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ABSTRACT: Human type 3 3R-hydroxysteroid dehydrogenase, or aldo-keto reductase (AKR) 1C2, eliminates
the androgen signal in human prostate by reducing 5R-dihydrotestosterone (DHT, potent androgen) to
form 3R-androstanediol (inactive androgen), thereby depriving the androgen receptor of its ligand. The
kcat for the NADPH-dependent reduction of DHT catalyzed by AKR1C2 is 0.033 s-1. We employed transient
kinetics and kinetic isotope effects to dissect the contribution of discrete steps to this lowkcat value.
Stopped-flow experiments to measure the formation of the AKR1C2‚NADP(H) binary complex indicated
that two slow isomerization events occur to yield a tight complex. A small primary deuterium isotope
effect onkcat (1.5) and a slightly larger effect onkcat/Km (2.1) were observed in the steady state. In the
transient state, the maximum rate constant for the single turnover of DHT (ktrans) was determined to be
0.11 s-1 for the NADPH-dependent reaction, which was∼4-fold greater than the correspondingkcat. ktrans

was significantly reduced when NADPD was substituted for NADPH, resulting in an apparentDktrans of
3.5. Thus, the effects of isotopic substitution on the hydride transfer step were masked by slow events
that follow or precede the chemical transformation. Transient multiple-turnover reactions generated
curvilinear reaction traces, consistent with the product formation and release occurring at comparable
rates. Global fitting analysis of the transient kinetic data enabled the estimate of the rate constants for the
three-step cofactor binding/release model and for the minimal ordered bi-bi turnover mechanism. Results
were consistent with a kinetic mechanism in which a series of slow events, including the chemical step
(0.12 s-1), the release of the steroid product (0.081 s-1), and the release of the cofactor product (0.21
s-1), combine to yield the overall observed low turnover number.

Cytosolic hydroxysteroid dehydrogenases (HSDs),1 which
catalyze the NADPH-dependent reduction of ketosteroids to
hydroxysteroids, are members of the aldo-keto reductase
(AKR) superfamily 1C subfamily (1-3). By interconverting
potent steroid hormones with their cognate inactive metabo-
lites, AKR1C enzymes can regulate the occupancy of hor-
mone receptors in target tissues (4-6). Four human isoforms
are known to exist (AKR1C1-AKR1C4) and are more than
87% identical in sequence. Due to their distinct steroid sub-
strate preference and tissue distribution, each individual
AKR1C isoform can regulate the metabolism of different hor-
mones. For example, the 20-ketosteroid reductase activity of
AKR1C1 eliminates progesterone, the 3-ketoreductase activity
of AKR1C2 eliminates 5R-dihydrotestosterone (DHT), and
the 17-ketosteroid reductase activity of AKR1C3 generates
the potent hormones testosterone and 17â-estradiol (6-9).

AKR1C2 is also commonly known as the human type 3
3R-HSD and bile acid binding protein. It is expressed in
many tissues, including lung, liver, prostate, mammary gland,
and brain (7). In steroid target tissues, such as the prostate,
AKR1C2 converts DHT selectively to 3R-androstanediol
(Diol) (10) (Figure 1). DHT is the most potent natural
androgen known, with an affinity of 10-11 M for the
androgen receptor. DHT activates the androgen receptor to
promote embryonic and pubertal external virilization (i.e.,
development of male external genitalia, urethra, and prostate,
growth of facial and body hair, etc.) (11, 12). High levels of
DHT are implicated in diseases such as benign prostatic
hyperplasia and prostate cancer. By contrast, Diol is an
inactive androgen with a low affinity for the androgen
receptor (Kd ) 10-6 M). Therefore, the consequence of the
reaction catalyzed by AKR1C2 is the elimination of the
androgen signal in the target tissue.

The crystal structures of several AKR1Cs, including those
of AKR1C2, have now been determined (13-17). A number
of common features have been noted, including the overall
structure, the cofactor binding site, and the active site. AKR
superfamily members have a characteristic (R/â)8 or TIM-
barrel structural motif (18). The reactive center is formed
by the nicotinamide ring of the cofactor and the conserved
catalytic tetrad of Tyr55, Lys84, His117, and Asp50.
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Positions of the cofactor and catalytic tetrad in the known
AKR1C structures are highly conserved. In contrast, strong
variation was noticed within the structure of the steroid
binding site.

AKR1C2 catalyzes an ordered bi-bi sequential mechanism
(19). The macroscopic events in the minimal mechanism are
outlined in Scheme 1. For the reduction of DHT, the
mechanism comprises (1) binding of NADPH (rate constants
defined askAb andkAr), (2) binding of DHT (rate constants
defined askBb andkBr), (3) hydride transfer (rate constants
defined askred andkoxi), (4) release of Diol (rate constants
defined askPr and kPb), and (5) release of NADP+ (rate
constants defined askQr andkQb).

Given the structural similarity among members of the
superfamily, it is not surprising that this kinetic mechanism
appears to apply to all reactions catalyzed by AKR enzymes
(19-22). However, previous studies have shown that dif-
ferent macroscopic events are responsible for the determi-
nation of the overall rate of AKR catalysis (23-25). The
release of the second product, as defined bykQr in step 5,
was shown to be completely or partially rate-determining
for the xylose reduction catalyzed by human aldose reductase
(AKR1B1) (23) or a yeast xylose reductase (AKR2B5) (24),
respectively. In contrast, when the 3-keto reduction of DHT
catalyzed by the rat 3R-HSD (AKR1C9) was followed, the
appearance of steady-state kinetic isotope effects (KIE) and
the lack of burst kinetics under multiple-turnover conditions
indicated that the chemistry step (kred of step 3) was the major
contributor to rate determination (25). AKR1C9 is closely
related to AKR1C2 in sequence (76% homologous) and in
function. AKR1C9 catalyzes the strict stereospecific reduc-
tion of 3-ketosteroids to yield 3R-hydroxysteroids, while the
human AKR1C enzymes, including AKR1C2, are more
promiscuous and can have different positional and stereo-
chemical preferences depending on the steroid substrates.
In the case of DHT, both AKR1C9 and AKR1C2 catalyze
the formation of Diol, however, with large differences in
kcat andkcat/Km (26, 27). Most interestingly, thekcat for the
AKR1C2-catalyzed DHT reduction is 10-fold lower than the
kcat for AKR1C9, suggesting that either the two enzymes have
the same rate-limiting steps that occur at significantly
different rates or different events determine the overallkcat

for the two enzymes.

