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ABSTRACT: Aldose reductase, purified to homogeneity from bovine kidney, is converted in a tempera-
ture-dependent process from a low-K;,/low- V., form to a high-K,/high-V,,,, form of the enzyme. Activation,
which results in significant changes in the protein secondary structure, as detected by fluorescence spec-
troscopy, circular dichroism, and thiol modification with 5,5’-dithiobis(2-nitrobenzoic acid), has no effect
on the apparent M,, pl, or homogeneity of the enzyme, as judged by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and agarose isoelectric focusing. V.., which varied less than 3-fold for a series of aldehyde
substrates with either activation state of the enzyme, increased an average of (17 & 4)-fold upon activation
of the enzyme. V/K,ehyq. increased or decreased up to 4-fold, depending on the substrate. Activation
desensitized the enzyme to inhibition by aldose reductase inhibitors, with the apparent K value increasing
from 2-fold for Epalrestat [ONO-2238, (E)-3-(carboxymethyl)-(E)-5-[2-methyl-3-phenylpropenylidene]-
rhodanine] to 200-fold for AL-1576 (spiro[2,7-difluorofluorene-9,4'-imidazolidine}-2’,5’-dione). Biphasic
double-reciprocal plots for the aldehyde substrates and biphasic Dixon plots for inhibition by AL-1576 and
Statil [ICI-128 436; 3-[(4-bromo-2-fluorobenzyl)-4-oxo-3 H-phthalazin-1-ylacetic acid], observed during
the course of activation, are quantitatively accounted for by the individual contributions of the two enzyme
forms. On the basis of an analysis of the kinetic data, a mechanism is proposed in which isomerization
of the free enzyme limits the rate of the forward reaction for the unactivated enzyme and is the primary
step affected by activation.

Aldose reductase (ALR2;! alditolNADP* 1-oxidoreductase;
EC 1.1.1.21; also referred to as “low-K,,” aldehyde reductase)
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catalyzes the NADPH-dependent reduction of a wide variety
of aldehydes to the corresponding alcohols:

NADPH + RCHO + H* <+ NADP* + RCH,0H

The kinetic properties of this reaction have been a subject of
controversy, with conflicting reports of either Michaelis—
Menten type kinetics (Boghosian & McGuinness, 1979;
Wermuth et al., 1982; Branlant, 1982; Hara et al., 1983;
Cromlish & Flynn, 1983a,b; Morjana & Flynn, 1989) or
nonlinear double-reciprocal plots displaying apparent negative
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cooperativity for the nucleotide and certain aldehyde substrates
(Héstein & Velle, 1969; Sheaff & Doughty, 1976; Hoffman
et al., 1980; Daly & Mantle, 1982; Conrad & Doughty, 1982;
Halder & Crabbe, 1984; Srivastava et al., 1985; Poulsom,
1986). Originally, the nonlinear kinetic behavior was attrib-
uted to the presence of more than one enzyme catalyzing the
same reaction (Turner & Tipton, 1972; Whittle & Turner,
1981; Cromlish & Flynn, 1983a), a hypothesis supported by
the subsequent identification of at least four distinct
NADPH-dependent aldo—-keto reductases in tissues such as
brain and kidney (Hoffman et al., 1980; Daly & Mantle, 1982;
Hara et al., 1983; Cromlish et al., 1985). These monomeric
reductases are similar with respect to molecular mass and
preference for NADPH as the nucleotide cofactor and have
overlapping specificity for the aldehyde substrate [reviewed
in Flynn (1982a,b) and Wermuth (1985)]. However, it was
suggested, on the basis of a detailed study of a homogeneous
preparation of the bovine lens enzyme, that the nonlinear
kinetics are an intrinsic property of the ALR2 mechanism
(Sheaff & Doughty, 1976; Doughty & Conrad, 1982). In-
terpretation of the kinetic data has been further complicated
by the observation of microheterogeneity in purified prepa-
rations of aldose reductase (Jedziniak & Kinoshita, 1971,
Gabbay & Cathcart, 1974; Wermuth et al., 1982; Cromlish
& Flynn, 1983a; Tanimoto et al., 1983).

Several alternative explanations for the nonlinear kinetic
results have been proposed. Substrate activation of the type
described by Dalziel and Dickinson (1966) for oxidation of
secondary alcohols by horse liver alcohol dehydrogenase has
been observed for ALR2 isolated from Rhodotorula (Sheys
& Doughty, 1971). Apparent negative cooperativity could also
arise if more than one form of the substrate were catalytically
active, such as the free carbonyl species and the hydrate (or
thiohemiacetal, when thiols are present).

ALR?2 is of clinical interest because of the postulated role
for this enzyme in the etiology of diabetic complications, in-
cluding nephropathy, peripheral neuropathy, retinopathy, and
sugar cataract (Kador & Kinoshita, 1985; Dvornik, 1987a).
As a result, a substantial effort has been made to develop
compounds specifically targeted as ALR2 inhibitors (ARIs)
(Kador et al., 1985; Dvornik, 1987b). In vitro testing of
commercial ARIs has also been controversial. Thus, significant
differences in ARI potency have been reported for preparations
of ALR2 obtained from different species (Kador et al., 1980;
Dvornik, 1987b; Poulsom, 1987), from different tissues of the
same species (Kador et al., 1980), and even during purification
of the enzyme (Kador et al., 1983; Maragoudakis et al., 1984).
Other studies, however, have found little difference in ARI
potency (Muller et al., 1985; Griffin et al., 1987) and a sim-
ilarity in physical, chemical, and kinetic properties for ALR2

I Abbreviations: ARI, aldose reductase inhibitor; Na,EDTA, di-
sodium ethylenediaminetetraacetate; DEAE, diethylaminoethyl; DTNB,
5,5’-dithiobis(2-nitrobenzoic acid); Mops, 3-(N-morpholino)propane-
sulfonic acid; SDS, sodium dodecylsulfate; SDS-PAGE, sodium dodecyl
sulfate—polyacrylamide gel electrophoresis; NADPH, reduced 8-nicotin-
amide adenine dinucleotide phosphate; NADP*, oxidized 8-nicotinamide
adenine dinucleotide phosphate; Epalrestat (ONO-2235), (£)-3-(carb-
oxymethyl)-(£)-5-[2-methyl-3-phenylpropenylidene]rhodanine; Tolrestat
(AY-27773), N-[[5-(trifluoromethyl)-6-methoxy-1-naphthalenyl}thi-
oxomethyl}-N-methylglycine; Sorbinil (CP-45 634), (S)-2,3-dihydro-6-
fluorospiro[4 H-1-benzopyran-4,4’-imidazolidine}-2’,5’-dione; AL-1576,
spiro[2,7-difluorofluorene-9,4’-imidazolidine}-2’,5’-dione; Statil (ICI-
128 436), 3-[(4-bromo-2-fluorobenzyl)-4-oxo-3H-phthalazin-1-ylacetic
acid. The nomenclature for aldose reductase (ALR2) was recommended
by the First International Workshop on Aldehyde Dehydrogenase and
Aldehyde Reductase, held in Bern, Switzerland, on July 12-14, 1982
(Turner & Flynn, 1982).
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isolated from several species of mammalian lens (Conrad &
Doughty, 1982). The possibility of a correlation between the
nonlinear kinetic properties of the ALR2 reaction with the
differences in ARI potency has not been evaluated.

The present study was initiated to determine the cause of
the nonlinear kinetics observed with ALR2. To this end, we
have purified ALR2 to homogeneity from bovine kidney and
have characterized the physical and kinetic properties of the
enzyme. In this paper, we present evidence for a novel con-
version of the initially isolated, low-K,/low-V,,, form of the
enzyme to an activated, high-K, /high-V, . form. We further
show that the separate contributions of the two enzyme forms
quantitatively account for the biphasic double-reciprocal plots
observed during the course of the activation process and that
activation is accompanied by significant changes in the protein
secondary structure and in the binding of various ARIs.
Kinetic analysis indicates that isomerization of the free en-
zyme, which limits the rate of the forward reaction in the
unactivated enzyme, is the primary step affected by activation.
The consequences of these results for the modulation of ALR2
activity in vitro and in vivo are discussed. Portions of this study
have been presented previously (Grimshaw & Mathur, 1984;
McKercher et al., 1985; Grimshaw et al., 1988).

