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Rate-Determining: Effect of Mutating Cofactor and Substrate-Binding Pocket

Residues on Catalydis

Vladi V. Heredid& and Trevor M. Penning®

Departments of Biochemistry & Biophysics and Pharmacologypéfsity of Pennsylania School of Medicine,
Philadelphia, Pennsyknia 19104

Receied May 20, 2004; Résed Manuscript Receed July 21, 2004

ABSTRACT: 3o-Hydroxysteroid dehydrogenasesofBISDs) catalyze the interconversion between 5
dihydrotestosterone (6DHT), the most potent androgen, an@-&8ndrostanediol @-diol), a weak androgen
metabolite. To identify the rate-determining step in this physiologically important reaction, rat éiver 3
HSD (AKR1C9) was used as the protein model for the human homologues in fluorescence stopped-flow
transient kinetic and kinetic isotope effect studies. Using single and multiple turnover experiments to
monitor the NADPH-dependent reduction @-BHT, it was found thak;m andkmnax values were identical

to keas indicating that chemistry is rate-limiting overall. Kinetic isotope effect measurements, which gave
Pkeat = 2.4 andPCk., = 3.0 at pL 6.0, suggest that the slow chemical transformation is significantly
rate-limiting. When the NADP-dependent oxidation ofo3diol was monitored, single and multiple turnover
experiments showedla, and burst kinetics consistent with product release as being rate-limiting overall.
When NAD" was substituted for NADP, burst phase kinetics was eliminated, dqgx was identical to

kear Thus with the physiologically relevant substrateslBHT plus NADPH and &-diol plus NAD", the
slowest event is chemistry. R276 forms a salt-linkage with the phosphateAWR, and when it is
mutated, tight binding of NAD(P)H is no longer observed [Ratnam, K., et al. (1B&&Hhemistry 38
7856-7864]. The R276M mutant also eliminated the burst phase kinetics observed for the tNADP
dependent oxidation ofo3diol. The data with the R276M mutant confirms that the release of the NADPH
product is the slow event; and in its absence, chemistry becomes rate-limiting. W227 is a critical
hydrophobic residue at the steroid binding site, and when it is mutated to al&nif&, for oxidation is
significantly depressed. Burst phase kinetics for the NAIBBpendent turnover ofo3diol by W227A

was also abolished. In the W227A mutant, the slow release of NADPH is no longer observed since the
chemical transformation is now even slower. Thus, residues in the cofactor and steroid-binding site can
alter the rate-determining step in the NADBependent oxidation ofa3diol to make chemistry rate-
limiting overall.

Sex steroid target tissues convert steroid precursors intowith aKq of 1071 M for its receptor 4, 5). In diseases such
potent hormones, a process known as intracrine formationas benign prostatic hyperplasia (BPH) or prostatic adeno-
(1, 2). Because the hormones produced locally may contrib- carcinoma (PCA), overproduction o&8DHT is suspect in
ute to diseases of the prostate and breast, the enzymeslisease progressiof,(7); and its formation can be blocked
involved in the local formation of steroid hormones are by the Sx-reductase type 2 inhibitor finasteridg, ©). 3a-
attractive drug targets. For example, in the prostate, test-Hydroxysteroid dehydrogenasesa(8ISDs) eliminate &-
osterone is converted byoSreductase type 2 todb DHT by forming 3r-androstanediol @-diol), a weak
dihydrotestosterone (6DHT?) (3), the most potent androgen  androgen with an affinity of 1@ M for the androgen receptor
(Scheme 1)4, 5). Thus 3-HSDs play a functional role in
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Scheme 1: Reaction Scheme fax-BHT Reduction and &-Diol Oxidation by AKR1C9 with Various Cofactors
OH
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AKRI1C9 catalyzed reaction and corresponding rate-limiting event:
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responsible for the elimination ofoSDHT in peripheral EXPERIMENTAL PROCEDURES
tissues 13, 14). However, the rate-determining step in the ] ] o
transformation of the physiologically relevant substrate pair Materials. Expression and purification of AKR1C9 and
5a-DHT to 3a-diol and vice versa by any AKR is unknown. its mutants R276M and W227A have been described
AKR1C?2 shares greater than 67% amino acid identity with Previously @1, 22). Final specific activities of the enzymes
rat liver 3u-HSD (AKR1C9), the most extensively studied Utilized in this study are 1.6, 1.7, and 0.0@nol andro-
steroid transforming AKR. Because of the high sequence Sterone oxidized/min/mg, respectively. The cofactors NAD-
identity that exists, structurefunction studies on the rat  (H) and NADP(H) were obtained from Roche Diagnostics.
enzyme are likely to be applicable to the human homologue. The steroids &-DHT and 3x-diol were purchased from