In this study, AKR1C2 is chosen as a representative human
AKR1C enzyme. To understand the kinetic behavior of
AKR1C2 and how this impacts the elimination of the
androgen signal, we have investigated the contribution of
discrete steps in the AKR1C2-catalyzed reduction of DHT
using KIE and transient kinetic experiments. We have
established microscopic rate constants for the individual steps
in the minimal kinetic mechanism employing global simula-
tion analysis of the pre-steady-state data. We find that
multiple slow steps contribute to the overall decrease inkcat

observed for the reduction of DHT catalyzed by AKR1C2.

EXPERIMENTAL PROCEDURES

Materials. Recombinant AKR1C2 was overexpressed in
Escherichia coliC41(DE3) host cells transformed with the
pET-16b AKR1C2 expression vector and purified to homo-
geneity by successive chromatography as described previ-
ously (28, 29). The purity of the enzymes was verified by
SDS-polyacrylamide gel electrophoresis, and protein con-
centrations were determined by the Bradford method (30).
The final specific activity of AKR1C2 utilized in this study
was 2.8 µmol of 1-acenaphthenol (1 mM) oxidized per
minute per milligram. Stereospecifically labeled (4-pro-R)-
[4-2H]NADPH (NADPD) was prepared enzymatically as
previously described (25). NADP(H) cofactors were obtained
from Roche Diagnostics. All steroids were purchased from
Steraloids. All other reagents were purchased from Sigma
and are ACS grade or better. Unless stated otherwise, all
experiments were carried out at 25°C in 10 mM potassium
phosphate buffer (pH 7.0) containing 1 mM EDTA and 4%
acetonitrile.

Steady-State Enzyme Kinetics.Initial rates of the NADPH-
dependent reduction of DHT catalyzed by AKR1C2 were
measured with a Hitachi F-2500 fluorescence spectropho-
tometer by monitoring the change in fluorescence emission
of NADPH. Excitation and emission wavelengths were set
at 340 and 450 nm, respectively. Changes in fluorescence
units were converted to nanomoles of cofactor by using
standard curves of fluorescence emission versus known
NADPH concentrations. Typical reaction samples contained
0.17 µM AKR1C2, 12 µM NADPH (saturating concentra-
tion), and DHT at varying concentrations (from 1.5 to 25
µM) in a total volume of 1 mL. Data were analyzed by
nonlinear least-squares fitting to the equation

whereυ is the initial velocity, [E] and [S] are the total molar
concentrations of the enzyme and steroid substrate, respec-
tively, kcat (inverse seconds) is the turnover number, andKm

(micromolar) is the apparent Michaelis-Menten constant for
the steroid substrate.

Similarly, initial rate measurements were carried out using
NADPD as the cofactor in place of NADPH. Primary
deuterium KIEs on apparent steady-state kinetic parameters
for the reduction of DHT were obtained and reported using
the nomenclature of Northrop (31), wherebyDkcat is the ratio
of kcat determined in the presence of NADPH relative tokcat

determined in the presence of NADPD andD(kcat/Km) is the
ratio ofkcat/Km determined in the presence of NADPH relative
to thekcat/Km determined in the presence of NADPD.

FIGURE 1: Elimination of the androgen signal by AKR1C2. AR is
the androgen receptor.

Scheme 1

υ ) (kcat[E][S])/(Km + [S]) (1)
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Equilibrium Ligand Binding.Apparent dissociation con-
stants for enzyme-cofactor binary complexes were deter-
mined from fluorescence titration data. The quenching of
intrinsic fluorescence of the free protein upon binding of the
cofactor was monitored using a Hitachi F-2500 fluorescence
spectrophotometer set at an excitation wavelength of 290
nm and an emission wavelength of 340 nm. Each sample
contained 0.20µM protein, to which small volumes of
NADPH or NADP+ (final concentrations of 40 nM to 12
µM) were added incrementally. The total volume change
from the addition of the cofactor was less than 2%.

Equations 2a and 2b were used to fit the titration data.

where∆F is the difference in protein emission in the absence
and presence of the cofactor,∆Fmax is the maximum value
of ∆F at the saturating cofactor concentration, [EC] is the
concentration of cofactor-bound enzyme, [E] is the total
concentration of the enzyme, [C] is the total concentration
of the added cofactor, andKd is the apparent dissociation
constant of the cofactor.

Transient Kinetics of Ligand Binding.All stopped-flow
experiments were performed on an Applied Photophysics
(Leatherhead, U.K.) SX-18MV stopped-flow spectropho-
tometer. The dead time of the instrument was∼1.5 ms. Data
were collected and analyzed using the Applied Photophysics
software.

The quenching of the intrinsic fluorescence of AKR1C2
was monitored upon rapid mixing of equal volumes of the
enzyme solution (AKR1C2 at 1 or 2µM) and the cofactor
solution (NADPH at 0-40 µM or NADP+ at 0-140 µM).
The excitation wavelength was set to 285 nm, and emission
at 330 nm was monitored by the use of an interference filter.
For each cofactor concentration, the data from at least five
replicates were averaged and fitted to either single-
exponential (eq 3) or double-exponential (eq 4) equations.

where y is the fluorescence signal,A, A1, and A2 are the
amplitudes,a is the intercept, andkobs, kobs1, and kobs2 are
the apparent rate constants.

