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Abstract

Human type 3 3a-Hydroxysteroid dehydrogenase, or Aldo-Keto Reductase (AKR) 1C2, eliminates
the androgen signal in human prostate by reducing 5a-dihydrotesterone (DHT, potent androgen) to
form 3a-andostanediol (inactive androgen), thereby depriving the androgen receptor of its ligand.
The kot for the NADPH-dependent reduction of DHT catalyzed AKR1C2 is 0.033 s71. We employed
transient kinetics and kinetic isotope effects to dissect the contribution of discrete steps to this low
Kcat 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 on ket (1.5) and a slightly larger effect on keat/Kiy (2.1) were observed in
the steady state. In the transient state, the maximum rate constant for single turnover of DHT
(Kyrans) Was determined to be 0.11 s~1 for the NADPH-dependent reaction, which was about 4 fold
greater than the corresponding Keat. Kirans Was significantly reduced when NADPD was substituted
for NADPH, resulting in an apparent Pkirans 0f 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 3-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 s71), the release of
the steroid product (0.081 s™1), and the release of the cofactor product (0.21 s71), combine to yield
the overall observed low turnover number.

Cytosolic hydroxysteroid dehydrogenases (HSDs), 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 metabolites, AKR1C enzymes can regulate the occupancy of hormone receptors in
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target tissues (4-6). Four human isoforms are known to exist (AKR1C1-AKR1C4) and share
higher than 87% sequence identity. Due to their distinct steroid substrate preference and tissue
distribution, each individual AKR1C isoform can regulate the metabolism of different
hormones. For example, the 20-ketosteroid reductase activity of AKR1C1 eliminates
progesterone, the 3-ketoreductase activity of AKR1C2 eliminates 5a-dihydrotestosterone
(DHT), and the 17-ketosteroid reductase activity of AKR1C3 generates the potent hormones
testosterone and 173-estradiol (6-9).

AKR1C2 is also commonly known as the human type 3 3a-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 3a-
androstanediol (Diol) (10) (Figure 1). DHT is the most potent natural androgen known, with
an affinity of 10711 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, and 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 (Kq =
1075 M). Therefore, the consequence of the reaction catalyzed by AKR1C?2 is the elimination
of the androgen signal in the target tissue.

The crystal structures of several AKR1Cs including those of AKR1C2 have now been solved
(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 (o/
B)g 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.
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 as kap and ka,), (2) binding of DHT
(rate constants defined as kg and kgy); (3) hydride transfer (rate constants defined as kg and
koxi); (4) release of Diol (rate constants defined as kp, and kpp); and (5) release of NADP* (rate
constants defined as kgr and kqp).

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 different macroscopic events are responsible for
the determination of the overall rate of AKR catalysis (23-25). The release of the second
product, as defined by kqy in step 5, was shown to be completely or partially rate-determining
for the xylose reduction catalyzed by human aldose reductase (AKR1B1) (23) and a yeast
xylose reductase (AKR2B5) (24), respectively. In contrast, when the 3-keto reduction of DHT
catalyzed by the rat 3a-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 (keq Of step 3) was the major contributor to rate determination (25).
AKR1C9 s closely related to AKR1C2 in sequence (76% sequence homology) and in function.
AKR1C9 catalyzes the strict stereospecific reduction of 3-ketosteroids to yield 3a-
hydroxysteroids, while the human AKR1C enzymes including AKR1C2 are more promiscuous
and can have different positional and stereochemical preference depending on the steroid
substrates. In the case of DHT, both AKR1C9 and AKR1C2 catalyze the formation of Diol,
however, with large differences in ket and Keat/ K (26,27). Most interestingly, the ket for the
AKR1C2 catalyzed DHT reduction is 10-fold less than the kqot for AKR1C9, suggesting that
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either the two enzymes have the same rate limiting steps that occur at significantly different
rates or that different events determine the overall ke, 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
simulation analysis of the pre-steady-state data. We find that multiple slow steps contribute to
the overall decrease in k.5 Observed for the reduction of DHT catalyzed by AKR1C2.

