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ABSTRACT: Aldo-keto reductase (AKR1C) isoforms can regulate ligand access to nuclear receptors by
acting as hydroxysteroid dehydrogenases. The principles that govern steroid hormone binding and steroid
turnover by these enzymes were analyzed using rat 3R-hydroxysteroid dehydrogenase (3R-HSD, AKR1C9)
as the protein model. Systematic alanine scanning mutagenesis was performed on the substrate-binding
pocket as defined by the crystal structure of the 3R-HSD‚NADP+‚testosterone ternary complex. T24,
L54, F118, F129, T226, W227, N306, and Y310 were individually mutated to alanine, while catalytic
residues Y55 and H117 were unaltered. The effects of these mutations on the ordered bi-bi mechanism
were examined. No mutations changed the affinity for NADPH by more than 2-3-fold. Fluorescence
titrations of the energy transfer band of the E‚NADPH complex with competitive inhibitors testosterone
and progesterone showed that the largest effect was a 23-fold decrease in the affinity for progesterone in
the W227A mutant. By contrast, changes in theKd for testosterone were negligible. Examination of the
kcat/Km data for these mutants indicated that, irrespective of steroid substrate, the bimolecular rate constant
was more adversely affected when alanine replaced an aromatic hydrophobic residue. By far, the greatest
effects were onkcat (decreases of more than 2 log units), suggesting that the rate-determining step was
either altered or slowed significantly. Single- and multiple-turnover experiments for androsterone oxidation
showed that while the wild-type enzyme demonstrated aklim and burst kinetics consistent with slow product
release, the W227A and F118A mutants eliminated this kinetic profile. Instead, single- and multiple-
turnover experiments gaveklim and kmax values identical withkcat values, respectively, indicating that
chemistry was now rate-limiting overall. Thus, conserved residues within the steroid-binding pocket affect
kcat more thanKd by influencing the rate-determining step of steroid oxidation. These findings support the
concept of enzyme catalysis in which the correct positioning of reactants is essential; otherwise,kcat will
be limited by the chemical event.

Steroid target tissues regulate the amount of ligand that is
available to bind and transactivate steroid receptors (1, 2).
Enzymes that control local steroid hormone concentrations
include the 5R/5â-reductases, the steroid sulfatases/sul-
fotransferases, and the hydroxysteroid dehydrogenases (HSDs).
For example, in the prostate, testosterone1 is converted by
5R-reductase type 2 to the potent androgen 5R-dihydrotes-
tosterone (5R-DHT) (3) which is eliminated as 3R-andros-
tanediol by 3R-HSD type 3 (4). These classes of enzymes

are attractive drug targets because their inhibition regulates
the amount of ligand that is available for steroid hormone
receptors and can lead to tissue specific hormone responses.
Detailed structure-function studies are needed to understand
how these enzymes catalyze steroid hormone transformation.

Crystal structures exist for several pertinent enzymes that
control ligand access to nuclear receptors. The structure of
the murine estrogen sulfotransferase‚PAP‚estradiol complex
(5) has been reported. In addition, the HSDs involved in this
process belong to two protein superfamilies, the short-chain
dehydrogenase/reductases (SDRs) and the aldo-keto reduc-
tases (AKRs). Structures of HSDs in both families exist. The
human 17â-HSD type 1‚NADP+‚estradiol complex (6, 7) is
representative of the SDRs, and the rat 3R-HSD‚NADP+‚
testosterone complex (8) can be used as a protein model for
the remaining AKRs. While the existing structures provide
vivid three-dimensional models of their respective steroid
binding sites, they do not address the individual contribution
of each contact residue to steroid binding affinity, specificity,
or steroid turnover. To gain insight into these issues, we have
conducted an alanine scanning mutagenesis study of the
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steroid-binding pocket of rat liver 3R-HSD (EC 1.1.1.213,
AKR1C9).2 We have exploited the known crystal structure
of the E‚NADP+‚testosterone (8) ternary complex to conduct
this analysis.

The highly positional and stereoselective enzyme rat 3R-
HSD catalyzes the NAD(P)(H)-linked interconversion of
3-ketosteroid substrates and 3R-hydroxysteroids (9). It is
involved in the inactivation of steroid hormones that include
androgens, progestins, and glucocorticoids. In endocrine
target tissues, 3R-HSD isoforms convert 5R-dihydrotes-
tosterone (a potent androgen with aKd of 10-11 M for the
androgen receptor) into 3R-androstanediol (a weak androgen
with a Kd of 10-6 M for the androgen receptor) (10, 11). In
the central nervous system (CNS), 3R-HSD isoforms are
implicated in the conversion of 5R-dihydroprogesterone to
allopregnanolone, an allosteric effector of the GABAA

receptor (12-14). Thus, 3R-HSD isoforms can regulate the
ligand occupancy of nuclear receptors and membrane-bound
ion channels (15-18). Unlike the rat enzyme, the human
homologues of 3R-HSD (AKR1C1-AKR1C4) display func-
tional plasticity in that these isoforms demonstrate 3R-, 17â-,
and/or 20R-HSD activities in different ratios with signifi-
cantly decreasedkcat values (19). The high levels of sequence
identity of the rat and human enzymes raise the issues of
what governs steroid hormone affinity and what determines
kcat. Because rat liver 3R-HSD is the most thoroughly

characterized steroid hormone-transforming AKR, it provides
a solid model for tackling these problems, not just within
the rubric of aldo-keto reductases, but may also provide some
insight into other steroid-transforming enzymes as well.