Transient Kinetics of Substrate TurnoVer. For stopped-
flow turnover experiments, the change in the fluorescence
signal of NADPH (excitation at 340 nm, emission at 450
nm) was monitored upon rapid mixing of equal volumes of
the premixed enzyme-cofactor solution from one syringe
and DHT from a second syringe.

For single-turnover experiments, the enzyme-cofactor
solution contained a fixed concentration of AKR1C2 (0.9
µM) and a substoichiometric concentration of NADPH (0.8
µM), and the substrate solution contained DHT at varying
concentrations (0-45 µM). For each concentration of the
steroid that was used, the averaged reaction traces from at
least three replicates were fitted to either single-exponential
(eq 3) or double-exponential (eq 4) functions. Secondary

plots of thekobs from the single-exponential analysis versus
[S] displayed saturation kinetics and were fitted to the
hyperbolic equation

wherektrans) klim which is the limiting rate constant for the
single-turnover reactions andK1/2 is the apparent half-
saturation constant.

Similarly, single-turnover experiments were carried out by
substituting NADPD for NADPH. The isotope effect onktrans

is obtained asDktrans, the ratio ofktrans in the presence of
NADPH relative to that in the presence of NADPD.

For stopped-flow multiple-turnover experiments, the en-
zyme solution contained a fixed concentration of AKR1C2
(1.7 µM) and excess NADPH (20µM), and the substrate
solution contained DHT at concentrations in the range of
16-45 µM. For each concentration of the steroid that was
used, the averaged reaction traces from at least three
replicates were fitted to either the linear (eq 6) or “burst”
(eq 7) equation (32).

wherekobs and kobs2 are the second-order rate constants of
the linear steady-state phase andkobs1 is the pseudo-first-
order rate constant of the exponential phase. Secondary plots
of the kobs values from the burst analysis versus [S] were
fitted to the hyperbolic equation (eq 5), wherekburst ) klim1

which is the limiting rate constant for the burst phase and
kss ) klim2/[E] which is the limiting rate constant for the
steady-state linear phase.

Stopped-flow transient turnover experiments were also
conducted in the absorption mode of the instrument by
monitoring the changes in the absorbance signal of NADPH
at 340 nm. For single-turnover reactions, the premixed
enzyme-cofactor solution contained 3.2µM AKR1C2 and
3.0 µM NADPH, and the steroid solution contained 50µM
DHT. For multiple-turnover reactions, the premixed enzyme-
cofactor solution contained 5.0µM AKR1C2 and 130µM
NADPH, and the steroid solution contained 50µM DHT.

Global Fitting and Simulations.Stopped-flow progress
curves of cofactor binding and turnover reactions were
globally analyzed using DynaFit (BioKin, Ltd., Pullman,
WA) (33). Experimentally determined rate constants provided
initial estimates for the fitting (for details, see the Results).
Actual concentrations were used and allowed to vary within
10%.

For the binding of the cofactor to AKR1C2, two models
were considered as shown in Schemes 2 and 3, wherek1

and k2 denote the rate constants for the association and
dissociation of the loose complex of NADP(H) with AKR1C2,
respectively,k3 and k4 denote the isomerization of binary
complexes in a two-step model, andk3, k4, k5, andk6 denote
the isomerization processes in a three-step model.

For single-turnover experiments, catalytic sequences de-
scribed in Scheme 4 were modeled, where the definitions of
the rate constants follow Scheme 1. In addition, the nonen-
zymatic decay of the reduced cofactor was considered.

∆F/∆Fmax ) [EC]/[E] (2a)

[EC] ) {Kd + [Ε] + [C] -

[(Kd + [E] + [C])2 - 4[E][C]] 1/2}/2 (2b)

y ) A exp(-kobst) + a (3)

y ) A1 exp(-kobs1t) + A2 exp(-kobs2t) + a (4)

kobs) (klim[S])/(K1/2 + [S]) (5)

y ) kobst + a (6)

y ) A exp(-kobs1t) + kobs2t + a (7)
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For multiple-turnover experiments, the whole catalytic
sequence described in Scheme 1 was modeled.

RESULTS

Steady-State Kinetics and KIEs.The steady-state NADPH-
dependent reduction of DHT catalyzed by AKR1C2 had a
turnover number of 0.033( 0.002 s-1 at 25°C and pH 7.0.
The apparentKm for DHT was 2.9( 0.2µM. Using NADPD
as the cofactor, primary isotope effects were measured to
be 1.5( 0.1 for Dkcat and 2.1( 0.1 for D(kcat/Km). For an
ordered bi-bi mechanism as shown in Scheme 1, the small
magnitude of the primary KIEs inkcat andkcat/Km suggests
the chemical step is partially rate limiting and that product
release step(s) are slow and can mask the true isotope effect
on the hydride transfer step.

The enzyme also catalyzes the oxidation of Diol with a
low kcat of 0.008( 0.002 s-1 and the apparentKm for Diol
of 3.1 ( 0.2 µM. The oxidative reaction is unfavored in a
cellular environment where NAD+ would be the preferred
cofactor (8). Previous studies had shown that the NAD+-
dependent oxidation of Diol is potently inhibited by the
opposing cofactor NADPH (10). Further detailed kinetic
characterization on the transient turnovers of Diol catalyzed
by AKR1C2 was thus not pursued. To dissect the NADPH-
dependent reduction of DHT catalyzed by AKR1C2, discrete
steps were examined.