EXPERIMENTAL PROCEDURES

Materials

Recombinant AKR1C2 was over-expressed in E. coli C41(DE3) host cells transformed with
the pET-16b AKR1C2 expression vector, and purified to homogeneity by successive
chromatography as described previously (28,29). Purity of the enzymes was verified by SDS-
polyacrylamide gel electrophoresis, and protein concentration was determined by the Bradford
method (30). The final specific activity of AKR1C2 utilized in this study was 2.8 umol of 1-
acenaphthenol (1mM) oxidized/min/mg. Stereospecifically labeled (4-pro-R)-[4-2H]NADPH
(NADPD) was prepared enzymatically as previously described (25). Cofactors NADP(H) were
obtained from Roche Diagnostics. All steroids were purchased from Steraloids. All other
reagents were purchased from Sigma and are of 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 1ImM 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 spectrophotometer by monitoring the change in
fluorescence emission of NADPH. Excitation and emission wavelengths were set at 340 nm
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 uM of AKR1C2, 12 uM of NADPH
(saturating concentration) and DHT at varied concentrations (1.5 uM —25 uM) in a total volume
of 1 mL. Data were analyzed by nonlinear least-squares fitting to the equation,

v=kea[E][S]/(Km+[S]) ()

where v is the initial velocity, [E] and [S] are the total molar concentrations of the enzyme and
steroid substrate, respectively, ke (s71) is the turnover number, and Ky, (uM) 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),
whereby Pk is the ratio of ke, determined in the presence of NADPH relative to keat
determined in the presence of NADPD, and P(kc.t/Kyy,) is the ratio of keg/Kiy determined in the
presence of NADPH relative to the ke5/Krm, determined in the presence of NADPD.

Equilibrium Ligand Binding

Apparent dissociation constants for enzyme-cofactor binary complexes were determined from
fluorescence titration data. The quenching of intrinsic fluorescence of the free protein upon

Biochemistry. Author manuscript; available in PMC 2008 December 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jin and Penning

Page 4

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 0.20 uM of protein, to which small volumes of NADPH or NADP™ (final
concentrations 40 nM to 12 pM) were added incrementally. The total volume change from the
addition of the cofactor was less than 2%.

Eq. 2a and 2b were used to fit the titration data.
AF/AF max =[EC]/[E] (2a)

[ECI={(K,+[E]+[C]) — [(Kg+[E]+[C])? — 4 [E][C]1'*)

/2 (2b)
where AF is the difference in protein emission in the absence and presence of cofactor,
AFmax is the maximum value of AF at 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, and Ky is the apparent dissociation constant of
the cofactor.

Transient Kinetics of Ligand Binding

All stopped flow experiments were performed on an Applied Photophysics SX-18MV stopped-
flow spectrophotometer (Leatherhead, UK). The deadtime of the instrument was about 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, 1 or 2 uM) and the cofactor solution (NADPH
0-40 pM or NADP* 0-140 uM). The excitation wavelength was set to 285 nm and emission
at 330 nm was monitored by the use of an interference filter. For each concentration of the
cofactor, the data from at least five replicates were averaged and fitted to either single- (eg. 3)
or double-exponential equations (eg. 4).

y=Aexp(—kops )+a 3)
y=A1exp(—Kkops1 1)+A2 exp(—kops2 1)+a (4)

where vy is the fluorescence signal, A, A1, and A are the amplitudes, a is the intercept, and
Kobs: Kobs1, and Kqpso are the apparent rate constants.

Transient Kinetics of Substrate Turnover

For stopped-flow turnover experiments, the change in fluorescence signal of NADPH
(excitation 340 nm, emission 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 uM) and sub-stoichiometric concentration of NADPH (0.8 uM), and the
substrate solution contained DHT at varied concentrations (0-45 puM). For each concentration
of the steroid used, the averaged reaction traces from at least three replicates were fitted to
either single- (eq. 3) or double-exponential functions (eq. 4). Secondary plots of the from the
single-exponential analysis kqpg Versus [S] displayed saturation kinetics and were fitted to the
hyperbolic equation

kobs=kiim [ S1/(K1/2+[S]) ®)
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where Kirans = Kjim 1S the limiting rate constant for the single turnover reactions and Ky; is the
apparent half-saturation constant.