The three-dimensional structures of the apoprotein, the E‚
NADP+ binary complex, and the E‚NADP+‚testosterone
ternary complex have been determined for rat 3R-HSD (8,
20-21). The protein adopts an (R/â)8-barrel fold or TIM
barrel motif of alternatingR helices andâ strands. The steroid
binding site is formed by a cylindrical cavity comprised of
loops on the C-terminal side of the protein. A comparison
of the binary and ternary complexes indicates loop movement
upon steroid binding, and the loops that undergo the greatest
conformational change are theâ1-R1 loop, loop B, and loop
C. Within these loops, 10 residues comprise the steroid-
binding pocket of 3R-HSD. Two are catalytic, Y55 and H117
(22), and the remainder are T24, L54, F118, F129, T224,
W227, N306, and Y310 (Figure 1). An alignment of the
putative steroid binding site residues of AKR1C enzymes
shows that while there is variability, a few discrete residues
are highly conserved (23). For example, T226 in rat 3R-
HSD is not at all conserved among any of the AKR1C human
isoforms. Conversely, both F118 and W227 are highly
conserved, and these residues probably play more important
structural and/or functional roles.

Here we present the first systematic analysis of contact
residues in a steroid binding site based on the available X-ray
structure of a complete protein. We found that the alanine
mutants did not alter theKd for cofactor (first ligand). The
Kd for the binding of testosterone and progesterone to the

2 The nomenclature for the AKR superfamily was recommended at
the 8th International Symposium on Enzymology and Molecular Biology
of Carbonyl Metabolism. The following website provides updated
information on the AKR superfamily: http://www.med.upenn.edu/akr.

FIGURE 1: Residues that line the steroid binding site of rat liver 3R-HSD. A stereoview of the binding pocket of rat 3R-HSD containing
the cofactor NADP+ and the competitive inhibitor testosterone. The catalytic residues are colored red (Tyr55 and His117). The remaining
residues are Thr24, Leu54, Phe118, Phe129, Thr226, Trp227, Asn306, and Tyr310.
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E‚NADPH complex was more adversely affected when
alanine replaced a hydrophobic residue. The largest effects
were onkcat/Km and were reflected by dramatic decreases in
kcat, suggesting that the mutations severely affected the rate-
determining step in the 3R-HSD-catalyzed reaction. Transient
kinetic analyses showed that alanine mutations of aromatic
hydrophobic residues altered the rate-determining step.
Whereas product release in the wild-type (WT) protein was
the largest determinant ofkcat for 3R-hydroxy-5R-androstan-
17-one (androsterone) oxidation, chemistry became rate-
limiting when hydrophobic residues were mutated to alanine.
This suggests that binding cavity residues not only control
steroid hormone affinity but also affect the rate of oxidation,
which becomes rate-limiting when the steroid fails to make
proper contact with these residues.

EXPERIMENTAL PROCEDURES

Materials. The primers used for site-directed mutagenesis
were purchased from GibcoBRL. The pET-16b expression
vector was purchased from Novagen. J. E. Walker of the
MRC Laboratory of Molecular Biology (Cambridge, U.K.)
kindly provided theEscherichia coliC41 (DE3) strain. The
Quikchange site-directed mutagenesis kit was purchased from
Stratagene. NAD+, NADP+, and NADPH were purchased
from Roche Biochemicals. All steroids were obtained from
Steraloids. All other compounds were obtained from Sigma
or Aldrich and were ACS grade or better.

Mutagenesis, Expression, and Purification of Recombinant
WT and Mutant 3R-HSDs. The pET16b-3R-HSD expression
vector and details of the site-directed mutagenesis protocols
have been described previously (24). The forward and reverse
primers used to produce the T24A, L54A, F118A, F129A,
T226A, W227A, N306A, and Y310A mutants are listed in
Table 1. Dideoxy sequencing ensured the fidelity of the
mutant constructs. The pET16b-3R-HSD vectors encoding
each of the mutants were used to transformE. coli C41 (DE3)
cells. The overexpressed proteins were purified by successive
chromatography on DE-52 cellulose and Sepharose Blue as
described previously (25). The T24A mutant was purified
in a single step with a DE-52 anion exchange column
followed by elution with a NaCl gradient (from 10 to 250
mM NaCl). SDS-PAGE was utilized to assess protein
purity, and protein concentrations were determined by the

method of Lowry (26) using bovine serum albumin as a
standard.

The homogeneous WT and mutant enzymes were stored
at -80 °C in storage buffer [20 mM potassium phosphate
(pH 7.0) with 30% glycerol, 1 mM EDTA, and 1 mM
â-mercaptoethanol]. Specific activity measurements were
made using standard assay conditions consisting of 100 mM
potassium phosphate buffer (pH 7.0), 2.3 mM NAD+, and
75µM androsterone with 4% acetonitrile as a cosolvent. For
kinetic measurements, each batch of enzyme was analyzed
in the standard androsterone assay. The same number of units
based on the final specific activity of that mutant was then
added to each assay.

