompanied
by essentially no change in the value of kcat for the same
substrates. These apparently inconsistent results can be
reconciled by assuming that interactions mediated by C-

2(R) hydroxy group have a role in preventing non-produc-
tive binding with the aldose substrate, which will lead to
a decrease in kcat by the fraction of enzyme productively
bound.

Results in Table 4 reveal that the hydroxy group at C-3
also contributes to stereochemical selection of polyhy-
droxylated substrates. Comparison of specificity con-
stants for reactions with D-xylose and D-ribose as well as
L-arabinose and L-lyxose indicates that the S configura-
tion is preferred at this carbon. The differential binding
energy is estimated to be 5 kJ/mol, and this value could
reflect productive bonding with the C-3(S) hydroxy group
or non-favorable interactions with C-3(R) hydroxy group.
Interactions at C-4 appear to have little effect on specifi-
city, because kcat/Km values for reactions with D-xylose
and L-arabinose, D-ribose and L-lyxose, and D-glucose and
D-galactose are very similar. Differential binding ener-
gies smaller than RT are obtained upon comparison of
these substrate pairs. Hydroxy groups at C-5 and C-6
have been shown not to make a significant contribution
to specificity of CrfXR (4). Interestingly, therefore, 2-
deoxy-D-ribose, which according to the above analysis of
CrfXR stereoselectivity should be among the poorest pen-
tose substrates of the enzyme, was reduced with a cata-
lytic efficiency significantly greater than the specificity
constant for reduction of pentanal, the n-alkyl aldehyde
having the corresponding number of carbons. This obser-
vation arguably reflects slightly different binding modes
for carbohydrates and hydrophobic aldehydes at the sub-
strate-binding site of CrfXR. It sets an approximate limit
of �1–2 RT to the estimation of a differential binding
energy between the two substrate series in Tables 3–5.
However, it reveals that, unexpectedly, the hydrophobic
nature of the aldehyde binding site of CrfXR does not
strongly disfavor binding of polar carbohydrate sub-
strates, in spite of the very limited number of attractive
interactions that were clearly identifiable through Tables
4 and 5. Correlation of log (kcat/Km) values for CrfXR-cata-
lyzed reductions in Tables 3–5 with corresponding log
(kcat/Km) values reported for CtXR (13) is shown in Fig. 5.
A linear relationship with a slope value of 0.90 is
obtained, indicating a high degree of similarity among
the substrate-binding sites of CrfXR and CtXR overall (cf.
Fig. 4). However, the correlation coefficient for the
straight-line fit in Fig. 5 is only 0.84, and this implies dif-

Table 5. Apparent kinetic parameters of CrfXR for NADPH-dependent reduction of different hexoses.

aPercentage of free aldehyde present in aqueous solution of the sugar (33); bcorrected for free aldehyde in solution;
cstandard deviations for kcat and Km were smaller than 10% and 19%, respectively; dn.d., not determined; ecatalytic
efficiency was derived from the part of the Michaelis-Menten curve where the reaction rate is linearly dependent
on the aldehyde concentration. The NADPH concentration was 220 �M and saturating (�31 � KNADPH). Initial
rates were determined in 50 mM potassium phosphate buffer, pH 7.0, and at 25�C. ��G# was calculated according
to Eq. 2.

Substrate (%)a kcat (s–1) Km
b (�M) kcat/Km

b (�M–1 s–1) –��G# (kJ/mol)
L-idose 0.1c 24c 3.2 7.5 15
D-galactose 0.02 9.6 10 0.94 9.6
2-deoxy-D-galactose 0.03 6.7 170 0.039 1.8
D-glucose 0.0024 5.0 2.5 2.0 11
2-deoxy-D-glucose 0.008 5.8 19 0.30 6.8
D-mannose 0.005 8.4 34 0.25 6.3
D-allose 0.01 n.d.d n.d.d 0.58e 8.4
hexanal 100 14 720 0.019e 0.00
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ferent enzyme-substrate interactions at the level of indi-
vidual aldehydes. Glucose, which is a good substrate of
CrfXR but a poor substrate of CtXR, is an example to this
effect (indicated by an arrow in Fig. 5).