Similarly, single turnover experiments were carried out substituting NADPD for NADPH. The
isotope effect on kirans is obtained as Pkirans, the ratio of kians in the presence of NADPH
relative to that in the presence of NADPD.

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

Y=Kopst+a (6)
y=A exp(—kobs1 H)+kobs2 1+a (7)

where Kqps and kopso are the second—order rate constants of the linear steady-state phase, and
Kobs1 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 eq. 5, where Kpyrst
= Kjim1 is the limiting rate constant for the burst phase and kg5 = Kjim2/[E] 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 340nm. For
single turnover reactions, the premixed enzyme-cofactor solution contained 3.2 uM AKR1C2
and 3.0 uM NADPH, and the steroid solution contained 50 uM DHT. For multiple turnover
reactions, the premixed enzyme-cofactor solution contained 5.0 pM AKR1C2 and 130 uM
NADPH, and the steroid solution contained 50 uM DHT.

Global Fitting and Simulations

Stopped-flow progress curves of cofactor binding and turnover reactions were globally
analyzed using the program DynaFit (BioKin, Ltd., Pullman, WA) (33). Experimentally
determined rate constants provided initial estimates for the fitting (details see 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 Scheme
2 and 3, where kq and ko denotes the rate constants for the association and dissociation of the
loose complex of NADP(H) to AKR1C2, k3 and k4 denote the isomerization of binary
complexes in a two step model, and k3, k4, ks, kg denote the isomerization processes in a three
step model.

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

For multiple turnover experiments, the whole catalytic sequence described in Scheme 1 was
modeled.

Biochemistry. Author manuscript; available in PMC 2008 December 8.
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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 pH 7.0. The apparent Ky, for DHT was 2.9 + 0.2 uM.
Using NADPD as the cofactor, primary isotope effects were measured to be Pkg, of 1.5 + 0.1
and P(keat/Kim) of 2.1 + 0.1. For an ordered bi bi mechanism as shown in Scheme 1, the small
magnitude of the primary KIEs in ket and keqt/Ky, 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 kg 0f 0.008 + 0.002 s 1 and the
apparent K, for Diol of 3.1 + 0.2 pM. 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 were 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
tryptophans and in the crystal structure Trp86 is in close proximity to the nicotinamide ring of
the cofactor. Trp86 is likely the residue quenched by cofactor binding as it was the case for the
rat enzyme AKR1C9 (34). Fluorescence quenching yielded K4 values of 0.12 + 0.02uM and
0.21 +0.03 uM for the binding of NADPH and NADP™* to AKR1C2, respectively.

The quenching of the protein fluorescence was accompanied 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 (eg. 3) or double-
exponential (eq. 4) equations. For both cofactor ligands, fitting to the double-exponential
functions were superior, which yielded two observed rate constants (kops). 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 the kqps Values from both the fast and the slow phases versus cofactor
concentration displayed saturation Kinetics, thus supporting the three-step binding model.

Progress curves of cofactor binding were globally fitted and simulated by using the program
DynaFit. Several binding models, which included the 2-step model, 3-step model, and models
with enzyme isomerization prior to cofactor binding, were tested and compared. The 3-step
model described in Scheme 3 gave the best fitting results to the experimental data and was
clearly favored by the model discrimination 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 3-step binding model were not as well defined as ks and
kg such that multiple sets of solutions for (kq and ky, k3 and k4) 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) k; can not be higher than 1.0 x 109 M1
s~1 (diffusion limit); and (2) k3 should be in line with the maximum value of kqps1 (apparent

Biochemistry. Author manuscript; available in PMC 2008 December 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jin and Penning