AKR1C9 displays an ordered bi-bi kinetic mechanism in Steraloids. Deuterium oxide ¢D), deuterated ethanol,
which binding of the nicotinamide cofactor is an obligatory Sodium deuteroxide, and deuterium chloride were purchased
requirement before steroid hormone can biag)(In the ~ from Cambridge Isotope Laboratories. NADBpecific
ternary complex, the #ro-R hydride is transferred from alcohol dehydrogenase froneuconostoc mesenteroideas
NADP(H) to the acceptor carbonyl on the steroid substrate Purchased from Research Plus, Inc. All other reagents were
which is protonated by Y55 that acts as a general acid/basePurchased from Sigma and are ACS grade or better.
(15, 16). Crystal structures reveal that the nicotinamide  Synthesis and Purification of 4-pro-RH]NADPH. 4-pro-
cofactor lies perpendicular to the steroid ligand. Comparisons R-[°H]-NADPH was synthesized by the method of Viola et
of the apoenzyme structure, the binary complex d{&DP* al. (23) and Jeong et al2@) with minor modifications. The
and the ternary complex of BADP™-testosterone show that  reaction was performed in 25 mM Tris buffer, pH 8.6 at 25
significant conformational changes occur during the sequen-°C with deuterated ethanol and NADRs cofactor, using
tial binding of its ligands 17—19). AKR1C9 is highly NADP*-specific L. mesenteroidesalcohol dehydrogenase.
regioselective and stereospecific in that, unlike its human The reaction was followed to completion by monitoring the
homologues, only 3-ketosteroids are recognized and reducedhange in absorbance at 340 nm. The products were separated
(14, 20). It is this strict requirement for 3-ketosteroids and from the enzyme using an Amicon centrifugal filter device.
high catalytic efficiencies that makes ARK1C9 highly The unreacted ethanol and the product acetaldehyde were
amenable for mechanistic studies. removed by rotary evaporatiorfH]-NADPH was purified

We have utilized stopped-flow kinetics to determine which by subjecting the remaining mixture to anion exchange
steps are rate-limiting in the reduction af-®HT and which chromatography on a Whatman DE-52 column, equilibrated
steps are rate-limiting in the oxidation of its cognate inactive in 10 mM Tris buffer, pH 8.0 and eluted using &B.75%
metabolite, 8-diol by AKR1C9. Concurrently, primary and  NacCl linear gradient. Fractions withyso/As4o ratios of 2.3
solvent kinetic isotope effect (KIE) measurements were or less were pooled and lyophilized. An aliquot of the pooled
performed. We find that while the rate oft3liol oxidation [2H]-NADPH was analyzed byH NMR. The degree of
is limited by the rate of release of NADPH, for the deuteration was evaluated on the basis of the chemical shifts
physiological substrate paireEDHT with NADPH and 3x- of protons in the nicotinamide ring, as described previously
diol with NAD, the rate-limiting step is the chemical event. (23, 25, 26). The disappearance of the N4 proton resonance
We also find that discrete point mutations in the cofactor at 6 8.9 in NADP' on stereospecific deuteration toR}4
and steroid binding site can alter the rate-determining step[?H]-NADPH was used to assess that reduction was com-
for the NADP*-dependent oxidation ofa3diol. plete. The degree of deuteration was monitored by the
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absence of a double doublet for the N4 proton resonances at Primary Kinetic Isotope Effectd.o determine the primary

0 2.9 and its replacement by a broad singlet for the single KIE, the PH]-NADPH-dependent conversion o&&DHT by
4-pro-S methine proton ai 2.9. On the basis of this change wild type, R276M, and W227A enzymes was monitored as
in splitting patterns, the deuterated cofactor was determineddescribed above. Because-BISD undergoes an acid/base-
to be >99% pure 24, 27, 28). The concentration was catalyzed reaction with Y55 acting as the general acid/base,
calculated usingsso, With €340 = 6270 M1 cm™L. the pH profile indicates thatceDHT reduction is optimal

Determination of Dissociation Constants for Cofactors. atpH 6.0 (6). Therefore, primary KIEs were determined at
Kq4 values for the binding of the cofactors to AKR1C9 and PH 6.0 in order to obtain values in the pH-independent range
its mutants were determined by measuring protein fluores- of the pH-ke profile and at pH 7.0 in order to obtain values
cence on a Hitachi F-4500 fluorescence spectrophotometerdt physiological pH. Primary KIEs were calculated by fitting
following the incremental addition of NAD(H) (26600.M) initial velocities to eq 2,
and NADP(H) (40 nM to 10Q«M). Each sample contained
0.20 uM protein in 10 mM %otassium phosphate, pH 7.0 Y~ Koo ENAY { K (1 FEkca{Km) +IAIL + FEkca)} ()
buffer containing 1 mM EDTA at 28C. Care was taken to
ensure that the volume of cofactor added was not more thanwhereF is the fraction of deuterium label in the substrate,
2% of the total volume. Samples were excited at 290 nm Exx, and Ex, are the isotope effects minus 1 &g, and
with fluorescence emission scanned from 300 to 500 nm with keafKm, respectively E is the enzyme concentration, aAd
slit widths set at 5 nm. A modified Scatchard analysis was is the concentration of varied substrate. Primary KIEs are
used to calculat&y values 2, 29). Briefly, the fractional ~ reported using the nomenclature of Northr@d)(whereby
saturation ¢) by the ligand of the total ligand binding sites Pkeatis the ratio ofk.o:determined in the presence of NADPH
was equated toAF/AFma, where AF is the change in  relative toke determined in the presence 8H]-NADPH.
fluorescence at a given ligand concentration @ is Similarly, Pkea/Km is the ratio ofkea/Km determined in the
the change in fluorescence at fully saturating ligand con- presence of NADPH relative to the./Kn determined in
centration K4 values were determined using eq 1, whereby the presence ofH]-NADPH.

a is related toLo, the total ligand concentration, arkh, Sobent Kinetic Isotope Effect®uffers prepared in BD

the total active-site concentration. were adjusted to the desired pL value with either sodium
deuteroxide or deuterium chloride using a pH meter. Ap-
propriate corrections were made to the meter reading
according to the formula pB (meter reading) 0.4 (32).
Enzymes were exchanged using Centricon ultrafiltration into

; ; . ) L the appropriate BD buffer so that all protonated amino acid
they—mtercept yields the concentration of available binding residues are deuterated. This process was performed 5 times
sites. to ensure complete equilibration of the deuterated solvent

Steady State Kineticdnitial rates were measured on a with enzyme.