EXPERIMENTAL PROCEDURES

Materials. The following were obtained from the indicated
commercial sources: Sephadex G-75 (Pharmacia); Trisacryl
GF-05 and DEAE-Trisacryl M (LKB); enzyme grade am-
monium sulfate (Schwarz-Mann); valproic acid (Saber Lab-
oratories); NADP* and NADPH (Boehringer-Mannheim);
Bio-Gel HTP hydroxyapatite, reagents for polyacrylamide gel
electrophoresis, and pH 3-10 ampholytes (Bio-Rad); IsoGel
agarose, Gelbond, and protein standards for isoelectric focusing
(FMC Marine Colloids Division); pH 4.5-5.0 ampholytes
(Serva); reactive red 120 agarose, 5,5’-dithiobis(2-nitrobenzoic
acid) (DTNB), aldehyde substrates, protein standards for
SDS-PAGE, and other chemicals and biochemicals (Sigma).
Sorbinil (Pfizer Pharmaceutical Co.), Tolrestat (Ayerst
Laboratories), AL-1576 (Alcon Laboratories), Epalrestat
(ONO, Ltd.), and Statil (ICI Pharmaceuticals Group, Stuart
Pharmaceuticals) were generously provided by the companies
indicated. Solutions were prepared with distilled, deionized
water that had been treated with Chelex 100 (Na* form) to
remove trace metal ion contaminants. pH was measured with
a Radiometer Model PHM 84 pH meter and GKC-2321C
combined electrode.

Standard Enzyme Activity Assay. During the purification
procedure, bovine kidney ALR2 was routinely assayed by
measuring, with a Beckman DU monochromator, Gilford 252
optical density convertor, and Linseis 2025 strip chart recorder,
the rate of enzyme-dependent decrease in the absorbance at
340 nm [e = 6220 M cm™ (P-L Biochemicals, 1961)].
Assays were conducted at 25 °C in 1.0 cm path length quartz
cuvettes containing 5 mM DL-glyceraldehyde and 160 uM
NADPH in a final volume of 1.0 mL of buffer containing 100
mM sodium phosphate, 0.1 mM dithiothreitol, and 0.1 mM
Na,EDTA, pH 7.2. Temperature was maintained to within
#0.1 °C with a thermostated circulating water bath and
thermospacers. One unit of activity corresponds to 1 umol
of product/min, and specific activity is expressed as units per
milligram of protein. During the purification procedure,
protein concentration was determined by the dye-binding
method of Bradford (1976) using bovine serum albumin as
the standard. The concentration of purified ALR2 was de-
termined by fluorometric titration of the NADP*/NADPH
binding sites (see below).
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Kinetic Studies. For initial velocity studies, assays were
conducted in MOPSED buffer (50 mM Mops, 0.1 mM
Na,EDTA, and 0.1 mM dithiothreitol, pH 7.0) containing the
indicated concentrations of NADPH, aldehyde, and inhibitor
or activator. Initial rates at saturating NADPH (160 uM)
were measured by monitoring the absorbance decrease at 340
nm as described above. For NADPH concentrations in the
1-10 uM range, the initial rates were determined by meas-
uring, with a Perkin-Elmer 650-40 spectrofluorometer, Xe light
source, and Hitachi 057 X-Y recorder, the rate of enzyme-
dependent decrease in NADPH fluorescence (excitation at 340
nm; emission at 460 nm). Assays were conducted in 1.0-cm?
quartz cuvettes in a final volume of 1.0 mL. The full-scale
deflection was calibrated to equal a 1 uM change in NADPH
concentration. For all assays, initial rates were corrected for
the rate of absorbance decrease detected in the absence of the
aldehyde substrate (at most, <5%). Inhibition by ALR2
inhibitors was determined at a saturating level of both sub-
strates (10 mM glycolaldehyde, 160 uM NADPH) by two
methods: (1) For tight-binding inhibition; initial velocity,
measured as a function of enzyme concentration at several
fixed levels (including zero) of inhibitor, was plotted versus
[enzyme] (Williams & Morrison, 1979). (2) For simple in-
hibition, (initial velocity)™!, measured as a function of inhibitor
concentration, was plotted versus [inhibitor] (Dixon, 1953).
The concentrations of inhibitors were determined in 5 mM
Mops buffer (pH 7.0) by using the indicated extinction
coefficients: Tolrestat (e375pm = 9370 M™! cm™!; Dushan
Dvornik, personal communication); AL-1576 (eyg50m = 13400
M~ c¢m™; Brenda W. Griffin, personal communication);
Sorbinil (€540 = 3100 M~ cm™; Nancy J. Hutson, personal
communication); and Statil (e375,m = 8260 M™! ecm™!; deter-
mined by using a formula weight of 390.2 g/mol).

Fluorescence Titration. The dissociation constants (K,) for
binary E-nucleotide complexes were determined from the
quenching of protein fluorescence upon nucleotide binding
(excitation at 285 nm; emission at 340 nm). Titrations were
carried out by serial addition of aliquots (2 L) of a concen-
trated stock solution of ligand to a 1.0-cm? quartz semimi-
crocuvette containing ALR2 in MOPSED buffer. The ti-
tration of a standard glycyl-tryptophan solution under identical
conditions was used to correct for inner filter effects. Equi-
librium fluorescence readings were recorded 3 min after the
addition of ligand, and the K, and number of binding sites were
estimated by least-squares analysis using (Stinson & Holbrook,
1973)

[L]/® = K4(1 - @)™ + p[E|] (1

where [L,] and [E,] are the total concentrations of ligand and
enzyme, respectively, p is the number of independent and
equivalent binding sites on E, and & is the ratio of the observed
fluorescence change to the maximum fluorescence change ($
= AF/AF_,,). For ALR2, p was calculated to be 1.0. Enzyme
and ligand concentrations were adjusted for optimal deter-
mination of both K4 and [E;]. The upper limit for Ky that
could be determined by this method was 50 nM.

Chemical Modification of Enzyme Thiol Groups. The
number and reactivity of the enzyme’s cysteine sulfhydryl
groups were determined by reaction with DTNB at 25 °C
using a modification of the method of Riddles et al. (1983).
For the nondenatured enzyme sample, exogenous thiol was
removed by rapid gel filtration through a column (1.0 X 12
cm) of Trisacryl GF-05 resin equilibrated with buffer (100
mM sodium phosphate and 1 mM Na,EDTA, pH 7.27) that
had been degassed and purged with argon. The time course
of thiol modification was continuously monitored as the in-
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crease in absorbance at 412 nm (¢ = 14150 M! cm™); the
reference cell contained everything except enzyme. Aliquots
(50 uL) were removed from an identical, but separate, sample
at various times during the course of the DTNB reaction, and
the remaining enzyme activity was determined by using the
standard assay protocol. For the denatured sample, the en-
zyme was incubated, after buffer exchange by gel filtration,
at 37 °C for 30 min in buffer containing 1% (w/v) SDS, prior
to reaction with DTNB in the same buffer. For determination
of the total number of cysteine sulfhydryl groups, the enzyme
was first denatured in 1% (w/v) SDS and then reduced with
excess dithiothreitol. Exogenous thiol was removed by gel
filtration with buffer containing 1% (w/v) SDS, and the
DTNB reaction was conducted as before.

