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Abstract

AKR1B10 is an aldose reductase (AR) homologue overexpressed in liver cancer and various forms of that enzyme in carcinomas catalyze the
reduction of anticancer drugs, potential cytostatic drug, and DL-glyceraldehyde but do not catalyze the reduction of glucose. Kinetic parameters for
wild-type and C299S mutant AKR1B10 indicate that substitution of serine for cysteine at position 299 reduces the affinity of this protein for DL-
glyceraldehyde and enhances its catalytic activity. Fibrates suppress peroxisome proliferation and the development of liver cancer in human. Here
we report the potency of fibrate-mediated inhibition of the carbonyl reduction catalyzed by wild-type and C299S mutant AKR1B10 and compare
it with known AR inhibitors. Wild-type AKR1B10-catalyzed carbonyl reduction follows pure non-competitive inhibition kinetics using
zopolrestat, EBPC or sorbinil, whereas fenofibrate, Wy 14,643, ciprofibrate and fenofibric acid follow mixed non-competitive inhibition kinetics.
In contrast, catalysis of reaction by the C299S AKR1B10 mutant is not inhibited by sorbinil and EBPC. Despite these differences, the C299S
AKR1B10 mutant still manifests kinetics similar to the wild-type protein with other fibrates including zopolrestat, fenofibrate, Wy 14,346,
gemfibrozil and ciprofibrate that show mixed non-competitive inhibition kinetics. The reaction of the mutant AKR1B10 is inhibited by fenofibric
acid, but manifests pure non-competitive inhibition kinetics that are different from those demonstrated for the wild-type enzyme.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Aldo–keto reductase (AKR) protein familymember,AKR1B10,
is overexpressed in most cases of squamous cell carcinoma (SCC)
and adenocarcinoma both of which are associated with smoking
(Fukumoto et al., 2005). AKR1B10 belongs to AR subfamily
(AKR1B) and was discovered as an enzyme overexpressed in
human liver cancers (Cao et al., 1998; Hyndman and Flynn, 1998;
Jez et al., 1997; Scuric et al., 1998). Furthermore, the anticancer

drugs daunorubicin, which is used in the treatment of lung cancer,
and oracin, a potential cytostatic drug for oral use, which is, at
present, in phase II of clinical trials, are reduced by AKR1B10
(Martin et al., 2006). The carbonyl groups in the daunorubicin
and oracin are converted to the corresponding alcohols and
inactivated by AKR1B10. The question arises concerning how
drugs containing a carbonyl moiety can be used for successful
chemotherapy of liver cancers in the presence of overexpressed
AKR1B10? To address this issue we explored AR inhibitors,
which may provide insight for the development of combination
drugs to solve that problem.

Using a novel approach similar to fragment-based, structure-
guided inhibitor design we have demonstrated that AR is a target
of action for several fibrate derivatives (Balendiran andRajkumar,
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2005; Balendiran et al., 2007; Klemin et al., 2006). Fibrates,
which are also known as peroxisome proliferators, lead to the
development of liver tumors in rats and mice (Hess et al., 1965;
Reddy et al., 1980). However, humans appear to be resistant to the
induction of peroxisome proliferation and the development of
liver cancer by fibrates (Gariot et al., 1983; Gonzalez, 2002).
Understanding the role of AKR1B10 in fibrate action is critical
since: 1) AKR1B10 is a member of AKR family which shows a
high sequence homology with AR. 2) AKR1B10 and AR like
molecules are overexpressed in liver and lung cancers as well as
hepatocellular and squamous cell carcinomas.

Residue Cys299 in AKR1B10, equivalent to the Cys298
found in the active site vicinity of AR, is conserved in many
members of aldo–keto reductase family of proteins. Several lines
of evidence distinguish Cys298 as an important regulatory site on
AR. In AR, conversion of Cys298 to serine (C298S) resulted in
an enzyme form that is resistant to modification with reagents
that are known to cause functional changes in enzyme activity
(Bohren and Gabbay, 1993; Petrash et al., 1992). Residue
Cys298 of AR is also a site for thiolation by oxidized glutathione
(Cappiello et al., 1996) and glutathiolated AR is catalytically
inactive (Cappiello et al., 1996). The carbonyl containing
compound, 4-hydroxy-2-nonenal (HNE) modifies AR predomi-
nantly at the Cys298 position, resulting in an enzyme form with
reduced sensitivity to AR inhibitors. Therefore, the residue
Cys299 in AKR1B10 may play a sensitive role in the inhibition
properties of compounds.