Xenobiotic and endogenous aldehydes are good sub-
strates of CrfXR—A possible physiological role of hAR in
detoxification metabolism of endogenous aldehydes has
been discussed on the basis of the exquisite kinetic prop-
erties of this enzyme (34). Tight binding of NADPH such
that saturation in nucleotide is achieved at all times to
generate the reactive binary complex, and low Km values
for a wide range of substrates are key components of hAR
function as an efficient broad-spectrum “aldehyde reduct-
ase” (34). We have determined kinetic parameters for
CrfXR-catalyzed reduction of a series of common endog-
enous and xenobiotic aldehydes to examine whether XR
might also function as a detoxification enzyme for certain
carbonyl compounds. Results are summarized in Table 6.
�-Oxo-aldehydes, which have various carbohydrate-
related metabolic origins in vivo, are good substrates of
CrfXR, even though they all exist almost exclusively
(>99.5%) as aldehyde hydrates in aqueous solution (35).
Methylglyoxal, for example, has been suggested to be a
physiological substrate of hAR (10, 36, 37). On the basis
of apparent Michaelis constants uncorrected for aldehyde
hydration, they are up to 20-fold better substrates than
xylose. Table 6 compares specificity constants of CrfXR
and hAR for reduction of selected �-oxo-aldehydes. hAR
is generally more efficient than CrfXR, reflecting Km val-
ues that are 10- to 100-fold smaller for the human
enzyme. Interestingly, kcat/Km values for reaction with 2-
keto-D-glucose (“glucosone”), a compound possibly rele-

vant in nonenzymatic protein glycation (38), are almost
identical for human and fungal enzymes.

Acrolein, which has various metabolic origins (e.g., 39),
is reduced by CrfXR and hAR with similar specificity con-
stants. Aromatic aldehydes such as pyridine carbalde-
hydes and nitro-benzaldehydes are excellent substrates
of CrfXR. On the basis of uncorrected Km values, they
gave the highest specificity constants of all carbonyl com-
pounds tested and are up to 250-fold better substrates
than xylose. The low Km values for the heterocyclic sub-
strates are worth noting. Interestingly, very high specifi-
city constants for reduction of pyridine carbaldehydes are
not generally found among xylose reductases. Compared
to xylose in kcat/Km terms, CtXR and ms-XR and ds-XR
from Candida intermedia (28) are only 2- to 7-fold more
active with pyridine carbaldehyde substrates. Summariz-
ing the data, CrfXR is clearly not designed for a main
function in reductive metabolism of potentially toxic
aldehydes, because Km values for substrates are gener-
ally high and binding of NADPH is weak. These proper-
ties are not consistent with detoxification efficiency (34,
10). However, if we consider the high levels of CrfXR
present in the fungal cytosol when the organism grows on
xylose as carbon source – a rough estimate based on the
specific activity of the enzyme is 5% of the total protein–
selected endogenous and xenobiotic aldehydes accumu-
lating to physiological concentrations near 0.1 � Km could
be real targets of CrfXR reductive action. Glucosone and
pyridine aldehydes are possible examples.

Financial support from the Austrian Science Funds (FWF
project P-15208-MOB) and from the European Commission
(EU FAIR CT 96–1098) is gratefully acknowledged. Prof. Diet-
mar Haltrich and Dr. J. Volc kindly provided purified samples
of �-oxo-aldose sugars. Mario Klimacek (Graz) is thanked for
the preparation of Fig. 4.

Table 6. Apparent kinetic parameters of CrfXR for NADPH-
dependent reduction of potentially toxic aldehydes.

aUnless indicated otherwise, standard deviations for kcat and Km
were smaller than 6% and 18% of the reported values, respectively;
bSpecificity constants for aldose reductase from human skeletal
muscle are shown in parenthesis (10, 36); cvalues not corrected for
free aldehyde present in aqueous solution; dstandard deviation for
kcat/Km was smaller than 33%; edata from Ref. 8. The NADPH con-
centration was 220 �M and saturating (�31 � KNADPH). Initial rates
were determined in 50 mM potassium phosphate buffer, pH 7.0, and
at 25�C.

Substrate kcat (s–1) Km (mM) kcat/Km 
(M–1 s–1) � 10–3

�-oxo-aldehydes
glyoxal 17.5a 21 0.81 (5.0)b

methylglyoxal 16.9 0.96 18 (300)b

2-keto-D-xylose 20.4 2.5 8.2c

2-keto-D-glucose 23.8 3.2 7.4c (9.2)b

2,3-diketo-D-glucose 23.9 5.7 4.2c

2-keto-D-allose 25.8d 2.7 9.6c

xenobiotic aldehydes
acrolein 21.5 3.3 6.6 (18)b

pyridine-2-carbaldehyde 16.2 0.15 110
pyridine-3-carbaldehyde 15.1 0.27 56
pyridine-4-carbaldehyde 17.9 0.075 240
4-nitro-benzaldehydee 29.5 0.13 220 (880)b

3-nitro-benzaldehydee 21.4 0.50 42
Fig. 5. Measurement of substrate-binding site similarities
among CrfXR and CtXR by correlating catalytic efficiencies
for NAD(P)H-dependent reductions of alkyl aldehydes and
aldose sugars. Data for reactions catalyzed by CtXR and CrfXR
are taken from Neuhauser et al. (13) and Tables 3 to 5, respectively.
The arrow indicates reduction of D-glucose. The catalytic efficien-
cies are expressed in M–1 s–1 and are corrected for free aldehyde in
solution.
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