aspet.’

(026-895X/92/050917-05$03.00/0

Copyright «©. by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.

MOLECULAR PHARMACOLOGY, 42:917-921

Mechanism of Inhibition of Aldose Reductase by Menadione

(Vitamin K3)

ARUNI BHATNAGAR, Si-Ql LIU, J. MARK PETRASH, and SATISH K. SRIVASTAVA

Department of Human Biological Chemistry and Genetics, University of Texas Medical Branch, Galveston, Texas 77550 (A.B., S-Q.L., S.K.S.), and
Department of Ophthalmology and Visual Sciences, Washington University School of Medicine, St. Louis, Missouri 63110 (J.M.P.)

Received May 18, 1992; Accepted July 31, 1992

SUMMARY

Incubation of human placental aldose reductase (EC 1.1.1.21)
with menadione (0.5-3.0 mm) resulted in time-dependent loss of
the catalytic activity of the enzyme. Kinetic analysis of the data
suggests that the inactivation process follows a single apparent
rate constant that displays hyperbolic dependence on menadione
concentration, indicating that menadione forms a kinetically sig-
nificant, dissociable complex with the enzyme before the for-
mation of an inactive enzyme-menadione complex. The inacti-
vation of the enzyme with menadione was reversed upon dialysis
of the inactivated enzyme against buffer containing 10 mm dithi-
othreitol suggesting that menadione reacts with enzyme sulfhy-
dryl residue(s). Inactivation of the enzyme was significantly pre-

vented by dithiothreitol (5 mm), NADPH (0.1 mm), and pL-glycer-
aldehyde (10 mm). Correlation of the fractional remaining activity
with the extent of modification indicates that loss of catalytic
activity corresponds to the modification of a single amino acid
residue of the enzyme protein. Recombinant human aldose
reductase, obtained by overexpression in Escherichia coli, and
aldose reductase in which Cys-80 or Cys-303 was replaced by
serine were also inactivated by menadione. However, enzyme in
which Cys-298 was replaced by serine was insensitive to men-
adione. On the basis of these observations, it is suggested that
menadione forms a thiodione-like adduct with Cys-298, leading
to inactivation of the enzyme.

Aldose reductase catalyzes the NADPH-dependent reduction
of aldo-sugars to their corresponding alcohols, which is the first
and the rate-limiting step of the polyol pathway (1, 2). The
enzyme has been found to be present in most tissues examined
and is a member of an oxido-reductase superfamily (3). The
observation that exposure of tissues that do not require insulin
for glucose uptake to high glucose concentrations results in the
activation of the polyol pathway has led to the suggestion that
activation of aldose reductase may be responsible for the man-
ifestation of hyperglycemic cell injury associated with second-
ary complications of diabetes mellitus (1-5). This hypothesis is
supported by the observations that inhibition of aldose reduc-
tase by a variety of structurally nonrelated compounds leads to
attenuation, prevention, and in some instances reversal of
diabetic tissue pathology (3-5). The ability of aldose reductase
inhibitors to prevent diabetic complications has instigated an
extensive search for specific and selective aldose reductase
inhibitors that could be used for the therapeutic management
of diabetic complications. Nevertheless, most of these com-
pounds inhibit other enzymes also (6, 7) and the therapeutic
efficacy of these compounds remains uncertain (8, 9).

This work was supported in part by National Institutes of Health Grants DK
36118, P60 DK20579, and EY 05856 and in part by grants to the Department of
Ophthalmology and Visual Sciences (Washington University) from Research to
Prevent Blindness, Inc.

In spite of the proposed involvement of aldose reductase in
the etiology of diabetic complications, little is known about the
active site of the enzyme, and its substrate and inhibitor binding
sites have not been identified. Most aldose reductase inhibitors
show non- or uncompetitive inhibition patterns with the varied
substrates in the direction of aldehyde reduction (7, 10) and
have been proposed to bind to a unique inhibitor binding site
on the enzyme, distinct from the substrate binding sites (10).
The only competitive inhibitor versus the aldehyde substrate
is menadione (11, 12). It has also been suggested (11) that the
observed increase in sorbitol levels in muscle of patients with
Duchenne muscular dystrophy (13) may be a result of a decrease
in the concentration of a natural inhibitor such as vitamin K.
However, neither the mechanism of inhibition of aldose reduc-
tase by K group vitamins nor the binding site of these com-
pounds has been identified. In this communication we provide
evidence that menadione inhibits the enzyme by forming co-
valent adducts with its sulfhydryl residues. Our studies using
site-directed mutagenesis further suggest that inhibition by
menadione results from thiodione-like formation with Cys-298.