Circular Dichroism Measurements. Circular dichroism was
measured with a computer-controlled AVIV 61DS spectro-
polarimeter under constant nitrogen flush at 25.0 °C. The
instrument had been calibrated with d-10-camphorsulfonic acid
(Cassim & Yang, 1969). Enzyme samples were exchanged
into 20 mM sodium phosphate buffer (pH 7.2) containing 0.1
mM Na,EDTA by rapid gel filtration (Trisacryl GF-05) and
were degassed under nitrogen before use. Enzyme concen-
trations (15-45 pg/mL) were determined by fluorescence
titration of NADP? binding sites, as described above. Digi-
tized spectra were recorded in triplicate over the region
185-350 nm by using a 0.1 cm path length quartz cuvette.
Data were collected by a microcomputer at a scan rate of 7.5
nm/min with an interval of 0.25 nm and a fixed bandwidth
of 0.5 nm. The averaged spectrum was smoothed by using
the nonlinear regression and statistical analysis software
provided by the manufacturer. Mean residue ellipticities, [O]
(expressed as deg cm? dmol™!), were calculated by using

[6] = ([8]as X 100MRW)/(lc) @

where [0], is the observed ellipticity (deg), MRW is the mean
residue molecular weight [calculated from the amino acid
composition (Doughty et al., 1988) to be 114], [ is the optical
pathlength (cm), and ¢ is the protein concentration (mg/mL).
The digitized enzyme spectra over the region 190-240 nm,
corrected by subtraction of the similarly processed spectrum
for the buffer blank, were analyzed to determine the relative
proportions of a-helix, 3-sheet, 8-turn, and random coil by
using the multiple linear regression program supplied by
AVIV. This program is a protein secondary structure esti-
mator that is similar to the unconstrained multiple linear
regression program described by Yang et al. (1986) and which
utilizes the reference spectra of Dr. J. T. Yang (Chang et al.,
1978).

Data Processing. Reciprocal initial velocities were plotted
vs reciprocal substrate concentrations, and the experimental
data were fitted by the least-squares method, assuming equal
variance (constant absolute error) for the v; values (Wilkinson,
1951), using the FORTRAN programs of Cleland (1979).
When the range of experimental velocities was a power of 10
or more, a constant proportional error was assumed and the
v; values were fit to the appropriate equation expressed in log
form (e.g., eq 5 and 11, and the log form of eq 3, 4, and 7).

vy = VA/(K, + 4) (3)

v, = VA/(K, + A+ A*/K)) 4)

log v; = log [V(A4% + dA) /(A% + bA + ¢)] (5)
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v = [(MA/ Ky + A + [Vad/ (K + A (6)
v; = VAB/(AB + K,B + KyA + K;,Ky) (N
v = VA/IK,(1 + I/K) + A1+ I/K)] (8)
v=V/(1+1/K) 9)
v =[V/A+1/K) + [Va/(0 + 1/K3)])  (10)

log v, = log {(V/2)[pE, - I, - K; +
[(K; + pE, - 1)* + 4Ki1]'2]) (11)

The points in the figures are the experimentally determined
values, while the curves are calculated from fits of these data
to the appropriate equation. Linear double-reciprocal plots
were fitted to eq 3, and eq 4 was used when substrate inhibition
was observed. When apparent negative cooperativity was
observed, the data were fitted to eq 5, where 1/V = 1/(V, +
V,) is the reciprocal of the intercept at the ordinate, and b—d
are combinations of the kinetic parameters derived by rear-
rangement of eq 6, which describes the net velocity when there
are two enzymes present that can catalyze the same reaction
(Segel, 1975). Equation 7 describes an intersecting initial
velocity pattern, where K, and K|, are the Michaelis constants
for A and B, respectively, K, is the apparent dissociation
constant for A, and V is the maximum velocity. Data con-
forming to linear noncompetitive inhibition were fitted to eq
8, where K, and K;; are the slope and intercept inhibition
constants, respectively. Inhibition data were fitted to eq 9 for
determination of K; at a saturating level of both substrates.
Inhibition data corresponding to a biphasic Dixon plot [1/v,
versus [I] (Dixon, 1953)] were fitted to eq S, where b—d are
combinations of the K; and V values for the two enzyme forms,
derived by rearrangement of eq 10. Data conforming to
tight-binding inhibition were fitted to eq 11, where p is the
number of active sites, E, is the concentration of enzyme, 1,
is the inhibitor concentration, and X is the apparent inhibition
constant (Blanchard & Cleland, 1980). The kinetic nomen-
clature used is that of Cleland (1963).

Gel Electrophoresis and Isoelectric Focusing. Samples were
analyzed by SDS-PAGE in 11% polyacrylamide gels by using
a modification of the method of Laemmli (1970); the modified
2% sample application buffer containing 1 mM Na,EDTA and
50 mM dithiothreitol was used in place of 2-mercaptoethanol,
and samples were boiled for only 60 s. Protein was detected
with silver stain (Bio-Rad Bulletin 1089, Bio-Rad Labora-
tories). Horizontal isoelectric focusing in 1 mm agarose slab
gels was performed by using an LKB Multiphor II at 12 °C.
Agarose gels were cast on Gelbond sheets (Saravis & Zam-
check, 1979) by using IsoGel agarose containing 5 mM di-
thiothreitol and 2.0% (w/v) of pH 4.5-5 (Serva) and 0.5%
(w/v) of pH 3-10 (Bio-Rad) ampholytes. Protein bands were
detected with silver stain (Willoughby & Lambert, 1983). The
following protein standards (FMC Marine Colloids Division)
were used to establish the pl scale: amyloglucosidase (pf =
3.6), glucose oxidase (p/ = 4.2), ovalbumin (p/ = 4.8), 8-
lactoglobin (p/ = 5.4, 5.5), and carbonic anhydrase (p/ = 6.1).

Immunoquantitation of ALR2. The amount of ALR2 ob-
tained after each step of the purification procedure was de-
termined by soft-laser scanning densitometry of autoradio-
graphs of Western blots probed with a monospecific, polyclonal
anti-bovine kidney ALR2 antiserum and !?°I-labeled protein
A, as described elsewhere (Mathur & Grimshaw, 1986).

Purification of Bovine Kidney ALR2. Step 1. Tissue
Homogenate. All steps were performed at 4 °C. Fresh bovine
kidney medulla (900 g) (fat and cortical tissue were removed)
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was homogenized for 40 s in a 4 L capacity Waring blendor
containing 2 L of buffer I (20 mM sodium phosphate, 250 mM
sucrose, 10 mM 2-mercaptoethanol, 2 mM Na,EDTA, 1 mM
dithiothreitol, 0.1 mM phenylmethanesulfonyl fluoride, 0.7
mg/L pepstatin, 0.5 mg/L leupeptin, and 10 uM each L-1-
(tosylamino)-2-phenylethyl chloromethyl ketone and N¢-p-
tosyl-L-lysine chloromethyl ketone, pH 7.4) and centrifuged
for 20 min at 20000g. The supernatant fraction was decanted
through glass wool, and solid ammonium sulfate was added
over a 20-min period to 43% saturation (245 g/L) while the
pH was maintained at 7.4. The mixture was stirred for 20
min and centrifuged for 20 min at 20000g, and the precipitate
was discarded. The supernatant was adjusted to 75% satu-
ration with solid ammonium sulfate (201 g/L) and centrifuged,
and the pellet was resuspended in 180 mL of buffer II (5 mM
sodium phosphate, 5 mM 2-mercaptoethano], 0.5 mM di-
thiothreitol, and 0.5 mM Na,EDTA, pH 7.4) and dialyzed
overnight against two 14-L changes of buffer until the con-
ductivity was less than 1.8 mQ!.