Determination of Kd Values for NADPH by Fluorescence
Titration. Kd values for the binding of cofactor NADPH to
r3R-HSD and its mutants were determined by measuring
protein fluorescence on an AVIV automated titrating dif-
ferential/ratio spectrofluorimeter following the incremental
addition of NADPH (40 nM to 6.0µM). Each sample
contained 0.20µM protein in 10 mM potassium phosphate
buffer (pH 7.0) containing 1 mM EDTA at 25°C. The total
volume change from the addition of cofactor was less than
2%. The samples were excited at 290 nm with the fluores-
cence emission scanned from 305 to 480 nm with the
excitation and emission band-pass set at 5 nm. Since the
enzymes bind NADPH very tightly, the depletion of ligand
during the titration was taken into account using a modified
Scatchard analysis as described by Ehrig (27). Briefly, the
fractional saturation (R) by ligand of the total available ligand
binding sites was equated to the ratio of∆F/∆Fmax, where
∆F is the change in fluorescence at a given ligand concentra-
tion and∆Fmax is the maximal change in fluorescence at a
fully saturating ligand concentration. The dissociation con-
stant was determined using eq 1, where the fractional
saturation (R) is related to the total concentration of ligand
(L0).

whereE0 is the total active site concentration andKd is the
dissociation constant. TheKd was obtained from the slope
of a plot of 1/(1- R) versusL0/R, where they-axis intercept
yields the concentration of binding sites (28). The value of
KdNADPH for the WT enzyme was 137( 12 nM and was

Table 1: Oligonucleotide Primers Used To Generate Alanine Mutations in Rat Liver 3R-HSDa

mutant primer

T24A forward, 5′-dGGGTTTGGAACCGCTGTGCCTGAGAAGG-3′
reverse, 5′-dCCTTCTCAGGCACAGCGGTTCCAAACCC-3′

L54A forward, 5′-GACTCTGCTTATGCGTACGAAGTAGAAGAG-3′
reverse, 5′-CTCTTCTACTTCGTACGCATAAGCAGAGTC-3′

F118A forward, 5′-GTGGATCTTTATATTATTCATGCCCCAATGGCTTTGCAG-3′
reverse, 5′-CTGCAAAGCCATTGGGGCATGAATAATATAAAGATCCAC-3′

F129A forward, 5′-GGAGATATATTTGCCCCACGAGATGAG-3′
reverse, 5′-CTCATCTCGTGGGGCAAATATATCTCC-3′

T226A forward, 5′-GGAAGTTCACGAGACAAAGCATGGGTGGATCAGAAAAGTCC-3′
reverse, 5′-GGACTTTTCTGATCCACCCATGCTTTGTCTCGTGAACTTCC-3′

W227A forward, 5′-GGAAGTTCACGAGACAAAACAGCGGTGGATCAGAAAAGTCC-3′
reverse, 5′-GGACTTTTCTGATCCACCGCTGTTTTGTCTCGTGAACTTCC-3′

N306A forward, 5′-CAGAAATTTCAGATACGCCAATGCAAAATATTTTGATGACCATCC-3′
reverse, 5′-GGATGGTCATCAAAATATTTTGCATTGGCGTATCTGAAATTTCTG-3′

Y310A forward, 5′-CAGATACAACAATGCAAAAGCCTTTGATGACCATCCCAATCATCC-3′
reverse, 5′-GGATGATTGGGATGGTCATCAAAGGCTTTTGCATTGTTGTAT CTG-3′

a Underlined codons indicate the site of the mutation.

L0/R ) Kd/(1 - R) + E0 (1)
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similar to previously reported values ofKdNADPH (140 nM)
when fluorescence data were fit to a straight hyperbola (24).

Determination of Kd Values for Testosterone and Proges-
terone by Fluorescence Titration. Kd values for the binding
of testosterone and progesterone (Figure 2) to 3R-HSD and
its mutants were determined by titrating the energy transfer
band of the E‚NADPH binary complex by the incremental
addition of testosterone (100 nM to 120µM) and proges-
terone (10 nM to 75µM). Each sample contained 0.20µM
enzyme, 10 mM potassium phosphate buffer (pH 7.0)
containing 1 mM EDTA, 4% acetonitrile, and 4.0µM
NADPH at 25 °C. On the basis of theKdNADPH for each
alanine mutant (120-340 nM), each enzyme sample was
completely saturated with the cofactor. The samples were
excited at 290 nm with fluorescence emission monitored from
305 to 480 nm with the excitation and emission band-pass
set at 5 nm. The emission signal atλmax (435 nm) was used
to determineKd values. A modified Scatchard analysis
identical to that described above was utilized to determine
the Kd values for testosterone and progesterone.

Determination of Steady-State Kinetic Parameters. Initial
velocities were measured on a Beckman DU-640 UV-vis
spectrophotometer by observing the rate of change in
absorbance of the pyridine nucleotide at 340 nm (ε ) 6270
M-1 cm-1) in 1 mL samples using a path length of 1 cm.
Measurements of theKm andkcat values for the oxidation of
androsterone, 3R-hydroxy-5â-androstan-17-one, 3R-hydroxy-
5R-pregnan-20-one, and 3R-hydroxy-5â-pregnan-20-one (Fig-
ure 2) were made in 100 mM potassium phosphate buffer
(pH 7.0) containing 2.3 mM NAD(P)+ with 6% acetonitrile
as a cosolvent at 37°C. To compare steady-state kinetic
parameters with transient kinetic results, androsterone oxida-
tion by the WT, W227A, F118A, and T226A mutants was
also monitored in 10 mM potassium phosphate buffer (pH
7.0) with 4% acetonitrile at 25°C.

To increase the sensitivity of the assay, a spectrofluori-
metric assay was employed when necessary using either an

AVIV automated titrating differential/ratio spectrofluorimeter
or a Hitachi F-2500 fluorescence spectrophotometer. Samples
(0.5 or 1.0 mL) containing the same final concentrations as
described for the UV-vis spectrophotometer assays were
used. Excitation and emission wavelengths were set at 340
and 450 nm, respectively, and the rate of change in
fluorescence emission of the cofactor at 450 nm was
monitored to determine initial velocities. Changes in fluo-
rescence units were converted to nanomoles of cofactor by
using standard curves of fluorescence emission at 450 nm
versus known cofactor concentrations. Standard curves were
constructed on a daily basis.