Materials and Methods

Menadione bisulfide, NADPH, and DL-glyceraldehyde were pur-
chased from Sigma Chemical Co. All other chemicals were of the highest
purity available.

ABBREVIATIONS: SDS, sodium dodecyl! sulfate; PAGE, polyacrylamide gel electrophoresis; DTT, dithiothreitol.
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Expression, isolation, and mutagenesis of human aldose re-
ductase. Expression of human aldose reductase in shaker flask cultures
of Escherichia coli will be described elsewhere.! The reductase was
extracted from host cells by an osmotic shock treatment and was
purified to homogeneity. Briefly, the purification scheme included
ammonium sulfate fractionation (50-80%), chromatofocusing on po-
lybuffer exchanger 74 (Pharmacia), and hydroxylapatite (Bio-Rad)
chromatography. Purity of the final enzyme fraction was assessed by
SDS-PAGE, which showed a single polypeptide band (35 kDa) on
Coomassie staining.

Oligodeoxyribonucleotide-directed mutagenesis (14) was used to pre-
pare aldose reductase cDNA sequences encoding serine substitutions
at positions Cys-80 (ARC80S), Cys-298 (ARC298S), and Cys-303
(ARC303S). Briefly, wild-type aldose reductase sequences carried in a
pBluescript vector (Stratagene) were treated with individual mutagenic
oligonucleotide primers. Wild-type aldose reductase sequences in the
expression plasmid pMON5997" were then exchanged with the mutant
sequences. Before expression in E. coli, complete structures of the
mutant coding sequences were verified by nucleotide sequence analysis.
Mutant reductases were purified to homogeneity using conditions iden-
tical to those used for wild-type aldose reductase. Mutant and wild-
type reductases co-migrated on SDS-PAGE and cross-reacted with
antibodies directed against bovine lens aldose reductase (15).

Aldose reductase was purified from human placenta by the method
of Das and Srivastava (16), except that ammonium sulfate was used as
the first step in the purification protocol. The homogeneity of the
enzyme was established by the presence of a single protein band on
reducing SDS-PAGE at pH 8.6 and by the appearance of a single
protein peak coincident with the enzyme activity peak on Sephadex G-
100 gel filtration. The enzyme was stored at a concentration of 300 ug/
ml at 4° in 50 mM imidazole-HCIl, pH 7.0, containing 5 mM $-mercap-
toethanol.

Enzyme assays and inactivation studies. The enzyme activity
was determined at 25° in 50 mM phosphate buffer containing 0.4 M
lithium sulfate, pH 6.0, 0.1 mM NADPH, and 10 mM DL-glyceraldehyde,
with an appropriate amount of the enzyme, by monitoring the rate of
disappearance of NADPH by using a Gilford Response II spectropho-
tometer. One unit of the enzyme is defined as the amount of enzyme
required to oxidize 1 umol of NADPH/ml/min.

Because purification and storage of aldose reductase, even in thiol-
containing buffers, leads to the formation of mixed and intramolecular
disulfides (17), in order to obtain a single species the enzyme was
incubated with 0.1 M DTT for 1 hr at 37°. The reduced enzyme was
filtered through a Sephadex G-10 column to remove excess DTT and
was then incubated with the indicated concentrations of menadione in
0.1 M Tris-HCL, pH 8.0. Aliquots were withdrawn from the incubation
mixture at different times for determination of the enzyme activity.

In order to quantitate the number of sulfhydryl residues modified
with menadione, the reduced enzyme was concentrated by ultrafiltra-
tion through a Centricon microconcentrator with a 10-kDa cut-off
filter. The concentrated enzyme was incubated with menadione bisul-
fide, and the thiodione formation was quantitated at 412 nm using a
molar coefficient of 1000 M~ cm™, after correction for unreacted
menadione (molar coefficient at 412 nm, 60 M™' cm™'). The molar
absorbance coefficient of thiodione was determined by stoichiometric
titration of menadione bisulfide and disodium glutathione in 0.1 M
Tris-HCI, pH 8.0.

Protein was determined by the method of Bradford (18) and SDS-
PAGE was performed in accordance with the procedure of Laemmli
(19).