Page 7

rate constant of the fast phase at saturating concentrations of the cofactor) from primary
analysis. Solutions of k3 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
ENADP(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 (er)3 0f 0.29 571, which is less than 10-fold higher
than the overall turnover rate in 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 sub-stoichiometric 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] > 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-firstorder rate constants (kops) from fluorescence
traces were plotted as a function of DHT concentration, which was fitted to the general
hyperbola (eq. 5), yielding a kjjy, value of 0.108 + 0.004 s~L. This ki;m, termed as Kirans, i the
maximum first-order rate constant for single turnover at saturating DHT concentrations. Under
this condition, the reaction sequence monitored included the binding of the steroid substrate,
the chemical event, and the release of the steroid product. The magnitude of kians Was only 4
fold greater than the k.5 determined by steady state methods, indicating that one or more of
these events contributed to rate determination. When NADPH was substituted by NADPD, a
kirans Value of 0.031 + 0.001 s~1 was obtained, thus yielding an apparent Pk ans Of 3.5.

Since Pk 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 Pk 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 (kgp and kg,) and the chemical conversion (Kreq and koxi). However, the result of the
fitting was insensitive to the changes in the rate constant of the product release step (kpy). The
average error for the rate constants was below 10 % except for kqxj (~ 30 %). Consideration of
the non-enzymatic decay of the cofactor improved the fitting modestly. Similarly, the data set
for the single turnover reaction using NADPD as cofactor was fitted. Only the rate constants
of the isotopic sensitive steps (i.e. kyeq and Koqyi) Varied significantly between the NADPH and
NADPD data sets. Representative experimental and simulated progress curves of the single

3er was calculated with the equation kQr = k2 k4 ke/(k2 k4 + k2 ks + k3 k5).

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 non-enzymatic 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.

SThe solubility of DHT at 25 °C and pH 7.0 in 4 % methanol was estimated to be about 40 uM.
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turnover reaction of DHT catalyzed by AKR1C2 are shown in Figure 5. The values of the rate
constants used in simulation are listed in Table 2.

For the reduction of DHT, the hydride transfer step with NADPH as the cofactor occurred at
0.12 s71, 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 of 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 were also attempted, but proved to be unsuitable based on the size of the
residuals. Thus the transient state, multiple turnovers of DHT catalyzed by AKR1C2 occurred
with an initial burst (exponential phase) corresponding 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 gave Ky,rst and kss values of 0.12 + 0.03 s~1 and 0.032 + 0.004
s1, respectively. These values were in agreement with the Kans 0f 0.108 s71 and the kgyt of
0.033 s 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 that ky,st Was only slightly greater than
kss also suggested that these steps have comparable rates. As a result, the traces do not display
aclassic “burst” profile in which a significant burst is present. The amplitude of the burst phase,
which corresponded to <0.30 enzyme equivalents, 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
order 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 kap and ka, values (which govern the binding and release of NADPH, respectively) values
gave similar fitting results, the pair chosen agreed most with those determined independently
in the cofactor binding experiments. Unlike the fitting for the single turnover data, the fitting
of the multiple turnover data was sensitive to the value of kp, (the release of Diol). It was found
that the initial curvature in the progress curve could only be simulated if either one or both of
the product release steps values (kp; and kg, the release of NADP™) were smaller than Kyeg.
Simulated multiple turnover progress curves using rate constants listed in Table 2 are shown
in Figure 7. The best simulation were obtained when hydride transfer from NADPH (Keq)
occurred with a rate constant of approximately 0.12 s71, the release of the steroid product
(kpy) occurred at a rate constant of 0.081 s71, and the release of NADP* (kqr) occurred at rate
constant of 0.21 s™1. Because the product formation and product release events occur at very
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similar rates, all the above events 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
ligand access to the androgen, estrogen, and progestin receptors in target tissues (6). The
importance of these reactions warrants detailed structural and kinetic information on 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 5a-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 a Vmax 0f 2 nmol/min/mg and a K, for testosterone of ~ 0.5 uM (35), while
AKR1C2 has a Viax 0f 0.82 nmol/min/mg and a Ky, of ~3 uM 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 (Bauman and Penning,
unpublished). The balance of kinetic properties and expression levels suggests that DHT
synthesized by 5R2 can be efficiently eliminated by AKR1C2.