Hitachi F-4500 fluorescence spectrophotometer. Excitation  Solvent KIEs for the NADPH-dependent reduction of:5
and emission wavelengths were set at 340 and 450 nm,pHT catalyzed by the wild type and mutant enzyneSi..
respectively. The rate of Change in fluorescence emiSSionandDzok‘:a{Km) were determined by performing assays EO-I

of the cofactor at 450 nm was monitored to determine initial gnd DO at 10 mM potassium phosphate buffer containing
velocities. Assays were performed in 1-mL systems contain- 494 acetonitrile at 23C and were carried out as described
ing 10 mM potassium phosphate, pH 7.0 buffer containing apove. Initial rates were determined under conditions in
4% acetonitrile at 25C. All reactions were initiated by the  which the catalytic rates were pL independent (pL 6.0) and
addition of enzyme and were corrected for nonenzymatic ynder physiological conditions (pL 7.0). Solvent KIEs were
rates. Standard curves with known reduced cofactor con-determined by fitting initial velocities to eq 2. Solvent KIEs
centrations were constructed on a daily basis. Calculation gre reported using the nomenclature of Northr@i) (

of keartandKy, values used GRAFIT 5.0 (Erithacus Software) wherebyP-%k. is the ratio ofk.,; determined in HO to ke

by fitting untransformed data with a hyperbolic function, as determined in BO. Similarly, ®k..{Kn is the ratio ofkea/
originally described by Wilkinson30), to yield estimates K determined in HO relative to theke{Kn determined in

of kinetic constants and their associated standard errors. p.,Q.

Steady state kinetic parameters for the NADPH-dependent Transient State KineticsIransient state kinetic experi-
reduction of &-DHT catalyzed by AKR1C9 and W227A  ments were performed using an Applied Photophysics

Lo/o = KJ(1 — o) + Eg 1)

The slope of a plot of 1/(%) versusLo/a yieldsKq, and

were determined at 5M NADPH while the steroid
concentration was varied between 0.1 ang:8050.-DHT.

SX.18MV-R stopped flow reaction analyzer at 25. The
instrument was set in fluorescence mode with excitation at

For the R276M mutant, rates for the NADPH-dependent 340 nm and emission monitored using a 450 nm band-pass

reduction of 5-DHT were determined at 10eM NADPH.
Steady state rates for the NADH-dependent reductiormef 5
DHT by AKR1C9 were determined at 50 NADH. The
steady state kinetic parameters for the oxidationid®ol
with NAD(P)* catalyzed by AKR1C9, R276M, and W227A

filter. Reactions were performed in 10 mM potassium
phosphate buffer at pH 7.0 containing 4% acetonitrile.
Standard curves with known NAD(P)H concentrations were
constructed on a daily basis. The change in fluorescence
signal was monitored as a function of time for the cofactor

enzymes were determined at 2.3 mM cofactor concentrationdependent reduction ofo5DHT and oxidation of &-diol.
while the steroid concentration was varied between 1 and For single turnover experiments, enzyme was incubated with
75uM 3a-diol. In each instance, the cofactor concentration limiting NAD(P)(H) in one syringe and varying concentra-

was saturating with respect to the enzyme form.

tions of steroid substrates were introduced into the stopped-
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flow apparatus by means of a second syringe, and reactionghe linear steady state portion of the reaction was detected.
were initiated by rapid mixing of the two solutions. For Plots ofkssversus steroid concentration fit saturation kinetics;
multiple turnover experiments, enzyme was incubated with and theknyax of the linear steady state rate ot ®HT
excess NAD(P)(H) in one syringe and varying concentration reduction by NADPH (0.34¢) was in agreement with the

of steroid substrates were introduced by means of a separatéyy derived under single turnover conditions (0.44)sand
syringe, and reactions were initiated by rapid mixing of the thek.,derived under steady state conditions (0.30.4Vhen

two solutions. The kinetic transients obtained were analyzed E-NADH and 5o-DHT were rapidly mixed under multiple
and rate constants determined using the Applied Photophysicgurnover conditions, no burst of NADH formation was
SX18.MV-R software v. 4.46, based on robust nonlinear observed (Figure 1E) and thg.x of the linear phase (0.39
regression (Marquardt) algorithm. For single turnover experi- s™1) was identical to théc, value determined in the steady
ments, rate constant.f) were determined from single state (0.43 3'). Ky, values obtained from fitting multiple
exponential fits to averages of-80 traces per steroid turnover data from both series of experiments to eq 5 gave
concentration. For multiple turnover experiments, averagesvalues identical to those observed in the steady state
of 5—10 traces per steroid concentration were fit to either (Supporting Information). These results suggest that, ir-
eq 3, for traces which exhibit a burst phase and linear phaserespective of the cofactor utilized, chemistry is rate-limiting

kinetics, or eq 4, for traces which exhibit a linear phase only:

y= AeTkoursh) kt+C (3)
wherey = signal,A = amplitude of burstt = time, andC
= intercept, and

y=kd+C (4)
wherey = signal,t = time, andC = intercept.