Step 2: Chromatography on DEAE-Trisacryl. The dia-
lyzed enzyme solution was clarified by centrifugation and
applied, in series, to a Trisacryl GF-05 column (2.5 X 16 cm)
and a DEAE-Trisacryl column (5 X 18 cm) equilibrated at
4 °C with buffer II. After washing with 1200 mL of buffer
I1, the enzyme was eluted with a 1200-mL linear gradient of
5-100 mM total concentration of sodium phosphate in buffer
II. Fractions of peak activity were pooled, and the enzyme
was concentrated by ammonium sulfate precipitation (85%
saturation; 560 g/L) and resuspended as a clear solution in
30 mL of buffer III (20 mM sodium phosphate, 0.1 M KCl,
5 mM 2-mercaptoethanol, 0.5 mM dithiothreitol, and 0.5 mM
Na,EDTA, pH 7.4).

Step 3: Chromatography on Sephadex G-75. The con-
centrated enzyme sample was applied to a Sephadex G-75
column (2.5 X 100 cm) equilibrated at 4 °C with buffer III
and eluted at 30 mL/h with buffer III. Fractions of peak
activity were pooled.

Step 4. Chromatography on Red Agarose. The enzyme
sample was applied to a reactive red 120 agarose column (1.5
X 30 cm) equilibrated at 4 °C with buffer III. After washing
with 200 mL of buffer III, the enzyme was eluted with a
400-mL linear gradient of 0.1-0.8 M total concentration of
KCl in buffer III. Fractions of peak activity were pooled and
dialyzed against two changes of 20 volumes of buffer IV (1
mM sodium phosphate, S mM 2-mercaptoethanol, 0.5 mM
dithiothreitol, and 0.5 mM Na,EDTA, pH 7.4).

Step 5. Chromatography on Hydroxyapatite. The dialyzed
enzyme sample was applied to a Bio-Gel HTP column (2.5
X 30 c¢m) equilibrated at 4 °C with buffer IV. After washing
with 150 mL of buffer IV, the enzyme was eluted with a
600-mL linear gradient of 1-300 mM total concentration of
sodium phosphate in buffer IV. The fractions of peak activity
were pooled, concentrated by ultrafiltration (Amicon PM-10)
to 2.5 mg/mL, dialyzed against 50 volumes of buffer III
containing no KCl, and stored at 4 °C until use.

RESULTS

Purification and Properties of the Enzyme. ALR2 was
purified from bovine kidney by using a modification of the
method of Daly and Mantle (1982), in which reactive red 120
agarose was substituted for Procion Orange MX-G as the
dye-ligand chromatography matrix, and a final hydroxyapatite
chromatography step was included. The enzyme was identified
as ALR2 on the basis of chromatographic behavior, p/, sub-
strate activity profile, and molecular mass. Data for the
complete purification procedure, resulting in enzyme of >95%
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Table I: Purification of Bovine Kidney Aldose Reductase

specific intrinsic specific
activity purification activity?
step volume (mL) protein (mg) activity” (units)  (units/mg) factor (-fold) yield (%) (units/mg)
homogenate® 1900 29500
(NH,),SO, (43-75%) 750 10300 16.6¢ 0.0016 1.0 100 0.18
DEAE-Trisacryl 110 1200 15.9 0.013 8.2 96 0.19
Sephadex G-75 65 100 10.8 0.11 67 65 0.29
red agarose 110 35 6.8 0.19 120 41 0.21
hydroxyapatite 110 31 6.4 0.21 130 38 0.20
activated enzyme 12 31 108.0 35 2190 650 35

% Activity measured at 25 °C as described under Experimental Procedures. Assay mixture contained 100 mM sodium phosphate buffer (pH 7.2),
5 mM pL-glyceraldehyde, 0.16 mM NADPH, 0.1 mM dithiothreitol, and 0.1 mM Na,EDTA. ®[Activity (units)]/[aldose reductase (mg)]; enzyme
amount determined by quantitative Western blot procedure as described under Experimental Procedures. ¢ From 900 g of bovine kidney medulla.
4 Assay contained inhibitor cocktail (1 mM each of barbitone, sodium valproate, and pyrazole) to inhibit other NADPH-dependent activities.

Agarose IEF SDS—PAGE
(+)
4277 -66.0 Kd
4.8 -43.0 Kd
pl AR-| = == -36.0 Kd Mr
L29.0 Kd
5.4 ~24.0 Kd
5.5
-20.1 Kd
6.1 -14,2 Kd

(=) = Act Unact Act Unact Std

FIGURE 1: Comparative analysis of activated and unactivated ALR2
by agarose isoelectric focusing and SDS-PAGE. Activated and
unactivated ALR2 (3.5 ug/lane) were focused in a | mm agarose
slab gel containing 5 mM dithiothreitol and 2.0% (w/v) pH 4.5-5
and 0.5% (w/v) pH 3-10 ampholytes. Identical samples (1.2 ug/lane)
were analyzed by SDS-PAGE in 11% polyacrylamide gels. Standard
proteins were used to establish the indicated p/ and relative M, scale,
and the protein bands were detected with silver stain as described under
Experimental Procedures.

purity, are summarized in Table [. At the final stage, the
enzyme was almost completely homogeneous as judged by
SDS-PAGE and agarose isoelectric focusing (Figure 1). The
pl of 5.0 estimated by the latter technique was confirmed by
chromatofocusing (data not shown). The strict maintenance
of a reducing environment during the isoelectric focusing
analysis eliminated the apparent microheterogeneity observed
previously for purified samples of the enzyme (Grimshaw &
Mathur, 1984). Enzyme activity eluted from Sephadex G-75
with an apparent M, (35000) identical with that seen by
SDS-PAGE, and thus the enzyme is active as a monomer. We
observed no evidence for an active dimer or higher M, species.
A stoichiometry of 1.0 mol of NADP*/mol of enzyme (K4 <
50 nM) was determined by fluorescence titration. Purified
enzyme contained no carbohydrate moieties as assayed by the
thymol-sulfuric acid method (Gander, 1984).

Activation of the Purified Enzyme. The specific activity
of the purified enzyme increased during storage at 4 °C from
0.2 unit/mg to a maximum of 3.5 units/mg (DL-glycer-
aldehyde; standard assay) (Figure 2). The half-time for
activation at 4 °C was 14 days. At 37 °C, the rate of acti-
vation was variable, with a minimum half-time of 5 h. An
activation energy of 21 kcal/mol was calculated from the
temperature variation of the rate. Activation was faster when
thiols were present (Figure 2) (dithiothreitol and 2-
mercaptoethanol were equally effective), but was not affected
by ionic strength [0.4 M NaCl or (NH,),SO,] or buffer type
(phosphate versus Mops) (data not shown). No change in
relative M,, pl, or homogeneity of the enzyme was detected
by SDS-PAGE or agarose isoelectric focusing (Figure 1)
following activation, indicating that the effect was not due to
proteolysis or deamidation. Activation of the purified enzyme

2100 [ e0000-0 . . 1
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< 80
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FIGURE 2: Temperature and thiol dependence of activation of purified
ALR2. Activity was measured at 25 °C in an assay mixture containing
100 mM sodium phosphate buffer (pH 7.2), 160 uM NADPH, 5 mM
pL-glyceraldehyde, 0.1 mM Na,EDTA, and 0.1 mM dithiothreitol.
Percent change in activity was calculated as [(A, — 4p) /(A< = Ap)]
X 100, where Ay, A, and A, are the specific activity at time 0, ¢, and
after complete activation, respectively. Results are shown for activation
of enzyme stored at 4 °C in 20 mM sodium phosphate/0.5 mM
Na,EDTA buffer (pH 7.4) containing no thiols (O) or 5 mM 2-
mercaptoethanol /0.5 mM dithiothreitol (®; average of four prepa-
rations). Activation at 37 °C in the same buffer containing thiols
is also shown ().

was often accompanied by the formation of a flocculent protein
precipitate. In addition, partially purified enzyme samples
obtained during the purification process also underwent ac-
tivation. For example, a sample from the ammonium sulfate
fractionation step increased 2.5-fold in activity over 5 days at
4 °C.