The apparent k.;: of AKR1C2 is related to the individual steps of the ordered bi bi mechanism
described in Scheme 1 by eq. 8 (36).

keat=kreakp ko, | (Kreakp, +kreaky, +hp ko, +Hhoxiko,) (8)

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 (Kreq Of
0.12 s71), steroid product release (kp, of 0.081 s™1), and cofactor product release (korof 0.21
s71). Since these events have comparable rates, all contribute to ke significantly 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
experimental values, where a small normal Pk, and a slightly larger P(k.ai/K,) were obtained.
The predicted low micromolar Ky values for DHT and Diol for AKR1C2 were also in agreement
with the Kg values of steroids determined previously for AKR1C9.6

Kinetic behavior of AKR1C2 (in the NADPH-dependent reduction of DHT) can be compared
with the behavior of its rat homolog AKR1C9 (in the same reaction) (25), and the more distant
superfamily members AKR1B1 (in the NADPH-dependent reduction of xylose) (23) and
AKR2BS5 (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
the ket 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
AKR1B?2 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

6The formation of the AKR1C9sNADPHesteroid 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 (Jin and Penning, unpublished results).
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different subfamilies, which range from low nM for AKR1B1 to low pM 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 three steps for the binding of NADP(H) to AKR1C2 and AKR1C9 (27). The isomerization
steps result in the tightening of the initial loose binary complex by one to three orders of
magnitude.

In the 3-step binding model 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 (Jin and Penning, unpublished
result), similar to that observed for AKR2BS5. kg, 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 than kg (0.033 s71), Kor is
comparable to the other two slow events in the catalytic sequence, which when combined
determine the kg, 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* (kg) for AKR1B1 was reported to be 0.18 s
essentially dominating the ket (0.19 s1) (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). ko, for NAD™ from AKR2BS5 is calculated to be 19.6 s 1 based
on reported microscopic rate constants, which is less than 2 fold greater than its Keg (12.4
sh.

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 (keq 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 conservation in 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 (Kians), Which largely represents k;eq for DHT reduction
catalyzed by this enzyme. More strikingly, single Ala mutations of steroid contact residues in
AKR1C9 resulted in decreases in Kirans 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 to detect these events, the effect of kp, (rate of alcohol release) on ke, 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 (kgy) to be
0.29 s L. This kor would not be able to account for the burst in product formation during
multiple turnover which requires either kp, (the release of Diol) or kqy, or both to be slower
than kreg (0.12 s1). Thus kp, has to be slower than the chemical conversion (kyeq). Kinetic
simulation confirmed this conclusion by yielding a mechanism in which kp, was slightly slower
than Kreq, While kg, was 2-fold faster than kyeq. Thus, the release of the steroid product was the
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slowest (but not a dominating) step in the catalytic sequence. In contrast, kp, was estimated to
be very fast for the reactions catalyzed by AKR1B1 and AKR2B5 (23,24), being 6 and 3 orders
of magnitude greater than their respective ke, values. Therefore, kp, 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 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, the release of the steroid and cofactor
products. Judging from the similar low k¢, values of other human steroid transforming AKR1C
enzymes, it is predicted that a similar kinetic behavior may apply to these enzymes and their
pre-receptor regulation of steroid hormone action.
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Figure 1.
Elimination of androgen signal by AKR1C2. AR= androgen receptor.
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Figure 2.