Equation 3 determines the rate of the bukst{) and the
rate of the linear steady state portioks( while eq 4
determinegkssonly. Plots ofkyystversus steroid concentration
were fit to the hyperbolic equation (eq 5) and shiawkoursy
the maximum rate of the burst phase.

_ kpadsubstrate]

kss or kburst_ Kd—l-TbStrate] ©

Plots ofkss versus steroid concentration were also fitted to
eq 4 to determindmaxss)and Km.

RESULTS

Single and Multiple Turnger Experiments for &-DHT
ReductionSingle turnover and multiple turnover experiments

in the reduction of &-DHT.

Single and Multiple Turnger Experiments for &-Diol
Oxidation.Single turnover and multiple turnover experiments
were performed to monitor the NADRlependent oxidation
of 3oi-diol. Single turnover experiments were performed with
limiting NADP* concentrations so that the enzyme could
not recycle. Each treatment showed a single exponential; and
plots of kops Versus steroid concentration gave saturation
kinetics with a maximal value denoted kg, (Figure 1B).
Thekm for 3a-diol oxidation was 42.4§ and was 2 orders
of magnitude greater than thg;observed in the steady state
(Table 1).

Multiple turnover experiments were performed with excess
NADP* to determine whether burst phase kinetics was
observed for @-diol oxidation. Indeed, a burst of product
formation (NADPH) was detected whereby the amplitude
of the burst coincided with the enzyme concentration present
in the reaction (Figure 1D). Thie,s fit saturation kinetics
over the range of steroid concentration used, andktheof
the burst (50 s') coincided with thek;, for the single
turnover experiments. Thknax for the linear steady state
rate in the multiple turnover experiment was significantly
less than theékmax Of the burst and agreed with the, for
the reaction observed in the steady state.

When these experiments were replicated with NAD

were performed to monitor the NADPH-dependent reduction different phenomena were observed. Under single turnover

of 5a-DHT. Using wild type enzyme, single turnover
experiments were performed with limiting NADPH concen-

conditions, thek;n at saturating steroid concentration was
in agreement witlk.,: observed in the steady state. Further-

trations so that the enzyme could not recycle. Each transientmore, no burst phase kinetics was observed under multiple

showed single exponential kinetics; and plotkgf versus

steroid concentration gave saturation kinetics with a maximal

value denoted aki, (Figure 1A and Table 1). Thikyy, for

50-DHT reduction was 0.44°3 and was in agreement with
thekea:for 5a-DHT reduction, wheré, is the rate constant
for the overall reaction in the steady stdfgvalues obtained

turnover conditions for &-diol oxidation (Figure 1F).

The K4 value for 3x-diol derived from single turnover
conditions using NADP was 30uM, while the K, values
derived under multiple turnover conditions using NADP
and NAD" were 6.3uM and 20uM, respectively. The former
value is indicative of the affinity of &diol for the ENADP*

from the hyperbola also gave reasonable values reflectivebinary complex; and the latter two values are consistent with
of substrate binding (Supporting Information). Single turn- the K, values obtained under steady state conditions (Sup-
over experiments could not be performed with NADH since porting Information). Collectively, these results suggest that
AKR1C9 has very low affinity for NADH; consequently it  product release is rate-limiting when NAD® utilized, but
was not technically feasible to saturate sufficient enzyme that chemistry is rate-limiting when NADis substituted.
(1—5 uM) with enough cofactor to generate a signal of  Primary and Salent Kinetic Isotope Effects forSDHT
sufficient amplitude. ReductionBecause AKR1C9 exhibitedka, value identical

Multiple turnover experiments were performed with excess to ke, under single turnover conditions and no burst kinetics
NADPH to determine whether burst phase kinetics were under multiple turnover conditions, we wanted to validate
observed upon the rapid mixing of theNADPH binary that chemistry was indeed rate-limiting for the reduction of
complex with increasing steroid concentrations (Figure 1C). 5a-DHT. Primary KIEs were determined in the transforma-
The turnover of &-DHT did not exhibit burst kinetics; only  tion of 5a-DHT using saturating deuterated cofactaH{f
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A. Single Turnover: NADPH + 5a-DH B. Single Turnover: NADP* + 3a- Diol
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FiGURE 1: Representative transient kinetic traces for the transformation-@3T and 3x-diol by wild type enzyme. A and B are single
turnover stopped flow progress curves, andfCare multiple turnover stopped flow progress curves. Graphs depict the average-fidm 5

traces of progress curves in fluorescence mode with excitation at 340 nm and emission monitored using a 450 nm band-pass filter. Reactions
were performed in 10 mM phosphate buffer, pH 7.0 at@5%&nd 4% acetonitrile. The transient trace in A was the result of mixing/0.5

3o-HSD with 0.54M NADPH in the first syringe and 11.8M 5a-DHT in the second syringe. The transient trace in B was the result of
mixing 0.5uM 30-HSD with 0.5uM NADP™ in the first syringe and 10.56M 3a-diol in the second syringe. First-order rate constants

(ko9 Were determined by fitting data to a single exponential equation over a range of steroid concentrations. The transient trace in C was
the result of mixing 0.5(M 3a-HSD with 30uM NADPH in the first syringe and 18.6M 50-DHT in the second syringe. The transient

trace in D was the result of mixing 08V 30-HSD with 30uM NADPT in the first syringe and 26.8M 3a.-diol in the second syringe.