Determination of the Intrinsic Specific Activity. After each
step of the purification procedure, the intrinsic specific activity
was calculated as the ratio of enzyme activity, measured by
using the standard assay, to the amount of ALR2 protein,
estimated by the quantitative Western blot procedure. As
shown in the last column of Table I, the intrinsic specific
activity remained constant at 0.21 £ 0.04 unit/mg during the
purification procedure. As a control, standard curves were
constructed by using purified samples of the activated and
unactivated enzyme, and the immunoradiographic response
for quantitation by Western blot was shown to be the same.
Accurate activity assays were not possible at the homogenate
stage because of interference by other NADPH-utilizing ac-
tivities.

Protein Fluorescence. Fluorescence spectra (uncorrected)
for the two enzyme forms had similar features [An,, (excita-
tion) = 285 nm; A, (emission) = 340 nm], but the activated
enzyme showed a 30% enhancement of fluorescence relative
to the unactivated form (data not shown). Formation of the
binary E-NADP* complex resulted in 72% and 58%
quenching of the protein fluorescence with the unactivated and
activated enzyme, respectively.

Circular Dichroism. Figure 3 shows the average of circular
dichroism spectra measured in triplicate for two preparations
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FIGURE 3: Comparison of circular dichroism spectra for the activated
and unactivated enzyme. Circular dichroism spectra of the enzyme
(1.54 uM active sites in 20 mM sodium phosphate/0.1 mM Na,EDTA
buffer, pH 7.2) were recorded at 25 °C under constant nitrogen flush
by using a 0.10 cm path length quartz cell. The spectra shown were
averaged over triplicate measurements of two preparations each of
activated (---) and unactivated (—) enzyme. Multiple linear regression
analysis of the spectra, as described under Experimental Procedures,
gave the following secondary structure composition (mean £ SE) for
the activated (38 + 3% a-helix, 22 * 4% B-sheet, 10 £ 3% S-turn,
and 30 = 3% random coil) and unactivated (49 + 4% c-helix, 6
8% B-sheet, 14 £ 5% S-turn, and 31 £ 6% random coil) enzyme forms.

of the activated and unactivated enzyme. Analysis of the
spectral data by the AVIV multiple linear regression program
gave the following secondary structure composition (mean
+SE) for the unactivated (49 + 4% a-helix, 6 + 8% S-sheet,
14 + 5% B-turn, and 31 + 6% random coil) and activated (38
+3% a-helix, 22 £ 4% B-sheet, 10 £ 3% S-turn, and 30 + 3%
random coil) enzyme forms. The correlation coefficients (r)
obtained from the multiple linear regression analyses were in
all cases =0.993.

Chemical Modification of Cysteine Sulfhydryls. Reaction
with DTNB indicated that all cysteine sulfhydryls were re-
duced and were accessible under nondenaturing conditions for
the unactivated (5.9 £ 0.3 mol of SH/mol) and activated (5.8
% 0.3 mol of SH/mol) enzyme, respectively. Reaction of the
first thiol group of either enzyme form was complete within
10s. The second-order rate constants for reaction of DTNB
with the remaining cysteines were 33 and 66 M™! min™! for
the unactivated and activated enzyme, respectively. Unac-
tivated enzyme showed a steady decrease in catalytic activity
during the course of the DTNB reaction, with 60%, 40%, and
25% activity remaining after 1, 2, and 3 mol of SH/mol of
enzyme had reacted, respectively. Conversely, activated en-
zyme showed an initial increase in activity, with 130%, 100%,
and 60% activity remaining after 1, 2, and 3 mol of SH/mol
of enzyme had reacted, respectively.

Determination of Kinetic Parameters. Double-reciprocal
plots of 1/v; versus 1/[aldehyde] determined with the unac-
tivated enzyme displayed two, and sometimes three, distinct
regions, which were (in order of increasing aldehyde concen-
tration) (1) a linear asymptote region (1/[aldehyde] — ),
(2) a region of downward curvature (apparent substrate ac-
tivation), and (3) a region of upward curvature (substrate
inhibition). Representative plots for glycolaldehyde, b-glucose,
and p-nitrobenzaldehyde are shown in Figure 4. Vand V/K,
(B = aldehyde) values for the unactivated enzyme were de-
termined by least-squares analysis of the data obtained by
using freshly purified enzyme. The data were fit to eq 3 when
the plot was linear and to eq 4 when substrate inhibition was
observed, and data from the asymptote and substrate activation
regions (regions 1 and 2) were fit to eq 5 when all three regions
were apparent. The plot shown for glycolaldehyde with the
unactivated enzyme (see inset, Figure 4A) is an example of
the latter case. [The rate contribution in region 2 was due
to a small amount (<1.5%) of the activated form.] Data for
the activated enzyme were fit to eq 3 if the plot was linear or
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FIGURE 4: Double-reciprocal plots for aldehyde substrates with ac-
tivated and unactivated ALR2. Initial velocity data shown for gly-
colaldehyde (A), D-glucose (B), and p-nitrobenzaldehyde (C) were
determined by using activated (O) and unactivated (@) ALR2 as
described under Experimental Procedures. Assays were conducted
at 25 °C in 50 mM MOPSED buffer (pH 7.0) containing 160 uM
NADPH and the indicated concentration of aldehyde substrate. The
inset is an expansion of the region for [glycolaldehyde] > 1 mM using
the unactivated enzyme; the downward curvature is due to a small
amount (<1.5%) of the activated enzyme form. The points represent
the experimental values, and the curves are calculated from fits to
eq 3, 4,o0rS.

to eq 4 if substrate inhibition was observed. A comparison
of the kinetic parameters determined for a series of aldehyde
substrates with the unactivated and activated enzyme (Table
IT) shows that while the turnover number (V/E,) for each
enzyme form varied less than 3-fold over this series of aldehyde
substrates, V/Ky varied 7600-fold for the unactivated and
47 500-fold for the activated enzyme forms, respectively. V/E,
increased an average of (17 + 4)-fold upon activation of the
enzyme, while ¥/ K either increased or decreased up to 4-fold,
depending on the substrate. Table II also lists the kinetic
parameters for NADPH, determined from fits to eq 7 of the
initial velocity data obtained with glycolaldehyde as the sub-
strate. The apparent dissociation constant for NADPH (K},)
determined from the same analysis decreased from 1.0 £ 0.1
uM for the unactivated to <0.2 uM for the activated enzyme.
These values are at least 20- and 4-fold larger than the
maximum Ky value (<50 nM) for the E-NADPH binary
complex, estimated by fluorescence titration. Substrate in-
hibition by glycolaldehyde was partial uncompetitive versus
NADPH (data not shown), with Vjpiniees €qual to 30% and
5% of V for the unactivated and activated enzyme, respectively.

Inhibitors and Activators. K;values determined for simple
inhibition (Dixon, 1953) by AL-1576 and Statil (activated
enzyme only), Epalrestat, and Sorbinil and for reversible
tight-binding inhibition [i.e., inhibition where K; ~ [E|]
(Williams & Morrison, 1979)] by AL-1576 and Statil
(unactivated enzyme only) and Tolrestat (both enzyme forms)
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Table 1I: Comparison of Kinetic Parameters for Activated and Unactivated Enzyme®

activated® unactivated® ratio
V/E, V/KE, V/E, V/KE, (activated /unactivated)
substrate (min™!) (mM™! min™!) (min™) (mM™! min™) V/E, V/KE,
glycolaldehyde T1x2 14£2 4.1 £ 0.1 605 17 0.24
D-glyceraldehyde 124 4 730 = 60 4.7%0.1 390 + 60 26 1.9
L-glyceraldehyde 722 25£2 49 £ 0.1 19+1 15 1.3
D-xylose 773 1.1 £0.1 4.6 £ 0.1 46 x0.3 17 0.23
D-glucose 41 2 0.12 £ 0.01 3201 0.25 £ 0.02 13 0.48
p-chlorobenzaldehyde T1x£2 1100 + SO 47x0.1 850 £ 80 15 1.3
p-nitrobenzaldehyde 1089 5700 £ 400 5.9 0.2 1500 % 200 18 3.8
pyridine-3-carboxaldehyde 107 £ 2 4300 + 500 6.4 £0.2 1900 100 17 23
indole-3-acetaldehyde 61 £3 600 £ 100 40x0.2 660 £ 180 15 0.91
NADPH¢ T1x£2 71000 £ 16000 4.1 £0.1 4600 £ 1200 17 15

4 Assays conducted at 25 °C in 50 mM MOPSED buffer (pH 7.0) containing 0.16 mM NADPH. ?Values obtained from fits to eq 3 or 4. ¢Values
obtained from fits to eq 5 correspond to the asymptote region of the curves (1/[A] — =); otherwise, values obtained from fits to eq 3 or 4. 4Values
obtained from fits to eq 7; glycolaldehyde was used as the aldehyde substrate.