Representative kinetic traces for the binding of NADPH and NADP* to AKR1C2. (A) The
averaged progress curve for the quenching of protein fluorescence observed upon rapid mixing
of the enzyme solution with the NADPH solution. The sample contained 0.5 uM AKR1C2 and
12.5 uM NADPH. Data were fitted to a double-exponential function (eq. 3), yielding A; = 0.55
+0.004 (Fluorescence unit), k; =120 + 1 (s 1), A, = 0.16 + 0.002 (Fluorescence unit), ko= 7.7
+0.2 (s71). (B) Secondary plots of the observed rate constants versus [NADPH] fitted to a
hyperbolic function. (C) The averaged progress curve for the quenching of protein fluorescence
observed upon rapid mixing of the enzyme solution with the NADP* solution. The sample
contained 1 uM AKR1C2 and 18.8 uM NADP™*. Data were fitted to a double-exponential
function (eq. 3), yielding A; = 0.25 + 0.002 (Fluorescence unit), ky =90+ 1 (s°1), Ay =0.11 +
0.001 (Fluorescence unit), ko= 6.3 = 0.2 (s 1). (D) Secondary plots of the observed rate
constants Kqpsy (@) and kqpso (©) versus [NADP™] fitted to hyperbolic function.
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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 0.5 uM AKR1C2 and 5.0, 7.5, and 12.5 uM of
NADPH (top to bottom in A) or 1 uM AKR1C2 and 10.8, 18.8, and 27.1 uM of NADP™ (top
to bottom in B) (all final concentrations). For clarity, data for other concentrations of cofactors
were not shown, but were used in the global fitting. Simulated lines used microscopic rate
constants from Table 1, fitted to the 3-step binding mechanism in Scheme 3.
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Representative kinetic traces for the single turnover of DHT catalyzed by AKR1C2 using either
NADPH or NADPD as cofactor. (A) The averaged progress curves for the reaction of the
premixed enzyme-cofactor solution with DHT solution. The samples contained 0.45 pM
AKR1C2, 0.4 uM NADPH (bottom trace) or 0.4 uM NADPD (top trace), and 10 uM DHT.
Data were fitted to the single-exponential function (eq. 3). (B) Secondary plots of the apparent
first-order rate constants kops for NADPH (o) or NADPD (o) versus [DHT], fitted to hyperbolic
functions (eqg. 5).
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Global simulation of progress curves for NADPH (A) and NADPD (B) dependent single
turnover of DHT catalyzed by AKR1C2. Experimental (gray) and simulated (black) progress
curves of decrease in NADPH fluorescence at 450 nm are shown. The samples contained 0.45
uM AKR1C2, 0.4 uM of NADPH or NADPD, and 5, 15, and 20 uM of DHT (traces top to
bottom). For clarity, data for other concentrations of DHT were 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.
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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 0.85 uM AKR1C2, 10 uM NADPH, and 20 uM DHT. The trace was fitted
to the burst equation (eq. 7), yielding the burst amplitude A; = 0.11 (Fluorescence unit),
corresponds to 0.25 enzyme equivalents, kopst = 0.079 (s71), and kopsp= 0.014 (uM s71). (B)
and (C) Secondary plots of the observed rate constants kqps1 and Kopso versus [DHT], fitted to
a hyperbolic equation to yield Kyyrst and Ksg.
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Figure 7.

Global simulation of progress curves for 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 0.85 pM AKR1C2, 10 pM of
NADPH, and 10, 15, and 20 uM of DHT (traces top to bottom). For clarity, data for other
concentrations of DHT were 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.
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kAb ka kred kPr er
E+A == EA+B==EAB ==EPQ ==EQ+P ==E+Q
kar kpy koxi kpb kqb

E = AKR1C2, A=NADPH, B = DHT, P = Diol, Q =NADP"

Scheme 1.
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ky K3
E+C =— EC =—E*C
k k,

C = NADPH or NADP"

Scheme 2.
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ky ks ks
E+C = EC =E*C =—= E**C
k> ky ke

C = NADPH or NADP"

Scheme 3.
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ka kred kPr
EA + B=—FEAB —FEPQ —EQ+P
kBr koxi ka

Scheme 4.
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Rate constants used to simulate transient traces for cofactor binding to AKR1C2.