All reactions were initiated by the addition of enzyme and
were corrected for nonenzymatic rates. Allkcat andKm values
were calculated using GRAFIT 5.0 (Erithacus Software) by
fitting untransformed data with a hyperbolic function, as
originally described by Wilkinson (29), yielding estimates
of the kinetic constants and their associated standard errors.

Transient Kinetics. Transient kinetic traces were acquired
using an Applied Photophysics SX-18MV-R stopped-flow
apparatus in fluorescence mode with excitation at 340 nm
and emission monitored using a 450 nm band-pass filter.
For these measurements, the temperature was set at 25°C
and not 37°C to slow the pre-steady-state rates for more
manageable data acquisition. Reactions were carried out in
10 mM potassium phosphate buffer (pH 7.0) and 4%
acetonitrile. Standard curves with known NADPH concentra-
tions were constructed on a daily basis. The change in signal
was monitored as a function of time for the NADP+-
dependent oxidation of androsterone. For single-turnover
experiments, one syringe contained 2µM enzyme and
limiting NADP+ (1.0µM) while the second syringe contained
increasing concentrations of androsterone (final concentration
range of 2-45 µM). For multiple-turnover experiments, one
syringe contained 1.8-2.0 µM enzyme and excess NADP+

(60 µM) while the second syringe contained increasing
concentrations of androsterone (final concentration range of
5-45 µM).

The progress curves were analyzed using the SX18.MV-R
software version 4.46. Progress curves from single-turnover
experiments fitted a first-order process. Since a plot ofkobs

versus steroid concentration showed saturation kinetics, rates
were fitted to eq 2 to determineklim values.

whereklim ) kmax for single turnover andkmax ) kmax for
multiple turnovers. In multiple-turnover experiments showing
burst phase kinetics, the rate constants for the burst phase
(kburst) and the rate constants for the linear phase of the
reaction (kss) displayed saturation kinetics. Data were fit to
eq 2 to determine thekmax for the burst phase and thekmax

for the steady-state rate. In multiple-turnover experiments
showing no burst phase, the rate constants for the linear phase
were fit to eq 2 to determine thekmax for the steady-state
rate.

RESULTS

Expression and Purification of Recombinant WT and
Mutant 3R-HSDs. WT 3R-HSD and alanine mutants of the
residues that line the testosterone binding pocket, e.g., T24A,
L54A, F118A, F129A, T226A, W227A, N306A, and Y310A,

FIGURE 2: Steroid hormones (competitive inhibitors) and substrates
used to analyze rat liver 3R-HSD and its alanine mutants. Most
hydrogens have been eliminated for clarity.

kobs) kmax[steroid]/(K0.5 + [steroid]) (2)
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were overexpressed inE. coli C41 (DE3) cells and purified
to homogeneity. The specific activities of the purified
proteins for the NAD+-dependent oxidation of androsterone
were 1.60, 0.86, 0.08, 0.01, 0.03, 0.96, 0.006, 0.09, and 0.10
µmol min-1 mg-1 for the WT enzyme and the T24A, L54A,
F118A, F129A, T226A, W227A, N306A, and Y310A
mutants, respectively. The WT and mutant forms of 3R-HSD
appeared as single homogeneous bands with the same
molecular mass on SDS-PAGE gels (data not shown).

Determination of the Binding Constants for NADPH.To
determine whether the alanine mutations affected binding
of the cofactor to rat 3R-HSD, we assessed the ability of
NADPH to quench the intrinsic tryptophan fluorescence in
each mutant. This study is possible because 3R-HSD
catalyzes an ordered bi-bi kinetic mechanism in which there
is an obligatory requirement for cofactor to bind before
steroid hormone (30-33). Each mutant had the same relative
intrinsic tryptophan fluorescence except for W227A, which
had ∼65% of the intrinsic tryptophan fluorescence of the
WT enzyme. Rat 3R-HSD has three tryptophans, and
previous mutation of these residues indicated that W227
contributed to 33% of the fluorescence signal (25). Fluores-
cence titration of each alanine mutant with NADPH showed
only minor changes inKd of 2-3-fold for the cofactor (Table
2) and cannot account for the 100-fold variation in the
specific activity of the mutants. Because the binding of the
cofactor requires interactions with 21 different residues (34),
we conclude that the alanine mutations had not affected the
cofactor affinity of this site.

Determination of the Binding Constants for Testosterone
and Progesterone. To determine whether the alanine muta-
tions affected binding of the steroid hormone to the 3R-HSD‚
NADPH binary complex, we devised a novel assay. For this
assay, we exploited the observation that the energy transfer
band produced during the formation of the E‚NADPH binary
complex could be quenched by steroid hormone. This
phenomenon can be explained by the steroid inserting itself
between W86 and the nicotinamide ring of the cofactor,
thereby disrupting the energy transfer (25). By adding steroid
incrementally to the E‚NADPH complex, we showed that
the energy transfer band could be titrated to give a binding
isotherm and aKd value similar to that observed in equilib-
rium dialysis. Previous estimates ofKd values for the binding
of testosterone to the 3R-HSD‚NADPH binary complex have

relied on the technically more difficult microequilibrium
dialysis assay using radiolabeled testosterone. For these
experiments, NADH instead of NADPH was utilized because
of the instability of the NADPH cofactor for overnight
dialysis (25). The Kd value for testosterone binding by
equilibrium dialysis was found to be 4.2( 0.8, and theKd

value for testostorone binding by fluorimetric methods was
found to be 2.54( 0.28 µM. The ability of NADPH to
increase steroid affinity has been previously noted (9). Using
this new assay, we were able to efficiently determineKd

values for testosterone and progesterone for the WT and each
of the alanine mutants (Table 2).