Kinetics of Cofactor Binding and Release.The quenching
of the intrinsic protein fluorescence of AKR1C2 upon
cofactor binding was utilized to measure the dissociation
constants of the cofactors. AKR1C2 contains three tryp-
tophans, and in the crystal structure, Trp86 is in the proximity
of the nicotinamide ring of the cofactor. Trp86 is likely the
residue quenched by cofactor binding, which was the case
for the rat enzyme AKR1C9 (34). Fluorescence quenching
yieldedKd values of 0.12( 0.02 and 0.21( 0.03 µM for
the binding of NADPH and NADP+ to AKR1C2, respec-
tively.

The quenching of the protein fluorescence was ac-
companied by kinetic transients that were observed by
stopped-flow measurements (Figure 2). Control experiments
with tryptophan and cofactors showed no kinetic transient,
confirming that kinetic transients observed upon mixing
AKR1C2 with either NADPH or NADP+ were AKR1C2-
dependent. Similar kinetic transients were observed with
NADP+ and NADPH, excluding the contribution of an inner
filter effect. Transient traces were first analyzed by fitting
to single-exponential (eq 3) or double-exponential (eq 4)
equations. For both cofactor ligands, fitting to the double-

exponential functions was superior, which yielded two
observed rate constants (kobs). Biphasic transient behaviors
are consistent with kinetic binding mechanisms that comprise
a fast binding step to form a loose complex followed by one
or more isomerization steps to form the end tight complex.
Schemes 2 and 3 describe the two- and three-step binding
models, respectively. However, plots of thekobsvalues from
both the fast and the slow phases versus cofactor concentra-
tion displayed saturation kinetics, thus supporting the three-
step binding model.

Progress curves of cofactor binding were globally fitted
and simulated by using DynaFit. Several binding models,
which included the two-step model, three-step model, and
models with enzyme isomerization prior to cofactor binding,
were tested and compared. The three-step model described
in Scheme 3 gave the best results of fitting to the experi-
mental data and was clearly favored by the model discrimi-
nation function of the program. Global analysis of the
progress curves provided estimates for the microscopic rate
constants of the steps. The rate constants for the first two
steps in the three-step binding model were not as well defined
ask5 andk6 such that multiple sets of solutions fork1 and
k2, andk3 andk4, generated similar fits. The values listed in
Table 1 were chosen to simulate the experimental traces of
cofactor binding (Figure 3) based on the following two
considerations. (1)k1 cannot be higher than 1.0× 109 M-1

s-1 (diffusion limit), and (2)k3 should be in line with the
maximum value ofkobs1 (apparent rate constant of the fast
phase at saturating concentrations of the cofactor) from

Scheme 2

Scheme 3

Scheme 4

FIGURE 2: Representative kinetic traces for the binding of NADPH
and NADP+ to AKR1C2. (A) Averaged progress curve for the
quenching of protein fluorescence observed upon rapid mixing of
the enzyme solution with the NADPH solution. The sample
contained 0.5µM AKR1C2 and 12.5µM NADPH. Data were fitted
to a double-exponential function (eq 3), yielding anA1 of 0.55(
0.004 fluorescence unit, ak1 of 120( 1 s-1, anA2 of 0.16( 0.002
fluorescence unit, and ak2 of 7.7 ( 0.2 s-1. (B) Secondary plots
of the observed rate constants vs [NADPH] fitted to a hyperbolic
function. (C) Averaged progress curve for the quenching of protein
fluorescence observed upon rapid mixing of the enzyme solution
with the NADP+ solution. The sample contained 1µM AKR1C2
and 18.8µM NADP+. Data were fitted to a double-exponential
function (eq 3), yielding anA1 of 0.25( 0.002 fluorescence unit,
a k1 of 90 ( 1 s-1, anA2 of 0.11( 0.001 fluorescence unit, and a
k2 of 6.3 ( 0.2 s-1. (D) Secondary plots of the observed rate
constantskobs1 (b) andkobs2 (O) vs [NADP+] fitted to hyperbolic
functions.
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primary analysis. Solutions ofk3 that were orders of
magnitude higher or lower were discarded.

The rate constants in Table 1 show that the cofactor binds
to the enzyme to form a loose E‚NADP(H) complex, which
undergoes two subsequent conformational changes to yield
a tight E**‚NADP(H) complex, making the release of
NADPH or NADP+ a slow process. For the reaction in the
reduction direction, the microscopic events for the release
of NADP+ would give an effective macroscopic rate constant
(kQr)3 of 0.29 s-1, which is<10-fold higher than the overall
turnover rate in the steady state. This suggested the release
of the cofactor product NADP+ during DHT reduction may
be involved in rate determination but cannot be the sole
contributor.

Transient Single-TurnoVer Reactions.To monitor the
reduction of DHT under single-turnover conditions, the
enzyme was premixed with a substoichiometric amount of
the cofactor so that the enzyme could not recycle. DHT was
then added from a second syringe. A representative stopped-
flow trace of the fluorescence signal at 450 nm for the single
turnover of DHT catalyzed by AKR1C2 is shown in Figure
4. The progress curves were fitted to a single-exponential
function (eq 3).4 Similar results were obtained when the
reaction was followed in the absorption mode (340 nm).
However, this required a high concentration of enzyme,

which in turn necessitated the use of high concentrations of
DHT to satisfy pseudo-first-order conditions ([DHT]g 8[E]).
As a consequence, the limit of DHT solubility5 prevented
the use of the absorbance mode over a wide range of DHT
concentrations. Thus, the fluorescence data obtained were
used for further analysis and fitting. The observed pseudo-
first-order rate constants (kobs) from fluorescence traces were
plotted as a function of DHT concentration, which was fitted
to the general hyperbola (eq 5), yielding aklim value of 0.108
( 0.004 s-1. This klim, termedktrans, is the maximum first-
order rate constant for single turnover at saturating DHT
concentrations. Under this condition, the reaction sequence
that was monitored included the binding of the steroid
substrate, the chemical event, and the release of the steroid
product. Thisktrans was only 4-fold greater than thekcat

determined by steady-state methods, indicating that one or
more of these events contributed to rate determination. When
NADPH was substituted with NADPD, aktransvalue of 0.031
( 0.001 s-1 was obtained, thus yielding an apparentDktrans

of 3.5. SinceDkcat in the steady state was smaller, i.e., 1.5,
this difference further indicated that steps following the
chemical event, i.e., product release steps, masked the
isotopically sensitive hydride transfer step, resulting in a
small Dkcat in the steady state.