Data analysis. Inactivation curves were fitted to either single- or
double-exponential equations, with or without a constant intercept

'J. M. Petrash, T. M. Harter, C. Devine, P. Olins, A. Bhatangar, S.-Q. Liu,
and S. K. Srivastava. Involvement of cysteine in catalysis and inhibition of
human aldose reductase: site-directed mutag is of cystei idues 80, 298,
and 303. J. Biol. Chem. In press.

term, using NFIT (Island Products, Galveston, TX). The best fits to
the data were chosen on the basis of the lowest x? and highest r* values.

Results

Inactivation kinetics of the native enzyme. Menadione
(0.5-3.0 mM) caused a time-dependent loss of catalytic activity
of aldose reductase purified from human placenta (Fig. 1). At
each menadione concentration a fraction of the enzyme, which
does not change upon prolonged incubation, remains uninhib-
ited. The time course of this type of inactivation is best de-
scribed by the following equation:

y=a+ b-exp™ 1)

where y is the fractional remaining activity, a is the uninhibited
fraction of the catalytic activity, and k is the apparent first-
order rate constant for inactivation. All inactivation curves
were well fitted to a single-exponential equation (r* varied from
0.996 to 0.999). There was no further increase in the goodness
of fit upon addition of another exponential term to the equation.
When the concentration of menadione was increased, the in-
activation rate increased proportionally (Table 1). The initial
rates of inactivation (k) showed a hyperbolic dependence on
menadione concentration (Fig. 1, inset), suggesting that a sig-
nificant amount of dissociable complex is formed between the
enzyme and menadione before the formation of the inactivated
enzyme-menadione complex. In such a reaction scheme the
observed rate constant (20) is described as:

k = (ki-ko[ID/(Ra[I] + k-1) (2

where k, and k-, are the rate constants for the formation and
dissociation of the dissociable complex, respectively, and k&, is
the rate constant for the formation of the inactivated complex.
A fit of the data to eq. 2 is shown in Fig. 1, inset.

In contrast to the rate constant k&, the intercept factors did
not show large changes on increasing of the menadione concen-
tration, and the reactive fraction of the enzyme activity was
0.83 + 0.03. The enzyme inactivated by menadione could be

0.07 .
1.000

0.750 4

0.1 0.2 0.3

Fractional activity remaining

0.500 +- [Menadione]
0.250 +
0.000 + + + J
0 20 40 60 80
Time (min)

Fig. 1. Inactivation of human placental aldose reductase by menadione.
Reduced human placental aldose reductase (200 pg/ml) was incubated
with 0.05 (O), 0.1 (@), 0.15 (A), or 0.3 (A) mm menadione bisulfide in 0.1
m Tris-HCI, pH 8.0. At the indicated times, aliquots of the enzyme were
withdrawn and the catalytic activity of the enzyme was determined as
described in Materials and Methods. Data are shown as discrete points,
and the curves are best fits of eq. 1 to the data. Inset, concentration
dependence of k. Data are shown as discrete points, and the curve is
the best fit of the data to eq. 2, in which 1/k. = 17.1 min and k_./(k - k2)
=0.24 mm-min~".

2102 ‘€ Jaqwaosag uo Alsianiun pesewwey] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

TABLE 1

Inhibition of Aldose Reductase by Menadione 919

Kinetic parameters for the rate of inactivation of human placental aldose reductase by menadione

Enzymes were reduced upon incubation with 0.1 mm DTT. Excess DTT was removed by filtration on Sephadex G-25. The enzymes were incubated with the indicated
concentration of the additives in 0.1 m Tris-HCI, pH 8.0. Appropriately diluted enzyme incubated under identical conditions was used as the control.

Time constant

Additives k) a b
min
Menadione
0.01 mm 40.7 £ 5.7 0.20 + 0.05 0.79 + 0.04
0.05 mm 270+ 3.1 0.13+0.03 0.86 + 0.04
0.15mm 17920 0.15+0.03 0.85+0.03
0.30 mm 146+10 0.14 £ 0.11 0.84 + 0.02
Menadione, 0.05 mm
+100 um NADPH 182+ 3.0 0.78 + 0.02 0.23 + 0.03
+10 mm oL-Glyceraldehyde 35.1+£4.0 0.52 + 0.07 0.46 + 0.06

reactivated (>90% recovery) by overnight dialysis against 10
mM DTT, suggesting that menadione was reacting primarily
with the sulfhydryl residues of the enzyme.