Table 1II: Comparison of Aldose Reductase Inhibitor Potency with Activated and Unactivated Enzyme?

aldose

reductase Kot K ynact ratio stoichiometry (mol

inhibitor (M) (M) (K gt/ Kiunact) of 1/mol of E)
Tolrestat (AY-27773) 0.050 * 0.005* 0.021 = 0.002* 2.5 30+ 0.5
Statil (ICI-128 436) 355 0.20 + 0.03% 170 09 £0.1
AL-1576 505 0.25 + 0.09° 200 1.0 = 0.1
Epalrestat (ONO-2235) 4.0+0.2 20£0.2 2.0
Sorbinil (CP-45634) 200 £ 10 304 6.6

9 For simple inhibition (Dixon, 1953), the velocity was measured at 25 °C in 50 mM MOPSED buffer (pH 7.0) containing 10 mM glycolaldehyde
and 0.16 mM NADPH. KX, and Ky, are the apparent K| values determined from fits to eq 9 of data obtained with activated and unactivated
enzyme, respectively. ®For reversible tight-binding inhibition (Williams & Morrison, 1979), the velocity was measured as described in footnote a or
by using a fluorometric assay method with 20 uyM NADPH. Apparent X; values were obtained from fits to eq 11.

are listed in Table III. Activation reduced the potency of the
five ALR2 inhibitors; the apparent K; value increased from
2-fold for Epalrestat to 200-fold for AL-1576. A represent-
ative plot of data for tight-binding inhibition of unactivated
enzyme by Statil is shown in Figure 5; similar results were
obtained with AL-1576 and Tolrestat. The stoichiometries
of tight-binding inhibition determined from fits to eq 11 were
(expressed as moles of inhibitor per mole of enzyme active site)
0.9 £ 0.1 for Statil, 1.0 £ 0.1 for AL-1576, and 3.0 = 0.5 for
Tolrestat. The stoichiometry for Tolrestat was not affected
by the activation state of the enzyme. The apparent K values
shown in Table III were not altered by changes in the con-
centration of aldehyde (0.1 or 10 mM glycolaldehyde) or
nucleotide (10 or 160 uM NADPH), indicating that the site
of inhibition is distinct from the catalytic site.

When sulfate (Na* or NH,*) was tested as an effector with
glycolaldehyde as the variable substrate ((NADPH] = 20
M), the result was hyperbolic slope activation (K¢, = 28
mM) and linear intercept inhibition (K;; = 540 mM) with the
unactivated enzyme, but only linear noncompetitive inhibition
(K, = K;; = 1.3 M), and no activation, with the activated
enzyme (data not shown). The reaction was no longer stim-
ulated by sulfate once activation had occurred, and only the
inhibitory component remained.

Estimation of the Amount of Enzyme in the Activated
State. The extent of activation was estimated by two inde-
pendent methods. The first method, based on the difference
in kinetic parameters for the two activation states (Table II),
involved deconvolution of data from a biphasic double-recip-
rocal plot (not including the region of substrate inhibition) into
the two activity components of eq 6 (¥, and V3), as described
above. The fraction of enzyme in the two activation states,
E./E, and E\,,./E,, was then calculated from

(VZ/Vl)obsd = (Vact/Vunact)([Eact]/[Eunact]) (12)
([Esal /[E]) = {1 + [(Vaet/ Vanae) (V1/ VI (13)

velocity

o 1 2 3 4

Aldose Reductase (uM)
FIGURE 5: Tight-binding inhibition of unactivated enzyme by Statil.
Initial velocity was measured at 25 °C in 50 mM MOPSED buffer
(pH 7.0) containing 10 mM glycolaldehyde and 160 uM NADPH.
The points are the experimental values, and the curve is calculated
from a fit to eq 11 with K; = 0.20 uM, ¥ =0.84 uM™',and p = 0.9
+ 0.1 (number of binding sites). The data were corrected for a small
(10%) velocity contribution from the less sensitive activated enzyme
form.

Equation 12 states that the ratio of the observed maximum
velocities, (V/V1)obsd» is €qual to the ratio of the true maxi-
mum velocities, (Ve,/Vinaer) = 17 (e.g., glycolaldehyde),
multiplied by the ratio of the two enzyme forms. Solving for
[Enac] in €q 12 and substituting into the expression [E,] =
[Eat] + [Eynact], one obtains eq 13, which gives the fraction
of enzyme in the activated state as a function of known
quantities. The second method, which was based on the
difference in K; values for inhibition by AL-1576 or Statil
(Table IIT) and involved deconvolution of data from a biphasic
Dixon plot according to eq 10, gave similar results when initial
velocities were measured at concentrations of the two sub-
strates that were saturating for both enzyme forms (data not
shown). However, due to the 17-fold difference in ¥, and
Vinacts these methods cannot detect a small amount of the
unactivated form in a highly active enzyme sample. For this
purpose, inhibition by AL-1576 or Statil was measured at 0.1
mM glycoaldehyde, which is comparable to Ky a0 = 0.07
mM, but a factor of 50 lower than Ky, = 5 mM. At this
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FIGURE 6: Biphasic Dixon plot for inhibition of partially activated
enzyme by Statil. Initial velocity was measured at 25 °C in 50 mM
MOPSED buffer (pH 7.0) containing 0.1 mM glycolaldehyde and
20 uM NADPH. The points are the experimental values, and the
curve is calculated from a fit to eq 5, which is a rearrangement of
eq 10, with Kj; = 33 uM, Kj; = 0.21 uM, ¥V, = 0.075, and ¥, = 0.060.
Since the apparent (Voet/ Vanaer) = 0.57 at 0.1 mM glycolaldehyde,
a calculation using eq 12 and 13 shows that E,; = 69% and E
= 31% of the total enzyme.

aldehyde concentration, the ratio of apparent velocities,
(Vaat/ Vinact)obsds 18 reduced from 17 to 0.57, and the unactivated
velocity component (V,,.c) for a sample containing 30% E 5
is increased from 2.5% to 43% of Vg = Vet + Vinaw Figure
6 shows the results obtained for Statil inhibition at 0.1 mM
glycolaldehyde for an enzyme sample containing 31% E o
and 69% E,.

DISCUSSION

During storage at 4 °C, the specific activity of purified
bovine kidney ALR2 increased from 0.2 to 3.5 units/mg
(Figure 2). The most pronounced effect of the activation
process was on the reaction kinetics, as indicated by the change
in the double-reciprocal plot for the aldehyde substrate (Figure
4). Ignoring substrate inhibition, the change from a concave
down plot with a low-V,,, asymptote (see inset, Figure 4A)
to a linear plot with a high V,, suggested that there were two
catalysts present in the reaction mixture during activation, with
the proportion of the high-velocity component increasing from
almost zero to become the predominant species. Analysis of
the kinetic data using a two-enzyme model (eq 6) showed that
the sum of two components quantitatively accounted for the
nonlinear double-reciprocal plots observed over the entire time
course of enzyme activation.