The progress curves of the single-turnover reaction were
fitted to the model described in Scheme 4 using DynaFit.
The fitting generated estimates for the rate constants of the
DHT binding events (kBb andkBr) and the chemical conver-
sion (kred and koxi). However, the result of the fitting was
insensitive to the changes in the rate constant of the product
release step (kPr). The average error for the rate constants
was<10% except for that ofkoxi (∼30%). Consideration of
the nonenzymatic decay of the cofactor improved the fitting
modestly. Similarly, the data set for the single-turnover
reaction using NADPD as a cofactor was fitted. Only the
rate constants of the isotopic sensitive steps (i.e.,kred and
koxi) varied significantly between the NADPH and NADPD
data sets. Representative experimental and simulated progress
curves of the single-turnover reaction of DHT catalyzed by

2 The nomenclature for the aldo-keto reductase superfamily was
recommended by the 8th International Symposium on Enzymology &
Molecular Biology of Carbonyl Metabolism, Deadwood, SD, June 29-
July 3, 1996 (also visit www.med.upenn.edu/akr).

3 kQr was calculated with the equationkQr ) (k2k4k6)/(k2k4 + k2k5 +
k3k5).

4 Some reaction traces can be fitted to double-exponential decay with
similar or better residuals, which resulted in two observed rate constants
that were 4-6-fold apart. Comparison of the slower rate constant with
the rate constant determined in the absence of DHT indicated that the

slow nonenzymatic decay of NADPH was not the source of the slow
phase. Since it was difficult to discern between single- and double-
exponential fittings, all traces were analyzed by fitting to a single-
exponential decay.

5 The solubility of DHT at 25°C and pH 7.0 in 4% methanol was
estimated to be∼40 µM.

Table 1: Rate Constants Used To Simulate Transient Traces for
Binding of Cofactor to AKR1C2

NADPH NADP+

k1 (µM-1 s-1) 21 ( 3 3.6( 0.1
k2 (s-1) 200( 16 160( 10
k3 (s-1) 150( 9 88( 6
k4 (s-1) 44 ( 3 17( 2
k5 (s-1) 3.5( 0.3 6.0( 0.5
k6 (s-1) 1.8( 0.1 0.66( 0.04

FIGURE 3: Global simulation of progress curves for the binding of
(A) NADPH and (B) NADP+ to AKR1C2. Experimental (gray)
and simulated (black) progress curves of protein fluorescence at
330 nm are shown. The samples contained 0.5µM AKR1C2 and
5.0, 7.5, and 12.5µM NADPH (top to bottom in panel A) or 1µM
AKR1C2 and 10.8, 18.8, and 27.1µM NADP+ (top to bottom in
panel B) (all final concentrations). For clarity, data for other
concentrations of cofactors are not shown but were used in the
global fitting. Simulated lines used microscopic rate constants from
Table 1, fitted to the three-step binding mechanism in Scheme 3.

FIGURE 4: Representative kinetic traces for the single turnover of
DHT catalyzed by AKR1C2 using either NADPH or NADPD as a
cofactor. (A) Averaged progress curves for the reaction of the
premixed enzyme-cofactor solution with a DHT solution. The
samples contained 0.45µM AKR1C2, 0.4 µM NADPH (bottom
trace) or 0.4µM NADPD (top trace), and 10µM DHT. Data were
fitted to the single-exponential function (eq 3). (B) Secondary plots
of the apparent first-order rate constantskobs for NADPH (0) or
NADPD (O) vs [DHT], fitted to hyperbolic functions (eq 5).
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AKR1C2 are shown in Figure 5. The values of the rate
constants used in the simulation are listed in Table 2.

For the reduction of DHT, the hydride transfer step with
NADPH as the cofactor occurred at 0.12 s-1, while the
corresponding event with NADPD took place at 0.039 s-1.
This yielded an intrinsic isotope effect of 3.1, which is in
reasonable agreement with the apparent primary KIE of 3.5
seen under single-turnover conditions.

Transient Multiple-TurnoVer Reactions.In stopped-flow
multiple-turnover experiments, AKR1C2 was allowed to
react with excess NADPH and DHT. The fluorescence time
courses of the NADPH depletion were curvilinear and were
best fitted to the burst equation (eq 7), which is the sum of
an exponential term and a linear term (Figure 6) (32). Fitting
data to a linear regression or single- or double-exponential
functions was also attempted but proved to be unsuitable on
the basis of the size of the residuals. Thus, the transient-
state, multiple turnovers of DHT catalyzed by AKR1C2
occurred with an initial burst (exponential phase) corre-
sponding to the first turnover during which NADPH decayed
more rapidly, followed by a slower rate of product formation
(linear phase) corresponding to steady-state turnover. Similar
results were obtained when the reaction was followed in the
absorption mode (340 nm). As with single-turnover reactions,
it was not possible to monitor the reaction in the absorption
mode over a range of DHT concentrations due to the limit
of DHT solubility.