Results showed that steroid hormone binding was affected
by alanine mutations resulting inKd changes of up to 23-
fold. Alanine mutations of short polar groups such as T24A
and T226A gaveKd values for testosterone and progesterone
similar to those observed for the WT enzyme. The largest
adverse effects were obtained when alanine replaced aromatic
residues. The W227A mutant displayed the lowest affinity
for both testosterone and progesterone among all the mutant
enzymes. Testosterone binding affinity decreased by 4-fold
in the W227A mutant, and progesterone binding affinity
decreased by 23-fold compared to the WT value.

Effects of the Alanine Mutations on Substrate TurnoVer.
Rat 3R-HSD will reduce 3-ketosteroids and oxidize 3R-
hydroxysteroids of C19 and C21 steroids irrespective of
whether they contain A/Btransor A/B cis ring fusions. The
latter ring fusion distorts the A ring 90° out of plane. To
determine whether the alanine mutants would discriminate
among these steroids, 3R-hydroxysteroids of these configura-
tions were screened as substrates (Figure 2). Measurements
of catalytic efficiency (kcat/Km) showed that in some instances
profound changes of more than 2 log units had occurred as
a result of the alanine mutations (see the Supporting
Information). Substitution of short polar groups such as T24A
and T226A led tokcat/Km values indistinguishable from that
of the WT enzyme, while substitution of aromatic hydro-
phobic residues (W227A, F129A, and F118A) gave the
largest decreases inkcat/Km. The effects onkcat/Km followed
the same rank order for C19 steroids irrespective of the A/B
ring configuration. We predict that the outcome is the same
for C21 steroids, but the data are incomplete because of
constraints imposed by steroid solubility.

The effects onkcat/Km were dissected by examining the
effects of the alanine mutations onkcat andKm individually.
Overall, the effects onKm were small (with the largest
increase being only 10-fold from the WT value) and were
less profound than the effects onKd values for steroid
hormones. By far, the largest effects were onkcat, where
changes of almost 300-fold were observed for some mutant
proteins. Globally, alanine mutants affectedkcat in the same
rank order as the effects onkcat/Km, showing that the
dominant effect was onkcat.

To determine if the effects onkcat/Km were cofactor-
dependent, steady-state kinetic parameters for the substrate
pair NADP+ and androsterone were also determined. Results
showed an essentially similar pattern whereby changes in
Km values were small in comparison to changes inkcat values.
The most dramatic decreases were observed for alanine
mutations of large hydrophobic residues. For example, the
W227A mutant showed a decrease inkcat of more than 200-
fold, but only showed an increase inKm of ∼4-fold.

Table 2: Determination ofKd Values for Binding of Ligand to Rat
3R-HSD and Its Alanine Mutantsa

enzyme
Kd(NADPH)

(nM)
Kd(testosterone)

(µM)
Kd(progesterone)

(µM)

WT 137( 12 2.54( 0.22 0.285( 0.22
T24A 255( 17 2.12( 0.19 0.579( 0.58
L54A 231( 22 7.24( 0.79 1.85( 0.19
F118A 341( 26 6.68( 0.71 1.84( 0.20
F129A 120( 8 4.30( 0.44 1.41( 0.13
T226A 279( 15 0.99( 0.10 0.211( 0.22
W227A 244( 20 10.7( 1.2 6.49( 0.69
N306A 207( 18 6.67( 0.77 1.93( 0.18
Y310A 249( 19 9.20( 0.94 2.19( 0.19

a These values are revised from previously published analyses (37).
The current data set utilizes a broader dynamic range of ligand
concentrations. In addition, ternary complex formation was assessed
under conditions in which the enzyme was present wholly as E‚NADPH
and all binding constants were computed using a modified Scatchard
analyses (27). These values supersede the earlier ones.
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Similarly, the F118A and F129A mutants decreasedkcat more
than 100-fold but increasedKm by a modest 2-fold (see the
Supporting Information).

Effects of the Alanine Mutations on Transient Kinetics of
Steroid TurnoVer. Single-turnover and multiple-turnover
experiments were performed on the WT, W227A, F118A,
and T226A enzymes to determine the roles of mutated
residues on the microscopic rate constants for steroid turnover
(Table 3 and Figures 3 and 4). W227A and F118A were
chosen since theirkcat values were maximally depressed. As
a comparison, transient-state kinetic analyses were performed
on T226A because it exhibited steady-state kinetic parameters
similar to those of the WT enzyme. The substrates used in
these reactions were NADP+ and androsterone.

Using the WT enzyme, single-turnover experiments were
performed under conditions in which the enzyme could not
recycle. As the androsterone concentration increased, thekobs

for the kinetic transients exhibited saturation kinetics (Figure
3A,B) in which klim values (68 s-1) were much greater than
kcat values (0.83 s-1). Under multiple-turnover conditions,
the oxidation of androsterone exhibited burst kinetics (Figure
4A). The amplitude of the burst coincided with the concen-
tration of enzyme added (>98% of the protein), and thekmax

of the burst (51 s-1) coincided with theklim values observed
in the single-turnover experiments. In contrast, thekmax (0.77
s-1) for the steady-state turnover of androsterone was
identical tokcat (0.83 s-1). This suggests that the slow release
of products is partially rate-determining for the WT enzyme
when NADP+ and androsterone are cosubstrates.