The kinetic data were consistent with the presence of two
enzymes that catalyze the same reaction with different kinetic
parameters. Analysis by SDS-PAGE and isoelectric focusing,
however, showed that the enzyme preparation consisted of a
single, homogeneous protein which did not change in apparent
M, pl, or homogeneity during the course of activation (Figure
1). The two catalysts must thus be different forms of the same
enzyme, ALR2. In support of this conclusion, several ex-
periments indicated that significant changes in the secondary
structure had occurred during activation, including (1) an
increase in the intrinsic protein fluorescence, (2) a decrease
in the amount of fluorescence quenching upon formation of
the binary EsNADP™* complex, (3) an increase in the rate of
reaction of the enzyme’s cysteine sulfhydryl groups with
DTNB, and (4) a reversal of the effect of thiol modification
on the catalytic rate, from inhibition to activation.

Perhaps the best evidence for a conformational change has
come from comparison of the circular dichroism spectra of the
two enzyme forms (Figure 3), which indicated that the sec-
ondary structure had changed from one comprised of 49 =
4% (mean = SE) o-helix and 6 £ 8% (-sheet to one that
consisted of 38 * 3% a-helix and 22 £ 4% (-sheet. (The
percentages of B-turn and random coil were not significantly
different for the two enzyme forms.) Changes in the circular
dichroism spectrum, similar in magnitude to those reported
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Scheme I: Proposed Reaction Mechanism for ALR2?
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“A = NADPH; B = glycolaldehyde; P = ethylene glycol; Q =
NADP*,

here, also occur when the inhibitory peptide, Kemptide, binds
to cAMP-dependent protein kinase (Reed & Kinzel, 1984).
To our knowledge, however, this is the first example of such
a conformational change for an unliganded enzyme. Further
insight into the structural basis for activation must await the
X-ray crystallographic determination of the three-dimensional
structure, the preliminary results of which have recently been
reported (Winkler et al., 1987; Rondeau et al., 1987).

The alternative explanations for the biphasic kinetic behavior
are not consistent with our experimental results. Substrate
activation, similar to that described for alcohol dehydrogenase
(Dalziel & Dickinson, 1966), has been proposed for rat lens
ALR2 (Doughty & Conrad, 1982) on the basis of earlier
studies of the enzyme isolated from Rhodotorula (Sheys &
Doughty, 1971). In this mechanism, apparent substrate ac-
tivation occurs because the product, NADP*, is released at
a faster rate from the ternary E-NADP*.aldehyde complex,
which is formed at high aldehyde concentrations, than it is
released from the binary E-NADP* complex in the final step
of the normal reaction mechanism. However, our data in-
dicated that formation of the dead-end E-NADP*-.aldehyde
complex with ALR2 resulted in substrate inhibition (uncom-
petitive versus NADPH) and not substrate activation.

p-Chlorobenzaldehyde, which is not hydrated to any sig-
nificant extent in aqueous solution at neutral pH (Sander &
Jencks, 1968), displayed nonlinear kinetic behavior analogous
to that of the other aldehydes tested. The addition of thiols
to the assay mixture also had little effect on the kinetic pat-
terns. Thus, significant activity of the hydrate or thiohemi-
acetal form of the substrate also cannot account for the bi-
phasic kinetic plots.

On the basis of an analysis of the changes in the individual
kinetic parameters that occurred as a result of activation, we
propose a mechanism for the ALR2 reaction that includes an
isomerization of the free enzyme as the step primarily affected
by the activation process (Scheme I).2 In this mechanism,
the apparent kinetic dissociation constant for NADPH, K,
= (ky/k)(1 + kyo/ ko), is equal to the true dissociation con-
stant, Ky = k,/k;, multiplied by the factor (1 + k;o/ks). The
K, value determined by fluorescence titration can thus be lower
than K, if the isomerization equilibrium favors E* (K, =
[E]/[E*] = kg/kyo < 1).> The kinetic expression for ¥/K,,
which for an ordered mechanism is equal to k;, becomes k; /(1
+ kyo/ks) when the isomerization step is included. The ex-
pression for V' = 1/(1/ks+ 1/k; + 1 /ks) also includes a term

2 If the uncompetitive (versus NADPH) substrate inhibition by gly-
colaldehyde is partial, rather than total, because of a slow release of
NADP* from the EENADP*.aldehyde dead-end complex, then the re-
action may show some degree of randomness if NADPH can then bind
to E-aldehyde to form a productive complex. The small contribution of
this alternative pathway at high aldehyde concentrations will not, how-
ever, affect the conclusions of the kinetic analysis.

3 The fluorescence binding data require either that NADPH bind to
E* or that equilibration of E and E* be rapid. A calculation of the
half-time for conversion of E* to E (¢, = 10 and <1 s for the unacti-
vated and activated enzyme, respectively), based on the values determined
for ks, indicates that equilibration is rapid. However, should NADPH
bind to E¥, this complex cannot then bind B and proceed to catalysis,
since the kinetic predictions for an isomerization of E-A do not agree with
the experimental results.



Activation of Bovine Kidney Aldose Reductase

for this step, but isomerization of the free enzyme has no effect
on V/Ky = kiks/(ks + ks).

As shown in Table II, the turnover numbers (V/E,) de-
termined for a series of aldehyde substrates, which included
short- and long-chain aldoses and aromatic aldehydes, all
increased an average of 17-fold upon activation of the enzyme.
Analysis of the initial velocity patterns for NADPH and
glycolaldehyde showed that ¥V/K, also increased 15.4-fold and
K, decreased at least 5-fold. The changes in V/K,, which
ranged from a 4-fold decrease for glycolaldehyde to a 4-fold
increase for p-nitrobenzaldehyde, did not correlate with the
increase in V/E,. In addition, recall that the dissociation
constants for NADPH binding obtained by fluorescence ti-
tration (Ky < 50 nM) were at least 4-fold and 20-fold lower
than the Kj, value obtained from the kinetic data for the
activated and unactivated enzyme, respectively. Comparison
of the kinetic expressions for each of the parameters con-
sistently affected by activation, namely, V, V/K,, and K, but
not V/K,, reveals that kq is the only common factor. Thus,
if we assume that kg is the rate constant primarily affected
by activation, then we can use this information to calculate
values for each of the rate constants for the first and last steps
in Scheme I (k,, k,, kg, and k), using glycolaldehyde as the
example.

To explain the increase in V after activation, kg must be rate
determining for the unactivated enzyme reaction (kg = 4.1
min~! = V,,..) and increase by at least a factor of 17 in the
activated reaction (kg = 71 min™! = V,,). If we assume the
minimum value, kg = 71 min~!, then we can calculate that kg
= 500 min! from the experimental ratio (¥/K,)eet/ ¥/ Ko unact
= 15.4, since the k, terms in the kinetic expression for this
ratio cancel (activation does not affect k) and the kg values
have already been assigned. A comparison of the calculated
values for the factor (1 + k,o/ks), which are 8 and 120 for
activated and unactivated enzyme, respectively, with the es-
timates of 4 and 20 determined by dividing the kinetic K, value
by the upper limit for Ky, indicates that the true Ky may be
in the 5-10 nM range. From the expression for /K, and the
experimental value for this parameter (Table II), we can
calculate a value for k,, the on-rate for NADPH, of 5 X 108
M~ min~l. The expression k, = Kk yields a value for k,,
the off-rate for NADPH, of <25 min™!, which is intermediate
between the values for V., and ¥V, for the forward reaction.*

The foregoing analysis indicates that the forward reaction
is limited, at least for the unactivated enzyme, by the forward
rate of isomerization (kg). If kg increases more than 17-fold,
this step will no longer be rate limiting for the activated en-
zyme, and kg will increase accordingly, with the minimum
value for k,q/ kg set by the experimental ratio [(K,/Ky) — 1].
However, the ratio (k10/&g)unact/ (K10/K9)act» Which is equal to
the ratio of the equilibrium contants for the isomerization step
(Kisoact/ Kisounact)» 18 constrained by the increase in V/K, and
must have a value in the range 15-17. The primary effect of
activation, therefore, is a 15-17-fold increase in K, Sulfate
may also exert its effect at the isomerization step, since sulfate
no longer shows stimulation of the reaction after activation
of the enzyme has occurred, but simply displays the inhibitory
effect due to competition at the NADPH binding site of either
enzyme form. In the reverse reaction, k, may be the slow step,
since the reverse reaction of the rat lens enzyme proceeds at
a rate that is at least 6-fold slower than the rate of the forward
reaction (Griffin & McNatt, 1986).