Fluorescence data were used for further analysis and
fitting. It was difficult to obtain robust fits for both the

exponential and linear phases of the reaction over a wide
range of DHT concentrations, because of the small amplitude
of the exponential phase and the short linear window for
the steady-state turnover limited by substrate concentrations.
Despite the limited data set and its relatively large errors,
the observed rate constants for the exponential and linear
phases at apparent saturation gavekburstandkssvalues of 0.12
( 0.03 and 0.032( 0.004 s-1, respectively. These values
were in agreement with thektransof 0.108 s-1 and thekcat of
0.033 s-1 determined by transient single-turnover and steady-
state turnover experiments, respectively. The observed burst
in product formation indicated the presence of one or more
slower steps following the chemical step. The fact thatkburst

was only slightly greater thankss also suggested that these
steps have comparable rates. As a result, the traces do not
display a classic burst profile in which a significant burst is
present. The amplitude of the burst phase, which cor-
responded to<0.30 equiv of enzyme, dictated that the
differences in the rates of product formation and release must
be small (32).

The fluorescence transients for the reduction of DHT under
multiple-turnover conditions catalyzed by AKR1C2 were
fitted and simulated using DynaFit according to the minimal
bi-bi ordered mechanism described in Scheme 1. In the fitting
trials, the rate constants determined from the single-turnover
data were used to estimate the remaining rate constants.
Multiple pairs of kAb and kAr values (which govern the
binding and release of NADPH, respectively) gave similar
fitting results; the pair chosen agreed most with those
determined independently in the cofactor binding experi-
ments. Unlike the fitting for the single-turnover data, the
fitting of the multiple-turnover data was sensitive to the value
of kPr (the release of Diol). It was found that the initial
curvature in the progress curve could be simulated only if
either one or both of the product release step values (kPr and
kQr, the release of NADP+) were smaller thankred. Simulated
multiple-turnover progress curves using rate constants listed
in Table 2 are shown in Figure 7. The best simulations were
obtained when hydride transfer from NADPH (kred) occurred
with a rate constant of approximately 0.12 s-1, the release
of the steroid product (kPr) occurred with a rate constant of
0.081 s-1, and the release of NADP+ (kQr) occurred with

FIGURE 5: Global simulation of progress curves for NADPH-
dependent (A) and NADPD-dependent (B) single turnover of DHT
catalyzed by AKR1C2. Experimental (gray) and simulated (black)
progress curves of the decrease in NADPH fluorescence at 450
nm are shown. The samples contained 0.45µM AKR1C2, 0.4µM
NADPH or NADPD, and 5, 15, and 20µM DHT (traces from top
to bottom). For clarity, data for other concentrations of DHT are
not shown but were used in the global fitting. The simulated lines
used rate constants from Table 2, fitted to the mechanism of Scheme
4.

Table 2: Rate Constants Used To Simulate Transient Traces for
Single and Multiple Turnovers of DHT Catalyzed by AKR1C2

kAb (M-1 s-1) (7.1( 0.1)× 106

kAr (s-1) 0.93( 0.07
kBb (M-1 s-1)a (2.5( 0.4)× 105

kBr (s-1)a 2.2( 0.2
kred(s-1)a 0.12( 0.01 (0.039( 0.008)b

koxi (s-1)a 0.01( 0.003 (0.004( 0.001)b

kPr(s-1)a 0.081( 0.01
kPb(M-1 s-1) (3.0( 0.8)× 104

kQr (s-1) 0.21( 0.03
kQb(M-1 s-1) (2.1( 0.5)× 105

a Rate constants used to simulate the transient traces of the single-
turnover reaction.b Rate constants obtained from fitting the transient
traces of the single-turnover reaction with NADPD.

FIGURE 6: Representative kinetic traces for the multiple turnover
of DHT catalyzed by AKR1C2 in the transient state. (A) The
averaged progress curve of NADPH fluorescence at 450 nm for
the sample containing 0.85µM AKR1C2, 10µM NADPH, and 20
µM DHT. The trace was fitted to the burst equation (eq 7), yielding
a burst amplitudeA1 of 0.11 fluorescence unit, which corresponds
to 0.25 equiv of enzyme, akobs1 of 0.079 s-1, and akobs2 of 0.014
µM s-1. (B and C) Secondary plots of the observed rate constants
kobs1andkobs2, respectively, vs [DHT], fitted to a hyperbolic equation
to yield kburst andkss.
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rate constant of 0.21 s-1. Because the product formation and
product release events occur at very similar rates, all the
events described above were significant in determining the
overall rate of catalysis, and hence the elimination of the
androgen signal.

DISCUSSION

Human AKR1C enzymes via their 3-, 17-, and 20-
ketosteroid reductase activities can regulate access of ligand
to the androgen, estrogen, and progestin receptors in target
tissues (6). The importance of these reactions warrants
detailed structural and kinetic information about these
enzymes. We now report the dissection of the discrete steps
involved in the elimination of the androgen signal catalyzed
by AKR1C2.

In human prostate, the androgen signal is produced by the
reduction of circulating testosterone to DHT catalyzed by
the type 2 5R-reductase (5R2). It is then eliminated by the
reduction of DHT to Diol catalyzed by AKR1C2. In this
sequence, AKR1C2 catalyzes the rate-determining step, since
5R2 has aVmax of 2 nmol min-1 mg-1 and a Km for
testosterone of∼0.5µM (35), while AKR1C2 has aVmax of
0.82 nmol min-1 mg-1 and aKm of ∼3 µM for DHT. Recent
estimates of 5R2 and AKR1C2 expression levels showed
that mRNA levels of AKR1C2 were 2- and 10-fold higher
than those of 5R2 in stromal and epithelial cells, respectively
(D. R. Bauman and T. M. Penning, unpublished results). The
balance of kinetic properties and expression levels suggests
that DHT synthesized by 5R2 can be efficiently eliminated
by AKR1C2.