Pre-equilibration of the enzyme with DTT (10 mM) or with
saturating concentrations of NADPH (0.1 mM) or DL-glycer-
aldehyde (10 mM) afforded significant protection against inac-
tivation of the enzyme by menadione (Fig. 2). No significant
loss of activity was observed in the presence of DTT. With
NADPH, the unreactive fraction of the enzyme activity in-
creased from 0.20 to 0.80 (Table 1). However, in the presence
of NADPH the reactive fraction reacted with menadione at a
faster rate than it does with the unliganded enzyme, possibly
because the reduction of the number of reactive sites in the
presence of NADPH increases the effective molar excess of
menadione over the reactive sites on the enzyme. DL-Glycer-
aldehyde also protected the enzyme against inactivation. The
unreactive fraction in the presence of DL-glyceraldehyde rose
from 0.2 to 0.5, suggesting that DL-glyceraldehyde was less
effective in occluding the menadione-reactive sites than was
NADPH.

Stoichiometry of modification. In order to quantitate the
number of sulfhydryl residues modified by menadione, 550 ug
of the native enzyme protein, purified from human placenta,
were incubated with 0.15 mM menadione and the modification
reaction was monitored as an increase in absorbance of the
mixture at 412 nm, as described in Materials and Methods.

!

0.900 +

0.600 A

Fractional activity remaining

0.300 + + + -+
0 20 40 60 80

Time (min)

Fig. 2. Protection of aldose reductase from inactivation by menadione.
Reduced aldose reductase was incubated with 0.15 mm menadione
bisulfide (O) or 0.15 mm menadione bisulfide containing 0.1 mm NADPH
(4), 5 mm DTT (@), or 10 mm pL-glyceraldehyde (A). Aliquots were
withdrawn at the indicated times and the enzyme activity was deter-
mined. Data are shown as discrete points, and the curves are best fits
of eq. 1 to the data.

After various time intervals aliquots of the enzyme were with-
drawn, to assay the enzyme activity. Fig. 3 shows the correlation
between the fractional remaining activity and the number of
cysteine residues modified. The relationship appears linear (r*
= (0.995), suggesting that incubation of the enzyme with men-
adione results in the modification of a single cysteine residue
on the enzyme protein.

Identification of the modified cysteine. Wild-type aldose
reductase and aldose reductase in which Cys-80, Cys-298, or
Cys-303 was replaced with serine were used to identify the
cysteine residue modified by menadione. Complete sequence
analysis of the mutant cDNA revealed that the only changes
to the wild-type coding sequences had occurred at the intended
mutation site. Complete kinetic characterization of these mu-
tants has been presented elsewhere.' Incubation of the wild-
type enzyme, AR-C80S, or AR-C303S with 0.15 mM menadione
led to time-dependent decreases in the catalytic activity of
these enzymes, but AR-C298S was not inactivated by menadi-
one (Fig. 4). The rates of inactivation of the recombinant
enzymes were similar to the rate of inactivation of the native
enzyme purified from human placenta, except that a larger
fraction of the enzyme activity remained unreactive with men-
adione (Table 2). These results suggest that Cys-298 is the
major site of menadione binding and that substitution of this
group with serine renders the enzyme insensitive to menadione.

1.000 ¢

0.750 +

0.500 +

0.250 +

Fractional retained activity

0.000 + + + i
0.000 0.250 0.500 0.750 1.000

Number of residues modified

Fig. 3. Correlation between the loss of catalytic activity and the extent
of modification of aldose reductase by menadione. Reduced (native)
aldose reductase (580 ug/ml) was incubated with 0.15 mm menadione
in 0.1 m Tris-HCI, pH 8.0. The extent of modification was determined by
following the absorbance of the reaction mixture at 412 nm. The line
shown is the best fit of the data to a linear function (y = ax + b), where
a=1.53%0.2and b= 1.06 + 0.05 (> = 0.995).
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Fractional activity remaining

Time (min)

Fig. 4. Inactivation of recombinant human placental aldose reductase
and aldose reductase mutants in which Cys-80 (M), Cys-298 (OJ), or Cys-
303 (V) has been substituted with serine. The enzymes were reduced
and incubated with 0.15 mm menadione bisulfite, and aliquots were
withdrawn at the indicated times and assayed for enzyme activity. The
inactivation curve for the wild-type enzyme has been omitted for clarity.
Data are shown as discrete points, and the curves are best fits of eq. 1
to the data.

TABLE 2

Kinetic parameters for the rate of inactivation of human
recombinant aldose reductase (wild-type) and aldose reductase
mutants in which Cys-80 (C-80), Cys-298 (C-298), or Cys-303 (C-
303) has been replaced by serine

The enzymes were incubated with 0.15 mm menadione under experimental condi-
tions identical to those used to obtain the data shown in Table 1. See Materials
and Methods for details.