When W227A and F118A enzymes were used in single-
turnover experiments for androsterone oxidation, saturation
kinetics were observed (Figure 3C,D), but theirklim values
(0.0052 and 0.0067 s-1, respectively) were essentially
identical to their kcat values (0.0053 and 0.0083 s-1,
respectively). Under multiple-turnover conditions, the oxida-
tion of androsterone catalyzed by these same mutants no
longer showed a burst phase (Figure 4C,D). Saturation
kinetics were again observed, andkmax equaledkcat. This
suggests that the slow release of products is no longer rate-
limiting since another event has become the slowest overall.
Conversely, the T226A mutant exhibited transient-state
kinetic parameters similar to those of the WT protein,
wherebyklim (98 s-1) is greater thankcat (0.57 s-1) in single-
turnover experiments (Figure 3E,F). Under multiple-turnover
conditions, the oxidation of androsterone was similar to that
observed with the WT protein in that burst phase kinetics
were observed (kmax of burst) 110 s-1) and coincided with

the klim for the single-turnover experiments (Figure 4E,F).
Again, the kmax (0.67 s-1) for steady-state turnover was
identical tokcat (0.57 s-1).

DISCUSSION

We systematically dissected the role of individual amino
acid residues implicated in the binding of testosterone to rat
3R-HSD, a representative AKR. We used alanine scanning
mutagenesis and found that the residues in the pocket dictate
the correct positioning of steroid substrates to facilitate
catalysis as shown by large decreases inkcat values of more
than 2 log units. Furthermore, these same residues can
influence the rate-determining step as revealed by micro-
scopic rate constants determined by transient kinetics. In
contrast, the largest effects on steroid hormone binding (Kd)
were highlighted by a more modest 23-fold change.

To ensure that the mutations did not disrupt cofactor
binding, quenching of the intrinsic protein fluorescence upon
NADPH binding showed that cofactor affinity was essentially
unaltered. Mutation of the steroid-binding pocket residues
into alanine produced only marginal changes in theKd values
for NADPH, where each mutant bound cofactor with
nanomolar affinity.

We used a novel fluorescence quench assay to assess the
binding of testosterone and progesterone to rat 3R-HSD. Here
the ability of the steroid hormone to quench the energy
transfer band in the E‚NADPH binary complex was ex-
ploited. It was found that the largest effects onKd were a
4-fold increase for testosterone binding and a 23-fold increase
for progesterone binding. Substitution of alanine for short
polar residues produced only minor changes, whereas the
more pronounced effects were seen when alanine replaced
aromatic hydrophobic residues. Both ligands were bound by
the mutants in a similar rank order, where the W227A mutant
most adversely affected steroid hormone binding. At first
glance, it is unclear why the W227A mutant decreased the
affinity for progesterone by 23-fold but decreased the affinity
for testosterone by only 4-fold. In the E‚NADP+‚testosterone
crystal structure, W227 interacts with the A and B rings of
the steroid (8) and not with the side chain at C17, which is
where the difference in the structure of the two hormones
exists. However, W227 may adopt different conformations,
which is evident when the crystal structures of rat 3R-HSD
(AKR1C9) and human type 3 3R-HSD (AKR1C2) (23) are
compared. In the AKR1C2‚NADP+‚ursodeoxycholate ternary
complex, W227 rotates 120° relative to its position in the
AKR1C9‚NADP+‚testosterone ternary complex. In the former
structure, ursodeoxycholate is now bound essentially back-
ward (A ring in the D ring position) and upside down (R-
face inverted) relative to the position of testosterone in rat
3R-HSD. Thus, rotation of W227 in the human type 3 3R-
HSD permits a C24 steroid to bind in a new orientation by
contacting the C and D rings of ursodeoxycholate and
preventing clashing with the C18 angular methyl group. The
absence of W227 in the W227A mutant may now permit an
alternative binding mode for the C21 steroid progesterone,
thereby decreasing the affinity for this ligand.

The unexpected finding in this study was the profound
effects of the alanine mutations onkcat/Km that were largely
reflected inkcat. Identical trends were observed irrespective
of whether the NAD+- or NADP+-dependent oxidation of

Table 3: Comparison ofkcat Values with the Microscopic Rate
Constants Detected in the Transient State for the Oxidation of
Androsterone and NADP+

enzyme

kcat in the
steady

statea (s-1)

klim of
single

turnovera (s-1)

kmax of the
burst in
multiple

turnoversa (s-1)

kmax of the
steady state
in multiple

turnoversa (s-1)

WT 0.83 68 51 0.77
T226A 0.57 98 110 0.67
F118A 0.0083 0.0067 none 0.0075
W227A 0.0053 0.0052 none 0.0063

a Steady-state and transient-state determinations were performed at
25 °C with 10 mM potassium phosphate buffer (pH 7.0) and 4%
acetonitrile.
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androsterone was assessed.kcat represents the rate-limiting
step in the reaction, raising the issue of why the alanine
mutants affect this step. 3R-HSD catalyzes an ordered bi-bi
kinetic mechanism in which the cofactor binds first and
leaves last (30-33). Studies on aldose reductase (AKR1B1),
another representative AKR, indicated that the rate-determin-
ing step in the reduction direction was governed by the slow
isomerization of a tight E*‚NADP+ complex to a loose E‚
NADP+ complex, defined byk4, which governs the rate of
NADP+ release (eq 3) (35). The slow release of NADP+

was supported by burst kinetics.