The apparentkcat of AKR1C2 is related to the individual
steps of the bi-bi ordered mechanism described in Scheme
1 by eq 8 (36).

kcat represents the slowest step if that step is dominating.
This study shows that the rate-determining events in DHT
turnover catalyzed by AKR1C2 include the chemical step
(kred ) 0.12 s-1), steroid product release (kPr ) 0.081 s-1),
and cofactor product release (kQr ) 0.21 s-1). Since these
events have comparable rates, all contribute tokcat signifi-
cantly and there is no dominating slow step for AKR1C2
catalysis.

Using the estimated rate constants of individual steps,
steady-state kinetic parameters for the AKR1C2-catalyzed
reduction of DHT and oxidation of Diol were calculated,
which in general agreed with the measured values (Table
3). The calculated KIE values were consistent with experi-
mental values, where a small normalDkcat and a slightly larger
D(kcat/Km) were obtained. The predicted low micromolarKd

values for DHT and Diol for AKR1C2 were also in
agreement with theKd values of steroids determined previ-
ously for AKR1C9.6

Kinetic behavior of AKR1C2 (in the NADPH-dependent
reduction of DHT) can be compared with the behavior of
its rat homologue AKR1C9 (in the same reaction) (25) and
the more distant superfamily members AKR1B1 (in the
NADPH-dependent reduction of xylose) (23) and AKR2B5
(in the NADH-dependent reduction of xylose) (24) (Table
4). This comparison shows that rate determination of AKR
catalysis is enzyme-dependent. While multiple steps govern
thekcat of AKR1C2 reaction, chemical conversion is a major
rate-determining step for AKR1C9 and the cofactor release
step largely controls the overall rates of the AKR1B1- and
AKR1B2-catalyzed reactions.

A common theme in AKR catalysis is that the rate of
cofactor release is strongly linked to rate determination. Large
differences in cofactor affinity have been noted among
members of different subfamilies, which range from low
nanomolar for AKR1B1 to low micromolar for AKR2B5
(23, 24). Despite these differences, transient kinetic studies
of the cofactor binding processes show that significant
conformational changes occur. Cofactor binding processes
can occur in two steps for the binding of NADP(H) to
AKR1B1 and for the binding of NAD(H) to AKR2B5, or in

6 The formation of the AKR1C9‚NADPH‚steroid ternary complex
is accompanied by the quenching of the energy transfer band at 450
nm, which can be used to determine dissociation constants of steroids
(37). Unlike the AKR1C9 system, the binding of NADPH to AKR1C2
does not result in an energy transfer band that can be further quenched
by binding steroid (Y. Jin and T. M. Penning, unpublished results).

FIGURE 7: Global simulation of progress curves for the multiple
turnover of DHT catalyzed by AKR1C2 in the transient state.
Experimental (gray) and simulated (black) progress curves of
NADPH fluorescence at 450 nm are shown. The samples contained
0.85µM AKR1C2, 10µM NADPH, and 10, 15, and 20µM DHT
(traces from top to bottom). For clarity, data for other concentrations
of DHT are not shown but were used in the global fitting. The
simulated lines used rate constants from Table 2, fitted to the
mechanism of Scheme 1.

kcat ) (kredkPrkQr)/(kredkPr + kredkQr + kPrkQr + koxikQr)
(8)

Table 3: Comparison of Rate Constants Determined from
Steady-State and Pre-Steady-State Studies

measured calculated

kcat(reduction) (s-1) 0.033( 0.002 0.039a

Km(DHT) (µM) 2.9 ( 0.2 3.3b
Dkcat 1.5( 0.1 1.7c
D(kcat/Km) 2.1( 0.1 2.8c

kcat(oxidation) (s-1) 0.008( 0.002 0.009d

Km(Diol) (µM) 3.1 ( 0.2 3.0e

Kd(NADPH) (µM) 0.12( 0.02 0.21f

Kd(NADP+) (µM) 0.21( 0.03 0.19f

Kd(DHT) (µM) nag 8.8f

Kd(Diol) (µM) nag 2.7f

a kcat was calculated with eq 8.b The Km of DHT was calculated
with the equationKm ) kQr(kBrkPr + kBrkoxi + kPrkred)/[kBb(kred kPr + kred

kQr + kPr kQr + koxi kQr)]. c Dkcat and D(kcat/Km) were calculated on the
basis of the calculatedkcat and Km values for NADPH and NADPD
using corresponding rate constants listed in Table 2.d kcat for the
oxidation direction was calculated with the equationkcat(oxidation))
(kArkBrkoxi)/(kArkBr + kArkred + kArkoxi + kBrkoxi). e Km of Diol was
calculated with the equationKm ) kAr(kBrkPr + kBrkoxi + kPrkred)/
[kPb(kArkBr + kArkred + kArkoxi + kBrkoxi)]. f Kd was calculated as the ratio
of the release rate constant over the binding rate constant, i.e.,
Kd(NADPH) ) kAr/kAb, Kd(NADP+) ) kQr/kQb, Kd(DHT) ) kBr/kBb,
Kd(Diol) ) kPr/kPb. g Not available.
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three steps for the binding of NADP(H) to AKR1C2 and
AKR1C9 (27). The isomerization steps result in the tighten-
ing of the initial loose binary complex by 1-3 orders of
magnitude.

In the three-step model of binding of NADP(H) to
AKR1C2, at least one of the isomerization steps reflects the
anchoring of the 2-phosphate group of AMP in NADP(H),
since the binding of NAD(H) to AKR1C2 can be explained
by a two-step model (Y. Jin and T. M. Penning, unpublished
result), similar to that observed for AKR2B5.kQr for NADP+

from AKR1C2 was estimated to be 0.29 s-1 by stopped-
flow cofactor binding experiments or 0.21 s-1 by transient
turnover simulation. Although these values are almost 10-
fold higher thankcat (0.033 s-1), kQr is comparable to the
rates of the other two slow events in the catalytic sequence,
which when combined determine thekcat for AKR1C2
catalysis.