Time constant
Enzyme k) a b
min
Wid-type  9.31+32 042003 052004
C80S 188+49 041+004 057 %005
C298S >80 ND* ND
€303 251+45  034+004 064004

® ND, not determined.
Discussion

Menadione is one of the few inhibitors that inhibit aldose
reductase competitively with respect to the aldehyde substrate
(11, 12). Being a quinone, this compound is expected to act as
a substrate analog and, therefore, studies on the mechanism of
inhibition of the enzyme by menadione and related analogs
could yield potentially useful information about the structure
and the environment of the active site of the enzyme. However,
little is known about the mechanism of inhibition of the enzyme
by menadione or other vitamin K analogs, and the binding site
for these compounds, which presumably is the substrate binding
site of the enzyme, has not been identified.

As shown in Fig. 1, simple exponential inactivation of the
enzyme indicates a unique set of reactive sites on the enzyme
with identical reactivity towards menadione. Statistical corre-
lation between the fractional activity lost and the fraction of
residues modified, in accordance with the method of Tsou (21),
shows a linear relationship, suggesting that loss of activity of
the enzyme corresponds to modification of a single amino acid
residue. The likelihood that this residue is a sulfhydryl is
suggested by the reversibility of inactivation by DTT.

Location of the site that binds menadione is indicated by the
protection experiments. The ability of both NADPH and DL-
glyceraldehyde to prevent inactivation of the enzyme by men-
adione suggests that the menadione-binding residue may be

present at the active site of the enzyme. Binding of NADPH
causes a distinct conformational change in the enzyme and,
therefore, it could be argued that NADPH protection of the
enzyme from inactivation may be due to a conformational shift
in the position of the reactive cysteine. Alternatively, NADPH
binding may result in steric masking of the reactive cysteine.
Because DL-glyceraldehyde also protected the enzyme from
inactivation by menadione, albeit to a much lesser extent, it is
possible that the substrate binding site is in close proximity to
the reactive cysteine. Human placental aldose reductase dis-
plays random addition of substrates (12) and, therefore, DL-
glyceraldehyde could bind to the free enzyme, although the
affinity of the enzyme for DL-glyceraldehyde is expected to be
much lower than that for NADPH. Simultaneous protection of
the enzyme by both the substrates indicates that menadione
binds to a single sulfhydryl residue located near the active site
of the enzyme. However, because AR-C298S is catalytically
active, it is likely that Cys-298 does not directly participate in
catalysis.

Of the total of seven cysteine residues present in aldose
reductase, only three are accessible to 5,5’-dithiobis(2-nitro-
benzoic acid) (22). A structural model of porcine aldose reduc-
tase complexed to 2’-monophosphoadenosine 5’-diphosphori-
bose has revealed that Cys-80, Cys-298, and Cys-303 are located
near the cofactor binding site (23). In order to identify which
cysteine residue of the enzyme binds menadione, we generated
three different mutants of the enzyme, AR-C80S, AR-C298S,
and AR-C303S, in which Cys-80, -298, and -303, respectively,
were substituted with serine. The susceptibility of each of these
mutants to inactivation by menadione was determined, and of
these only AR-C298S was found to be insensitive to inhibition
by menadione; the other mutants displayed reactivity to men-
adione similar to that of the wild-type or the native enzyme.
Moreover, the modified cysteine residues, 298 and 303, are
expected to be close together in the enzyme sequence. The
ability of menadione to inhibit AR-C303S, but not AR-C298S,
suggests that binding of menadione to Cys-298 represents a
specific interaction.

The reactivity of quinones with sulfhydryl compounds is well
known (24, 25). Position 2-substituted 1,4-napthoquinones
undergo nucleophilic substitution reactions with glutathione
and cysteine (25) and with sulfhydryl residues of proteins (26).
Reaction of cysteine with menadione forms 5-methyl-6-hy-
droxy-3H-naphtho[2,2-b][1,4]thiazine-2-carboxylic acid (27),
whereas reaction of glutathione with menadione forms a 3-
glutathionyl derivative of menadione termed thiodione (25).
Thus, for the formation of carboxylic acid (the former reaction)
cysteine must be at the amino terminus, and for the latter
reaction cysteine should not be at the amino terminus of a
peptide. Because menadione reacts with Cys-298 (which does
not have a free amino group), it is likely that menadione forms
a thiodione-like adduct with Cys-298 of aldose reductase. It is,
therefore, suggested that Cys-298 is a part of the active site of
aldose reductase.
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