The transient trace in E was the result of mixingl 3o-HSD with 5004M NADH in syringe 1 and 15.%M 50-DHT in syringe 2. The

transient trace in F was the result of mixing«®! 3a-HSD with 1.25 mM NAD' in syringe 1 and 10.&xM 3a-diol in syringe 2. For C,

E, and F, rate constants for the steady stkig (ere obtained by fitting data to the linear regression equation over a range of steroid
concentrations. For D, first-order rate constants for the burst plkagg @nd the steady state rate constdg (vere obtained by fitting

data to the equation for a single exponential plus steady state. The transient curve in D emphasizes the pre steady statediafst in 3
oxidation using NADP cofactor. Insets to A and B are plots kfs versus [steroid substrate] with hyperbolic curve fits to the data, which

show saturation kinetics. Insets to-€E are plots okss versus [steroid substrate] which show saturation kinetics for the linear steady state
phase of the reactions.

NADPH) at pH 7.0 and pH 6.0. For the wild type protein, Effect of R276M and W227A Mutants on Microscopic Rate
the Pkqor and Pkeo/Krm determined at physiological pH were  Constants for Substrate Turper. Previous studies on the
2.36 and 2.03, respectively (Table 2). The primary KIE at R276M mutant showed that removal of the guanidinium side
pH 6.0 increased slightly to give values of 2.43 and 2.31 for chain disrupted the salt linkage that exists between R276
Pkcar and Pkeof Km, respectively. Solvent KIE measurements and the 2phosphate of NADP(H) Z1). This change
indicated a significant solvent effect witkk., of 3.02 and eliminated the tight binding of NADP(H) for AKR1C9, and
DOk /K Of 3.33 when reactions were performed at pL 6.0, as a result, the mutant had simil&g values for NADP(H)

the pL-independent portion &, (where changes in pL do  and NAD(H) (Supporting Information). In examining the
not alter the reaction rate). effect of this mutant on the reduction ofa®HT by
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Table 1: Comparison df., With the Microscopic Rate Constants Detected in the Transient State for the TransformatmibéfTsand
3o-Diol Catalyzed by AKR1C9 and Its Mutants

keatin steady kim oOf single kmax Of burst in multiple kmax Of steady state in
enzyme substrates state (%) turnover (s) turnover (s?) multiple turnover (s
AKR1C9 NADPH+ 50-DHT 0.30+ 0.0021 0.44+ 0.0084 none 0.34 0.0079
NADP* + 3a-diol 0.374+.014 42,44+ 4.1 50.2+ 2.1 0.34+ 0.0024
NADH + 50-DHT 0.43+ 0.040 a none 0.39t 0.021
NAD™" + 3a-diol 0.85+ .078 a none 0.8+ 0.054
R276M NADPH+ 50-DHT 0.40+ 0.011 a none 0.48+ 0.0072
NADP* + 3a-diol 0.80+ 0.027 a none 0.90t 0.031
W227A NADPH+ 5a-DHT 0.037+ 0.0012 0.033t .0022 none 0.043 0.0027
NADP* + 3a-diol 6.3x1044+83x10°% 7.2x10%4+1.7x10° none 6.9x 104+1.6x 105

a Since the wild type and the R276M mutant have a very low affinity for NAD(H) and NADP(H), respectively (Supporting Information), single

turnover determinations were not feasible.

Table 2: Kinetic Isotope Effects in the NADPH-Dependent ReductionoeDHT by AKR1C9 and Its Mutants

enzyme chata'b chal Kma’b Dzokcatb Dzokca{ Kmb
A. Values Derived from Measurements at pL 7.0
AKR1C9 2.36+ 0.01 (6) 2.03t 0.09 (6) 1.73+ 0.013 (5) 1.7 0.003 (5)
R276M 2.29+ 0.17 (3) 2.15+0.17 (3) 1.89+ 0.04 (4) 2.0+ 0.11 (4)
W227A 2.33+0.10 (5) 2.47+0.12 (5) 2,52+ 0.11 (5) 2.80+ 0.13 (5)
B. Values Derived from Measurements at pL 6.0
AKR1C9 2.43+ 0.03 (6) 2.31+ 0.08 (6) 3.02+ 0.09 (5) 3.33: 0.09 (5)
R276M 2.35+ 0.19 (3) 2.3%+0.23 (3) 2.80+ 0.10 (4) 2.75+ 0.12 (4)
W227A 2.66+ 0.13 (5) 2.15+ 0.21 (5) 5.114+ 0.51 (3) 5.14+ 0.12 (3)

a All primary KIEs were measured with saturating cofactor wittk BHT as the varied substrateThe values in parentheses denote number of