The binding of the cofactor to AKR1B1 is tight due to
the formation of a “safety-belt” structure, which is absent in
AKR1C2, AKR1C9, and AKR2B5 (13, 14, 38, 39). The net
rate constant for the release of the cofactor product NADP+

(kQr) for AKR1B1 was reported to be 0.18 s-1, essentially
dominating thekcat (0.19 s-1) (Table 4) (23). Although
occurring at a much faster rate, cofactor release was also
proposed to be largely rate limiting for the xylose reduction
catalyzed by AKR2B5 (24). kQr for NAD+ from AKR2B5
is calculated to be 19.6 s-1 on the basis of the reported
microscopic rate constants, which is less than 2-fold greater
than itskcat (12.4 s-1).

In contrast to the slow release of cofactor which is
characteristic of different AKRs, the rates of the chemical
transformation and alcohol product release steps and their
contribution to rate determination can differ significantly.
Carbonyl reduction (kred in Table 4) catalyzed by AKR1C2
occurs at a rate more than 1000-fold slower than that
catalyzed by aldose and xylose reductases. Considering the
high degree of conservation in the spatial arrangement of
the active site of AKR enzymes revealed from crystal
structures, it may appear contradictory for these enzymes to
have vastly different rates of chemical conversion. However,
the substrate binding pockets of the AKRs exhibit great

variation in structure. Previous studies with AKR1C9
revealed that the rate of chemical conversion is very sensitive
to perturbation in the structure of the steroid binding site
(25, 37). The AKR1C9 W227A mutant resulted in a 10-
fold decrease in the maximal rate of single turnover (ktrans),
which largely representskred for DHT reduction catalyzed
by this enzyme. More strikingly, single Ala mutations of
steroid contact residues in AKR1C9 resulted in decreases in
ktrans for the oxidation of androsterone by several orders of
magnitude. It is likely that for all AKR enzymes the
positioning of the carbonyl substrate determined by the
structure of the substrate binding pocket of the enzyme
significantly affects the rate of the chemical conversion.

Structural differences in the substrate binding pockets of
AKRs may also translate into major differences in the
kinetics of carbonyl binding and alcohol release. Despite of
the lack of a direct method for detecting these events, the
effect of kPr (rate of alcohol release) onkcat in AKR1C2
catalysis was implicated. Transient kinetic studies of the
cofactor binding process for AKR1C2 provided an estimate
for the effective macroscopic rate constant of NADP+ release
(kQr) of 0.29 s-1. This kQr would not be able to account for
the burst in product formation during multiple turnover which
requires eitherkPr (the release of Diol),kQr, or both to be
slower thankred (0.12 s-1). Thus,kPr has to be slower than
the chemical conversion (kred). Kinetic simulation confirmed
this conclusion by yielding a mechanism in whichkPr was
slightly slower thankred, while kQr was 2-fold faster thankred.
Thus, the release of the steroid product was the slowest (but
not a dominating) step in the catalytic sequence. In contrast,
kPr values were estimated to be very fast for the reactions
catalyzed by AKR1B1 and AKR2B5 (23, 24), being 6 and
3 orders of magnitude greater than theirkcat values, respec-
tively. Therefore,kPr does not contribute to overall rate
determination in AKR1B1 and AKR2B5.

The occurrence of conformational changes during steroid
binding and release with AKR1Cs is indicated by the
comparison of the binary and ternary structures of AKR1C9,
which showed different conformations for portions of the
loops involved in substrate binding (40, 41). Furthermore,
crystallographic and molecular docking data have shown that
steroids can bind in alternative modes in AKR1C2 (14, 15,
42). Thus, the catalytic cycle of AKR1C2 catalysis may be
stalled by one or more energy barriers related to these
alternative binding modes for steroid.

In conclusion, we used KIEs and transient kinetics to study
the reduction of DHT catalyzed by AKR1C2. This important
reaction leads to the elimination of the androgen signal in
steroid target tissues. Our results point to a kinetic mechanism
that comprises multiple slow steps with comparable rate
constants, including the chemical step and the release of the
steroid and cofactor products. Judging from the similar low
kcat values of other human steroid-transforming AKR1C
enzymes, we predict that a similar kinetic behavior may apply
to these enzymes and their pre-receptor regulation of steroid
hormone action.
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Table 4: Comparison of the Rate-Determining Events for AKR1C2,
AKR1C9, AKR1B1, and AKR2B5

enzyme AKR1C2 AKR1C9a AKR1B1d AKR2B5e

substrate DHT DHT xylose xylose
cofactor NADPH NADPH NADPH NADH
kcat (s-1) 0.033 0.30 0.19 14.2
Km (µM) 2.9 0.7 1× 103 7.8× 104

kcat/Km (M-1 s-1) 9.3× 103 4.3× 105 190 140
Dkcat 1.5 2.3b 1.00 1.55
D(kcat/Km) 2.1 3.0b 1.82 2.09
ktrans(s-1) 0.11 1.9c 76 nag
Dktrans 3.5 nag 3.6 nag

kred(s-1) 0.12 nag 130 170
kPr(s-1) 0.081 nag 1 × 106 1 × 105

kQr (s-1) 0.21 nag 0.18 19.6f

a Rate constants as reported previously (25). b These values are the
averages of the previously reported and more recent measurements (W.
Cooper and T. M. Penning, unpublished results).c This value is from
more recent measurements.d Rate constants as reported previously (23).
e Rate constants as reported previously (24). f ThiskQr value is calculated
on the basis of the reported (24) microscopic rate constants.g Not
available.
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