Table 1
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NADPH NADP*
ky (uMtsY 21+3 36+0.1
k, (571 200 + 16 160 + 10
ks (57 150+ 9 88+6
ke 571 44+3 17+2
ks (s 35+0.3 6.0+05
ks (571 1.8+0.1 0.66 + 0.04
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Table 2
Rate constants used to simulate transient traces for single and multiple turnover of DHT catalyzed by AKR1C2.

Rate constants Values

Kap M 1) (7.1£0.1) x10°

Kar (57 0.93+0.07

Kgp (M2 s7H)3 (2.5 +0.4) x10°

kg, (552 22+02

Kreg (572 0.12 +0.01 (0.039 + 0.008)°
kowi (572 0.01 + 0.003 (0.004 0.001)°
ke, (5752 0.081 + 0.01

Kep (M 157Y) (3.0 0.8) x10*

kor (57 0.21+0.03

Kab (Mts™h (2.1 +0.5) x10°

a . . . .
Rate constants used to simulate the transient traces of single turnover reaction.

Rate constants in brackets obtained from fitting the transient traces of single turnover reaction with NADPD.
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Table 3
Comparison of rate constants determined from steady-state and pre-steady state studies.

Measured Calculated

Kot (reduction) (s 0.033 +0.002 0.0392
Ky, (DHT) (uM) 2902 330
Pk at 15+0.1 1.7
P(Keat K i) 2101 2.8¢
keqe (Oxidation) (s7%) 0.008 + 0.002 0.0094
K, (Diol) (uM) 3.1+0.2 3.0°
Kq (NADPH) (uM) 0.12 +0.02 0.21f
Kg (NADP *) (uM) 0.21+0.03 0.19f
Ky (DHT) (uM) na 8.8l
Ky (Diol) (uM) na 2.7

akcat was calculated with eq. 8.
me of DHT was calculated with the equation Km = kQr (KBr kPr + KBr Koxi + kPr kred)/(kBb (Kred kPr + kred kQr + kpr kQr + Koxi kQr))-

Cchat and D(kcat/Km) was calculated based on calculated k¢at and Km values for NADPH and NADPD using corresponding rate constants listed in
Table 2.

dkcat for the oxidation direction was calculated with the equation kcat(oxidation) = kAr kBr koxi/(KAr kBr + KAr kred + KAr Koxi + kBr Koxi)-
eKm of Diol was calculated with the equation Km = kAr (kBr kpr + kBr koxi + kPr kred)/(kPb (KAr kBr + KAr kred + KAr koxi + kBr koxi))

de was calculated as the ratio of the release rate constant over the binding rate constant, i.e. K¢ (NADPH) = kar/kAp, Kg (NADPY) = kQr/kQb, Kd
(DHT) = kBr/kBh, Kd (Diol) = kpr/kpp. na, not available.
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Comparison of the Rate Determining Events for AKR1C2, AKR1C9, AKR1B1, AKR2B5.

Table 4
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Enzyme AKR1C2 AKR1C92 AKR1B19 AKR2B5®
Substrate DHT DHT Xylose Xylose
Cofactor NADPH NADPH NADPH NADH
Koyt (S73) 0.033 0.30 0.19 14.2

Ko (M) 2.9 0.7 1% 10° 7.8 x 10*
KooKy (M 7572 9.3 x 10° 4.3 x10° 190 140

O at 15 230 1.00 1.55

B (KeayKer) 2.1 3.0P 1.82 2.09
Kirans (S ) 0.11 1.9¢ 76 na

Pkrans 35 Na 36 na

Keeg (51 0.12 Na 130 170

Ker (5°Y) 0.081 Na 1x10° 1x10°
kor 67 0.21 Na 0.18 106f

a
Rate constants as reported (25).

b . . .
These values are the averages of the previously reported and more recent measurements (Cooper and Penning., unpublished results).

C, . .
This value is from more recent measurements.

d
Rate constants as reported (23).

e
Rate constants as reported (24).

f_ . . . . .
This kQr value is calculated based on the reported (24) microscopic rate constants. na, not available.
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