individual determinations.
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FIGURE 2: Representative transient kinetic traces for the transformation-8ft3T and 3x-diol by R276M under multiple turnover conditions.
Curves depict the average from-50 traces of multiple turnover stopped-flow progress curves set in fluorescence mode with excitation at
340 nm and emission monitored using a 450 nm band-pass filter. Reactions were performed in 10 mM phosphate buffer, pHC.0 at 25
and 4% acetonitrile. The transient trace in A was the result of mixiny1ZR276M with 100uM NADPH in the first syringe and 11.8M
50-DHT in the second syringe. The transient trace in B was the result of mixpld R276M with 250uM NADP™ in the first syringe

and 10.9«M 3a-diol in the second syringe. Rate constants for the steady #tagtevére obtained by fitting data to the linear regression
equation over a range of steroid concentrations. Insets are plhisvefsus [steroid substrate] which show saturation kinetics for the linear

steady state phase of the reaction.

NADPH, we predicted that there would be no change in its group of alanine led to steroid “wobble” at the active site,

transient kinetic profile. However, in the oxidation of-3
diol by NADP", we anticipated that the burst phase kinetics
seen with the wild type enzyme would be eliminated if the
release of the NADPH product were rate-determining.

For the R276M mutant, only multiple turnover conditions
were achievable because of the highof this mutant for
the NADP(H) cofactors. In monitoring the reduction af-5
DHT by NADPH catalyzed by the R276M mutant, tkgat
saturation was identical o, in the steady state (Figure 2).
In monitoring the oxidation of &diol by NADP*, the burst
phase was eliminated, and tkg at saturation was equal to
keat In the steady state.

which not only resulted in large decreases in lthgvalues

for the turnover of hydroxysteroid substrates but also changed
the rate-limiting step for androsterone oxidati@2)( Here

we used this same mutant to examine the role of W227 in
the -HSD-catalyzed interconversion of its physiological
substrates. Because this mutant does not affecKghier
cofactors (Supporting Information), both single and multiple
turnover experiments could be performed (Figure 3). For the
NADPH-dependent reduction ot&DHT, thek;, for single
turnover was equal t&. in the steady state, and no burst
phase kinetics was observed. For the NABdRpendent

Previous studies on the W227A mutant showed that the oxidation of 3x-diol, single turnover experiments exhibited

removal of the indole ring and its substitution by the methyl

saturation kinetics with &, equal tok.;: Under multiple
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Ficure 3: Representative transient kinetic traces for the transformation-&3T and 3x-diol by the W227A mutant. A and B are single
turnover stopped flow progress curves, and C and D are multiple turnover stopped flow progress curves. Graphs depict the average from
5—10 traces of progress curves in fluorescence mode with excitation at 340 nm and emission monitored using a 450 nm band-pass filter.
Reactions were performed in 10 mM phosphate buffer pH 7.0 &tC28nd 4% acetonitrile. The transient trace in A was the result of
mixing 0.5uM W227A with 0.54M NADPH in the first syringe and 16.4M 50-DHT in the second syringe. The transient trace in B was

the result of mixing 1.«M W227A with 1.0u4M NADPT in the first syringe and 3@M 3a-diol in the second syringe. First-order rate
constantsK,p9 were determined by fitting data to a single exponential equation over a range of steroid concentrations. The transient trace
in C was the result of mixing 0.56M W227A with 30 uM NADPH in the first syringe and 7.52M 5a-DHT in the second syringe. The
transient trace in D was the result of mixing kM W227A with 30uM NADP* in the first syringe and 10.6M 3a-diol in the second

syringe. Rate constants for the steady sthtg (vere obtained by fitting data to the linear regression equation over a range of steroid
concentrations. Insets to A and B are plotskgf versus [steroid substrate] with hyperbolic curve fits to the data, which show saturation
kinetics. Insets to C and D are plots laf versus [steroid substrate] which show saturation kinetics for the linear steady state phase of the
reaction.

turnover conditions, burst phase kinetics were again elimi- The conditions for single turnover experiments were
nated, andkss was equal tdia designed so that the enzyme could only go through a single
Primary and Salent Isotope Effects forcsDHT Reduc- pass of catalysis and not recycle. Because no lag phase was
tion Catalyzed by the R276M and W227A MutaBiscause  observed when steroid was mixed with the enzyafactor
no burst of product was observed in the multiple turnover complex, steroid binding is not a slow event. Thus the events
of 50-DHT with NADPH by the R276M and W227A  monitored are based solely on the rates of steroid transfor-
mutants, we expected a primary isotope effect whetj-[ mation and product release. Transient traces obtained under
NADPH was utilized and/or a solvent isotope effect when single turnover conditions indicate that chemistry is rate-
reactions were carried out in,D. Results indicate that the  determining in the NADPH-dependent reduction afBHT,
mutations retained the KIEs observed in the wild type protein which is supported by & value that equals thie.;; value
(Table 2). For the R276M mutant, tR&.:was 2.4 and the  observed in the steady state. Furthermore, no burst of NADP
DOk o was 2.8 at pL 6.0. For the W227A mutant, tPiea formation was observed under multiple turnover conditions,
was 2.7 and th&Ck.was 5.1 at pL 6.0. andknax Of the linear phase was again equakq obtained
under steady state conditions.