4 The value for k; = kK is insensitive to the value chosen for kyo/ kg
since the change in k) = (V/K,)[1 + (kjo/kg)] will offset the change in
Ky = Kio/[1 + (kyo/kg)].
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The relative potency of the five compounds tested as in-
hibitors of bovine kidney ALR2 (Table III) is similar to that
reported for preparations of the enzyme from other tissues and
species (Dvornik, 1987b). Also in agreement with previous
studies (Kador & Sharpless, 1983; Humber, 1987), inhibition
apparently occurs at a site that is distinct from the catalytically
active site, since changes in substrate concentration did not
affect the K values. However, the change in binding affinity
observed upon activation of the enzyme has not previously been
recognized. For Statil and AL-1576, the increase in K; value
was substantial (about 200-fold), while for the remaining three
compounds, including the most potent (Tolrestat) and least
potent (Sorbinil) inhibitors, the increase was much less.

The large difference in X, value for inhibition by AL-1576
and Statil has also provided a convenient method for estimation
of the extent of enzyme activation, based on an analysis of the
biphasic Dixon plots obtained with these inhibitors (Figure
6). More importantly, the change in the extent of enzyme
activation estimated by this method exactly paralleled the
change determined by analysis of the initial velocity data,
consistent with the proposed two-state model for activation
of the enzyme.

Analysis of the tight-binding inhibition data for the unac-
tivated enzyme indicated a difference in binding stoichiometry;
AL-1576 and Statil inhibited at a 1:1 molar ratio, while in-
hibition by Tolrestat required a 3:1 ratio. The difference in
ARI binding stoichiometry and in the sensitivity of K| to
changes in the activation state suggests that the ARIs bind
at more than one site on the enzyme. The five compounds
tested as inhibitors are structurally quite diverse, however, and
more work will be required to establish which structural fea-
tures are important for binding and sensitivity to activation.

The potential therapeutic application of an effective ARI
for the prevention and treatment of diabetic complications has
generated a great deal of interest in understanding the mode
of action of these compounds, and several attempts have been
made to model the ARI binding site on the basis of struc-
ture—activity correlations (Kador & Sharpless, 1983; Brittain
et al., 1987). Interspecies differences in ARI K] values have
been attributed to small differences in the primary structure
of the enzyme (Flynn, 1982b). However, changes in the extent
of enzyme activation could also account for the reported
differences, since activation has a pronounced effect on the
ARI Ks (Table III). The effect of activation would thus be
to mask an underlying similarity among the various mam-
malian ALR2 gene products, which has been shown by
chemical, physical, and kinetic methods (Conrad & Doughty,
1982), by demonstration of interspecies cross-immunoreactivity
(Mathur & Grimshaw, 1986; Morjana & Flynn, 1989), and
by comparison of the primary amino acid sequences (Carper
et al., 1987; Doughty et al., 1988; Morjana et al., 1989).

The intrinsic specific activity of the enzyme remained es-
sentially constant throughout the purification procedure (Table
I), although activation would occur slowly in samples removed
as early as the ammonium sulfate fractionation step. Acti-
vation, therefore, does not appear to result from reactivation
of enzyme that has been inactivated during isolation. Since
activation is a thermodynamically favorable process, which
eventually leads to the fully activated enzyme, there must be
a mechanism for maintaining the unactivated state in vivo.
One possibility is suggested by the report of a heat-stable,
dissociable factor that can alter the catalytic activity and
sensitivity to inhibition of human placental ALR2 (Mara-
goudakis et al., 1984). The ability of high salt to activate the
bovine lens enzyme has been shown to fluctuate, depending
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on the season in which the animals are slaughtered (Del Corso
et al., 1987). Regardless of the detailed mechanism, activation
provides a novel means for regulation of this enzyme in vivo,
which may be important in the modulation of ALR2 activity
shown to occur in diabetes (Akagi et al., 1987).

Kinetic data consistent with activation have also been de-
scribed for ALR?2 isolated from other mammalian species. A
similar activation process occurs for an NADPH-dependent
aldo—keto reductase isolated from human erythrocytes (Sri-
vastava et al., 1985). Furthermore, a survey of the ALR2
literature reveals that the K and relative ¥, values deter-
mined with the bovine kidney enzyme, in particular for gly-
ceraldehyde, glucose, and xylose, are similar to those values
reported for enzyme preparations from a number of different
species, all of which show biphasic double-reciprocal plots
(Hastein & Velle, 1969; Sheaff & Doughty, 1976; Hoffman
et al., 1980; Daly & Mantle, 1982; Halder & Crabbe, 1984;
Poulsom, 1986). For those preparations that show linear
double-reciprocal plots (Boghosian & McGuinness, 1979;
Branlant, 1982; Wermuth et al., 1982; Cromlish & Flynn,
1983a,b; Hara et al., 1983; Morjana & Flynn, 1989), either
the reported specific activity indicates a fully activated enzyme
or the reported K, values are intermediate between those of
the activated and unactivated forms. Computer simulation
indicates that, for enzyme samples containing more than 20%
activated form, the curvature of the double-reciprocal plot is
quite gradual (data not shown), and a wide range of aldehyde
substrate concentration is required to determine the curvature
with any precision. Whether or not activation proves to be
a general property of the mammalian enzyme remains to be
established.

Activation also has consequences for the practical design
of kinetic studies of ALR2, which can be seen by comparison
of the double-reciprocal plots for p-glucose (Figure 4B) and
p-nitrobenzaldehyde (Figure 4C). To illustrate the point, if
we use 100 mM p-glucose and 0.5 mM p-nitrobenzaldehyde
(pNBzCHO) as the standard assay concentrations, the ratio
of observed velocities (¥ np,cro/ Vaiueose) Will vary from 2 to
11, depending on the activation state of the enzyme. If ac-
tivation occurs during purification of the enzyme, Vjycose Will
appear to decrease relative to Vonp,cro, When, in fact, the Vo,
for both substrates is increasing at exactly the same rate. By
the same reasoning, the apparent K; value determined with
each substrate will vary with the activation state of the enzyme,
since the unactivated form is more susceptible to inhibition
(cf. Table III). For example, given an enzyme sample com-
posed of 50% E,... and 50% E,, and an inhibitor concen-
tration sufficient to inhibit all the E ., and none of the E,,
(e.g., 5 uM AL-1576), the apparent percent inhibition will be
24% for p-glucose (¥ ynact/ Viotal = 0.245 Viet/ Viowa = 0.76) but
only 5% for p-nitrobenzaldehyde (Vynao/ Viotat = 0.05; Vaet/ Viewas
~ 0.95). Activation can thus account for the substrate-de-
pendent change in inhibition that has been reported for ALR2
isolated from human retina (Poulsom, 1987) and pig brain
(Cromlish & Flynn, 1985).

In summary, we have described a novel activation process
for homogeneous bovine kidney ALR2 that results in marked
changes in the secondary structure, kinetic properties, and
sensitivity to inhibition of the enzyme. A detailed analysis of
the kinetic parameters has lead to a proposed kinetic mech-
anism that includes a slow isomerization of the free enzyme
as the step primarily affected by activation. Hopefully, the
methods demonstrated for detecting the presence of the ac-
tivated and unactivated enzyme forms, based on both initial
velocity and inhibition studies, will encourage further work
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to determine the generality of the activation process in vitro
and what role, if any, this process may have in the regulation
of the enzyme in vivo.
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