Several AR inhibitors, for example sorbinil, have reached
human clinical trials, but have beenwithdrawn due to adverse side
effects (Group, 1990; Vander Jagt et al., 1996). The adverse side
effects are suspected to occur via a closely-related enzyme of the
AKR family, aldehyde reductase (AKR1A1, EC 1.1.1.2) (Sato
and Kador, 1990; Vander Jagt et al., 1996). Aldehyde reductase
and AR are functionally linked through broad and overlapping
substrate specificity (Bohren et al., 1989).Most importantlymany
AR inhibitors inhibit aldehyde reductase, consequently impeding
proper AR. The striking difference between AR and aldehyde
reductase is Cys298. Since Cys298 is not conserved in aldehyde
reductase, understanding the contribution of the related Cys299
residue in AK1B10 will not only offer an indirect approach to
study the side effects caused by aldehyde reductase against the
potential inhibitors but will also help evaluate the regulatory role
of this residue. Therefore, understanding the contribution of the
Cys299 residue is essential in the rational design of a compound
that specifically regulates AKR1B10.

In the present study we have characterized the potential of
several fibrate derivatives in the inhibition of carbonyl reduction
activity of purified recombinant human wild-type and the
C299S mutant form of AKR1B10 using DL-glyceraldehyde as
the substrate. We have also tested the effectiveness of these
compounds to inhibit the AKR1B10-catalyzed reduction of the
anticancer drug daunorubicin.

2. Materials and methods

All the reagents used in the study were obtained from Sigma-
Aldrich Chemical Company (St. Louis, USA) with the exception

of EBPC, which was purchased from Tocris, USA, and sorbinil
and zopolrestat were gift from Pfizer. Fenofibric acid was
prepared and characterized following the procedures we
reported earlier (Rath et al., 2005).

2.1. Expression and purification of recombinant wild-type and
C299S mutant AKR1B10

AKR1B10 gene in pQE-70 (QIAGEN) vector was trans-
formed in SG13009 cells (QIAGEN, Valencia, USA). The cells
were grown in Luria–Bertani broth containing ampicillin
(100 μg/ml) and kanamycin (25 μg/ml) with constant shaking
to reach the OD600=0.6–0.8 at 37 °C at 240 rpm. The protein
expression was induced by supplementing 1 mM isopropyl-1-
thio-galactopyranoside (IPTG) in the culture medium. The
cells were harvested after 5 h by centrifugation (6000 g, 10 min)
and resuspended in 20 mM Tris–HCl buffer (pH 7.4) contain-
ing 100 mM NaCl, 10 mM imidazole and 1 mM 2-mercap-
toethanol and lysed by sonication. Wild-type AKR1B10 was
isolated from the lysate separated by centrifugation at 10,000 g
for 45 min at 4 °C. The supernatant containing hexa-His-
AKR1B10 was incubated for 1–2 h by constant gentle mixing
with Talon metal affinity matrix (Clontech, Mountain View,
USA), later matrix slurry was passed through column and
washed with 20 mM Tris buffer (pH 7.4) having 100 mM NaCl
and 1.0 mM 2-mercaptoethanol. The protein was eluted with
150 mM imidazole in 20 mM Tris buffer (pH 7.4) containing
100mMNaCl and 1mM2-mercaptoethanol and dialyzed in the
20 mM Tris buffer (pH 7.4) containing 1 mM 2-mercaptoetha-
nol. His-AKR1B10 wild-type protein was further purified by
anion exchange on DEAE Sephadex A25 column by negative
binding with DEAE Sephadex A25 matrix. The concentration
of the AKR1B10 proteins was determined by the Bradford
assay (Bio-Rad, Hercules, USA) (Bradford, 1976), the purity
was assessed by SDS-PAGE (Fig. 1) and the enzyme activity
was determined by using 10 mM DL-glyceraldehyde and
0.2 mM NADPH as substrate and cofactor, respectively.
Recombinant C299S mutant AKR1B10 was overexpressed
and purified (Fig. 1) following the procedures described above
for the wild-type AKR1B10.

2.2. Kinetics of DL-glyceraldehyde reduction by AKR1B10

The carbonyl reduction activity of his-tagged AKR1B10
wild-type and C299S mutant proteins were monitored spectro-
photometrically, by measuring decrease in the absorbance of
the cofactor NADPH at 340 nm (Balendiran and Rajkumar,
2005; Crosas et al., 2003; Nishimura et al., 1991) and 25 °C
with time course for 3 min. The assay was carried out in
100 mM sodium phosphate buffer (pH 7.5) using 0.2 mM
NADPH, 0.3 μM (wild-type and C299S mutant) AKR1B10,
and varied concentrations (0.5–7.5 mM for wild-type and 1.0–
100 mM for C299S) of DL-glyceraldehyde and inhibitors
(zopolrestat, fenofibrate, Wy 14,643, sorbinil, ciprofibrate,
fenofibric acid, gemfibrozil, EBPC (Fig. 2)). One unit of
AKR1B10 enzyme activity is defined as μmoles of NADPH
oxidized/min.
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