Isotope effects were measured at physiological pH and at
The Rate-Limiting Step in Rat8HSD.AKR1C enzymes  the pH independent portion of the pta profile for Sa-

catalyze the interconversion between the potent andragen 5 DHT reduction. The presence of KIEs indicates that the
DHT with the inactive metabolite@diol in androgen target ~ chemical step is a significant contributor to the rate-limiting
tissues 13, 20). The microscopic events that define this step. While primary KIE values suggest that hydride transfer
physiologically relevant transformation were examined using plays a role in the rate-determining step, the solvent KIE is
transient state kinetics and kinetic isotope effect measure-more pronounced than the primary KIE at pH 6.0. Unlike
ments. Using rat liver 8&HSD as the protein model, we find  primary isotope effects which monitor changes in the
that substrates, cofactors, and discrete residues in the bindingatalytic rate associated with only one isotopic substitution,
pocket all play significant roles in rate determination. A solvent KIEs are multifactorial in nature because they
summary of the major findings is illustrated in Scheme 1. monitor the changes associated with complete replacement

DISCUSSION
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of exchangeable hydrogens with deuterons on the enzymeaffinity for NADP(H) than NAD(H) 37—39). Formation of

and substrate3@). Solvent effects may be indicative of other

this salt bridge is responsible for the isomerization ef E

factors that alter the rate by affecting substrate binding, NADP(H) — E*-NADP(H) which is observed as a fluores-
multiple steps in the chemical sequence, and/or the confor-cence kinetic transien(). We investigated the role of R276

mation of the enzyme3Q@). Hence, the asymmetry between

on the catalytic cycle of &HSD with its physiological

the primary and solvent KIEs in the NADPH-dependent substrates.

reduction of &-DHT may be due to a combination of these
factors.
For the NADP -dependent oxidation ofc3diol, the ki

The binding affinity of R276M for NADP(H) is much
lower than for wild type enzyme. Furthermore, the binding
affinity of R276M for NADP(H) is similar to the binding

values determined from single turnover experiments ex- affinity of wild type enzyme for NAD(H), in that theiKgy

ceeded thé, value by over 100-fold, which suggests that
the chemical transformation is not rate-limiting. Under
multiple turnover conditions, a burst of product (NADPH)

values are both in theM range (Supporting Information).
This loss in cofactor affinity, however, does not result in
large decreases in turnover number. On the contrarnkthe

formation was observed, which confirms that a subsequentvalue for 5-DHT reduction is retained by the R276M
step after chemistry, specifically, product release, is rate- mutant and, interestingly, thlke., value for the NADP-

limiting overall.

dependent oxidation of o3diol is better for the R276M

Pre steady state kinetics of cofactor binding to and releasemutant than the wild type protein. The transient kinetic
from 30-HSD using mutagenesis and fluorescence stoppedproperties observed for the reduction ofBHT by NADPH
flow techniques showed that the enzyme undergoes a two-and the oxidation of @diol by NADP* catalyzed by R276M
step binding mechanism concomitant with a slow confor- are similar to those observed with AKR1C9 when NAD(H)

mational change upon NADP(H) binding in which the
microscopic rate constants were larger thap the rate of
the overall reaction21). A more recent investigation on
cofactor binding to rat & HSD was performed in which
evidence for a three-step binding model was preser®éd (
Kinetic transients of NADP(H) binding were best fit to a

is substituted. More importantly, the R276M mutant elimi-
nates the burst phase observed in the NARBpendent
oxidation of 3-diol by wild type enzyme. This finding
confirms that the slow release of product in the oxidation
direction is due to NADPH release in AKR1C9. The
macroscopic and microscopic events observed are similar

biexponential composed of a fast phase and a slow phasebetween the R276M mutant and the wild type enzyme when

Unlike the initial study, the microscopic rate of NADPH
release in the slow phase approachestheralue. Thus in
the oxidation direction using NADPas cofactor, NADPH

NADP* and NAD" are utilized, respectively. Because the
rate-determining step associated with NADPH release is
abolished in the oxidation direction by this mutation,

release may become partially rate-limiting. Our studies chemistry has become rate-determining. This also allows for

support this conclusion.
Catalysis Using NADP(Hyersus NAD(H) Cofactorslhe

an increase in the overdtl,, albeit a subtle one (a 2-fold
change in value), for the NADPdependent oxidation ofc3

microscopic rate constants that define the rate-limiting step diol.

were found to be cofactor-dependent. UsingBHT and
NADH as the substrate pair, tlkgax Of the linear phase under
multiple turnover conditions was equal to theg in the steady
state, and no burst phase kinetics was observed. Using 3
diol and NAD' as the substrate pair, thgax of the linear

In summary, once the R276 anchor for tHegpRBosphate
of NADP(H) is removed from the protein, the enzyme treats
NADP(H) as it would NAD(H). Residue 276 makes the
important distinction between the two cofactors. The ability
of AKR1C9 to discriminate between NADP(H) and NAD-

phase under multiple turnover conditions was again equal (H) leads to differential effects in cofactor affinity (NADP-
to thek.q:in the steady state, and no burst phase was detected(H) > NAD(H)), in mechanism (binding events since a

Thus chemistry is rate-limiting for the NADH-dependent
reduction of ®-DHT and the NAD-dependent oxidation
of 3o-diol. Interestingly, the rate of Bdiol oxidation is
apparently higher when NADis used instead of NADP
(Kear With NAD* = 51 mir® vs ke With NADPH = 22
min~Y). One interpretation is that the increasekig may

unique fluorescence transient is involved:NADP(H) <
E*-NADP(H)), and in catalysis (chemistry is rate-limiting
for steroid transformation in both directions with NAD(H)
but not with NADP(H)).