In the oxidation direction, no burst of NADPH production
was observed since chemistry was greatly rate-limiting
overall by 85% andk4 was a minor contributor to the overall
reaction (15%). On the basis of these previous findings from
a related AKR, we hypothesized that the rate-determining

step in the oxidation of 3R-hydroxysteroids by AKR1C9
would be chemistry. Therefore, we expected no burst of
NADPH production under multiple-turnover conditions.

We have previously conducted a stopped-flow fluores-
cence kinetic study, in which we determinedk4 for the release
of NADP(H) predicted by a two-step binding model (24).
In each case, this microscopic rate constant was larger than
kcat. We have re-examined the microscopic events associated
with cofactor binding using a more sensitive stopped-flow
instrument with less dead time and superior data fitting
software (36). While both studies support a slow conforma-
tional change upon NADP(H) binding, the latter study
provides evidence for a three-step binding model (eq 4).

Kinetic transients of NADP(H) binding best fitted a biex-

FIGURE 3: Representative transient kinetic traces for the NADP+-dependent oxidation of androsterone by WT, W227A, and T226A proteins
under single-turnover conditions. Panels A, C, and E depict the average from five traces of single-turnover stopped-flow progress curves
in the 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 25°C and 4% acetonitrile. The transient trace in panel A was the result of mixing 2µM WT enzyme
and 1µM NADP+ in syringe 1 and 18.8µM androsterone in syringe 2. The transient trace in panel C was the result of mixing 2µM
W227A enzyme and 1µM NADP+ in syringe 1 and 6µM androsterone in syringe 2. The transient trace in panel E was the result of mixing
2 µM T226A enzyme and 1µM NADP+ in syringe 1 and 18.8µM androsterone in syringe 2. First-order rate constants (kobs) were determined
by fitting data to a single-exponential equation over a range of androsterone concentrations (3-45 µM). The bottom traces in each panel
show a plot of residuals from the single-exponential fit. Panels B, D, and F are plots ofkobs versus androsterone concentration for WT,
W227A, and T226A enzymes, respectively, which exhibit saturation kinetics.
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k1

k2
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k3

k4
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ponential process comprised of a fast phase and a slow phase,
in which the microscopic rate of the slow phase of NADPH
release now approaches the value ofkcat (Y. Jin and T. M.
Penning, unpublished results). Thus, in the enzymatic oxida-
tion of androsterone using NADP+ as a cofactor, product
release (NADPH) could be partially rate-limiting.

This study shows that whilekcat decreased by up to 2 log
units in the alanine mutants,KdNADPH is essentially unchanged
which suggests that thekoff/kon rates for the mutants were
unaltered. If changes in the binding and/or release of steroid
were responsible for the large decrease inkcat, then this should
be reflected by large changes inKd for the competitive
inhibitors, testosterone and progesterone. However, profound
changes in these values were not observed. We therefore
hypothesized that the alanine mutants that dramatically
decreasedkcat must adversely affect either the hydride transfer

or proton donation events that occur in the chemical step.
Our hypothesis must explain why alanine mutations of short
polar residues retainedkcat/Km values similar to that of the
WT enzyme and why alanine mutations of hydrophobic
aromatic residues gave the largest deviations inkcat/Km.

To test our hypothesis, we conducted single-turnover and
multiple-turnover transient kinetics for the oxidation of
androsterone catalyzed by the WT enzyme and compared
these values with those of W227A and F118A, the mutants
with the most depressedkcat values. W227 and F118 are also
highly conserved residues among AKR1C isoforms. We also
performed experiments on T226A, a mutant that exhibited
kcat values similar to that of the WT. T226 is not conserved
among AKR1C enzymes. Thus, the mutations we used for
our transient kinetic work were chosen on the basis of their
kinetic profile (mutants with a very lowkcat vs mutants with

FIGURE 4: Representative transient kinetic traces for the NADP+-dependent oxidation of androsterone by WT, W227A, and T226A proteins
under multiple-turnover conditions. Panels A, C, and E depict the average from five traces of multiple-turnover stopped-flow progress
curves in the 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 25°C and 4% acetonitrile. The transient trace in panel A was the result of mixing 2µM WT enzyme
and 60µM NADP+ in syringe 1 and 37.6µM androsterone in syringe 2. The transient trace in panel C was the result of mixing 2µM
W227A enzyme and 60µM NADP+ in syringe 1 and 56.2µM androsterone in syringe 2. The transient trace in panel E was the result of
mixing 1.8µM T226A enzyme and 60µM NADP+ in syringe 1 and 75µM androsterone in syringe 2. Progress curves shown in panels A
and E emphasize the pre-steady-state burst. For the WT and T226A enzymes, first-order rate constants for the burst phase (kburst) and the
zero-order rate constants for the steady state (kss) were obtained by fitting data to the equation for a single exponential with a steady state
(y ) Ae-kburstt + ksst + C, wherey is the signal,A the amplitude of the burst,t the time, andC the intercept) over a range of androsterone
concentrations (5-45 µM). For the W227A enzyme, zero-order rate constants for the steady state were obtained by fitting data to the linear
regression equation (y ) ksst + C, wherey is the signal,t the time, andC the intercept) over a range of androsterone concentrations. Panels
B, D, and F are plots ofkss vs androsterone concentration for WT, W227A, and T226A enzymes, respectively, which exhibit saturation
kinetics for the linear, steady-state phase of the reaction.
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a highkcat) and the fact that they were not catalytic residues.
Other alanine mutants exhibited intermediary decreases in
kcat/Km values, but these residues might still play an important
function in steroid binding and catalysis. For example, the
L54A mutant decreasedkcat by 30-fold and is predicted to
play a significant role in steroid positioning. AKR1C1 and
AKR1C2 differ by only seven amino acid residues, of which
only one is located in the steroid-binding pocket. (AKR1C1
has a leucine at residue 54, but AKR1C2 has a valine at this
same position.) However, AKR1C1 has high 20R-HSD
activity, while AKR1C2 has no detectable 20R-HSD activity
but has a very high affinity for bile acids (19, 23).

Single-turnover experiments were designed so that the
enzyme could not recycle. After mixing, the events that were
monitored include steroid binding, chemistry, and product
release. However, no lag phase kinetics are observed upon
mixing the steroid, suggesting that the binding of the second
substrate is not a slow event. Thus, the events monitored
under single-turnover conditions are based only on the rate
of steroid transformation and product release. A single
turnover of androsterone oxidation by WT showed thatklim

is considerably greater thankcat, which indicates that
chemistry is not rate-limiting. Multiple turnovers of andros-
terone oxidation exhibited burst phase kinetics, which
confirms that a subsequent step after steroid transformation,
specifically product release, is rate-limiting overall.

Unlike AKR1B1 in which chemistry was rate-limiting in
the oxidation of xylitol, our study shows that the rate-
determining step for the oxidation of androsterone by
AKR1C9 is governed by product release. Interestingly,
AKR1B1 undergoes a two-step binding mechanism for
NADP(H), which involves the formation of a safety belt
across the pyrophosphate bridge, resulting in an overall
increase in cofactor affinity of 650-fold in the tight complex
(35). In contrast, AKR1C9 undergoes a three-step binding
mechanism for NADP(H) (36), which involves the formation
of a cofactor anchor between R276 and the 2′-phosphate of
AMP but not the formation of a safety belt (24). The final
step is the slowest, but the overall increase in affinity for
the cofactor achieved in this binding mechanism of 30-fold
is smaller than that for AKR1B1. Thus, enzymes from the
same family with a high level of sequence identity differ in
their cofactor binding steps, and these steps have their own
discrete microscopic rate constants. These microscopic rate
constants may be rate-determining, depending on the reac-
tion.

Unlike the WT enzyme, oxidation of androsterone by
W227A under single-turnover conditions exhibits aklim value
that is identical to thekcat value. Furthermore, no burst phase
was observed under multiple-turnover conditions. These two
experimental findings demonstrate that mutation of W227
from a large hydrophobic residue to an alanine not only
impedes substrate turnover but also alters the rate-determin-
ing step from product release to chemistry. Similar findings
were observed for the F118A mutant. T226A exhibits
transient kinetic parameters similar to those of WT with a
klim value in single-turnover experiments considerably greater
than kcat and burst phase kinetics under multiple-turnover
conditions. This mutation suggests that chemistry is not rate-
limiting and that a product release event governs the rate-
determining step, which is similar to that of the WT protein.

In previous studies, we have interpretedkcat versus pH
profiles for the WT and catalytic tetrad mutants on the
assumption thatkcat was governed by the chemical step (22).
While this new study may question the previous interpreta-
tion, we emphasize that our model for the chemical mech-
anism is still sound. First, thekcat versus pH profiles
previously determined were constructed using a different
substrate pair, 5R-dihydrotestosterone and 3R-androstanediol,
and the results on androsterone oxidation reported here may
not be directly applicable. Second, these earlier studies
showed that the single mutation which eliminated the
titratable group with the maximum decrease in the pH-
independent value ofkcat (105) was seen in the Y55F mutant
in both the reduction and oxidation directions, supporting
the role of Y55 as the general acid or base. Third, in acting
as a general acid or base, Y55 used different neighboring
residues, H117 or K84, respectively, to alter its ionization
state. The H117A and K84M mutants also decreasedkcat

significantly but only in the reduction and oxidation direc-
tions, respectively.

The dramatic effects seen onkcat and notKm or Kd by
alanine scanning mutagenesis suggest that changes in the
amino acid residues that line a steroid-binding pocket
severely impede the catalytic power of the AKR. Alanine
substitutions provide space in the binding site cavity where
the ligands are no longer held in their most favorable
orientation for the reaction to occur. This causes the steroid
to wobble in the binding site, which in turn causes another
microscopic step in the 3R-HSD mechanism to become rate-
limiting. The highly conserved residues in the binding pocket
of AKR1C enzymes (i.e., W227 and F118) are critical not
only for steroid binding but also in positioning the steroid
for participation in catalysis. The net effect of the alanine
mutants was to disturb the positioning of the steroid substrate
at the active site so that the chemical event becomes solely
rate-determining.

The results of this alanine scanning mutagenesis study may
have broad applicability to other steroid hormone-transform-
ing enzymes and steroid binding proteins. They suggest that
substitution of individual short polar residues or hydrophobic
residues will have modest effects on affinity, but because
the optimal positioning of steroid hormone may be affected,
far greater effects on efficacy may be observed. For a steroid
hormone-transforming enzyme, effects onkcat, which over-
whelm the effects onKd, are anticipated. We speculate that
for a steroid receptor, effects on the transactivation (efficacy/
power) may overwhelm the effects onKd, where the motion
of the steroidal ligand within the binding site may influence
the ligand-induced conformational change that recruits co-
activators or corepressors.
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