Role of W227 in Rate DeterminatioAn alignment of
putative steroid binding site residues between the rat and

arise since the slow release of NADPH, which is rate- human isoforms (AKR1C%1C4, AKR1C9) shows that
determining, no longer occurs. Because the major cellular while some variability exists, certain residues are highly
reducing cofactor is NADPH and the major cellular oxidative conserved. Available crystal structures suggest that W227
cofactor is NAD" (35, 36), our studies suggest that, under is a consistently conserved residue in the AKR1C subfamily
physiological conditions, the reduction ofc®HT by and interacts with the B and C rings of the steroid by
NADPH is dictated by the slow chemical transformation. providing a hydrophobic surface in-plane with the steroid
Similarly, the oxidation of 8-diol by NAD™ is also dictated (19, 40). In order to understand its function, we examined
by the slow chemical event. the role of W227 in the interconversion of the physiologically
Role of R276 in Rate Determinatiom the 3x-HSD- relevant substrate pairgSDHT and 3x-diol.
NADP™ binary complex, the '2phosphate of NADPforms In the NADPH-dependent reduction of@HT catalyzed
a salt bridge with R2761@). Previous studies on other AKRs by the W227A mutant, no burst of product was observed
have examined the roles of residues that make contact withunder multiple turnover conditions, and thg, obtained
the 2-phosphate group of NADP(H) and indicate that the under single turnover conditions was identical to thg
electrostatic link that forms between the enzyme and the 2 obtained in the steady state. The primary and solvent kinetic
phosphate is a major reason why most AKRs have a higherisotope effects with this mutant were substantial and support
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the transient kinetic finding that the chemical step is again on k., for substrates that are oxidized versus substrates that
rate-determining. Interestingly, during the W227A-catalyzed are reduced.

transformation of 6-DHT, a large solvent kinetic isotope Rate-Determining Step in AKR& primary concern in the
effect was observed{k.o = 5.1) at pL 6.0. This suggests study of AKR mechanisms is the identification of the rate-
that the proton donation event becomes even more rate-determining step. Studies on aldose reductase or AKR1B1,
limiting than before. Large solvent KIEs arise when a rate- an enzyme closely related to rat-3SD, indicated that the
determining step involves direct proton transfer in the rate-determining step in the reduction of xylose was the slow
transition state33). Because of the magnitude of the solvent release of NADP, as supported by burst kinetics under
effect for W227A, the solvent KIE is essentially a primary multiple turnover conditions of xylitol formatiort@). In the
KIE, whereby proton donation is the largest contributor to oxidation of xylitol, chemistry was the largest contributor
the rate-determining step. to keatas no burst of NADPH production was observed under

The pL dependence on the solvent KIE for W227A is not Multiple turnover conditions. On the basis of the crystal
due to the titration of an active site residue. Y55 is the general Structure of AKR1B1, the formation of the tight ERADP*
acid/base for catalysisl€), and mutation of W227 should ~complex was thought to be due to the movement of loop B,
not lead to a change in the titration curve for this residue. in Which R276 is located4d).

However, W227A does cause a 5- to 30-fold increase inthe This work on the mechanism of steroid transformation,
Kq for steroid, suggesting that binding is impaire2P) specifically on the physiological substratesBHT and 3x-
Impaired binding may either disrupt the proximity between diol by AKR1C9, provides new insights into AKR catalysis.
the 3-ketosteroid and Tyr55 (causing steroid wobble) or lead Conserved cofactor and steroid binding pocket residues are
to an insertion of a water molecule between the 3-ketosteroid important for the maintenance of the rate-limiting events in
substrate and Tyr55. The crystal structure of the binary steroid turnover as depicted by the R276M and W227A
complex provides evidence for an added water molecule atmutants. The rate-determining step for AKR1C9 is the

the active site tyrosine. In either instance, a more pronouncedreverse of aldose reductase when NADP(H) is utilized as
solvent KIE may be anticipated. the cofactor. The presence of a nucleotide “safety belt” in

AKR1B1 and its absence in AKR1C9 may account for this
mechanistic difference between the two AKRs. When NAD-
(H) is utilized by the enzyme, the chemical step is rate-
limiting. With the physiological substrate paire®HT plus
NADPH and 3x«-diol plus NAD", chemistry appears to be
rate-determining in both directions.

In the NADP"-dependent oxidation ofc3diol catalyzed
by the W227A mutant, transient kinetics showed that, under
single turnover conditions, tHe, obtained at saturation was
identical to k.o Furthermore, no burst of product was
observed under multiple turnover conditions. In the oxidation
of 3a-diol, the W227A mutation not only resulted in large
decreases in steroid turnover but also changed the rate-ackNOWLEDGMENT
determining step from NADPH release to chemistry for the
formation of 5-DHT. We gratefully acknowledge the valuable discussions and
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