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A Model for Multiple Steroid Recognition†,‡
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ABSTRACT: The enzyme 3â/17â-hydroxysteroid dehydrogenase (3â/17â-HSD) is a steroid-inducible
component of the Gram-negative bacteriumComamonas testosteroni. It catalyzes the reversible reduction/
dehydrogenation of the oxo/â-hydroxy groups at positions 3 and 17 of steroid compounds, including
hormones and isobile acids. Crystallographic analysis at 1.2 Å resolution reveals the enzyme to have
nearly identical subunits that form a tetramer with 222 symmetry. This is one of the largest oligomeric
structures refined at this resolution. The subunit consists of a monomer with a single-domain structure
built around a seven-strandedâ-sheet flanked by sixR-helices. The active site contains a Ser-Tyr-Lys
triad, typical for short-chain dehydrogenases/reductases (SDR). Despite their highly diverse substrate
specificities, SDR members show a close to identical folding pattern architectures and a common catalytic
mechanism. In contrast to other SDR apostructures determined, the substrate binding loop is well-defined.
Analysis of structure-activity relationships of catalytic cleft residues, docking analysis of substrates and
inhibitors, and accessible surface analysis explains how 3â/17â-HSD accommodates steroid substrates of
different conformations.

Microbial biotransformation of steroid hormones is carried
out by dehydrogenases, reductases, hydroxylases, and
isomerases (1, 2). Some of these activities are constitutive,
but several are steroid-inducible (2, 3). A bacterial strain,
isolated from contaminated soil, shown to degrade polyaro-
matic hydrocarbons and able to grow on testosterone as the
sole source of carbon, was initially classified asPseudomonas
testosteroniand later regrouped asComamonas testosteroni
(2, 4). Biochemical characterization led to the isolation of
several inducible enzyme activities from this strain, namely
3R-hydroxysteroid dehydrogenase (EC 1.1.1.50), 3â/17â-
hydroxysteroid dehydrogenase (EC 1.1.1.51), and 3-oxo,∆4,5

isomerase (EC 5.3.3.1). Subsequently, pathways leading to
the complete degradation of steroids were elucidated (5-7)
in P. testosteroni. The strong correlation between steroid
degradation and xenobiotic catabolism was further empha-
sized by the discovery thatP. testosteroniwas abundant in
heavily polluted environments (8). These Pseudomonas
strains express a variety of xenobiotic metabolizing enzymes
(9, 10), associated with increased resistance against steroid
antibiotics (11) mediated by hydroxysteroid dehydrogenases.

Hydroxysteroid dehydrogenases belong to two protein
families, aldo-keto reductases (AKR) or short-chain dehy-
drogenases/reductases (SDR), with the majority of the forms
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1 Abbreviations: HSD, hydroxysteroid dehydrogenase; SDR, short-
chain dehydrogenases/reductases; AKR, aldo-keto reductases; 17â-
HSD1, human 17â-hydroxysteroid dehydrogenase type 1; NAD+,
nicotinamide adenosine dinucleotide; PCR; polymerase chain reaction;
SDS/PAGE, sodium dodecyl (lauryl) sulfate-polyacrylamide gel
electrophoresis; PEG, poly(ethylene glycol); DTT, dithiothreitol; Ac,
acetate; MES, 2-(N-morpholino)ethanesulfonic acid; TRIS, tris(hy-
droxymethyl)aminomethane; MPD, 2-methyl-2,4-pentanediol; NCS,
noncrystallographic symmetry; daidzein, 7-hydroxy-3-(4-hydroxyphe-
nyl)-4H-1-benzopyran-4-one, 4′,7-dihydroxyisoflavone; PDB, protein
data bank (http://www.rcsb.org/pdb/);kcat, catalytic constant;KM,
Michaelis constant;-OH, hydroxyl; oxo, carbonyl; C4N, nicotinamide
carbon 4 in NAD(H); F, structure factor amplitude;Fo, observed
structure factor;Fc, calculated structure factor; rmsd, root-mean square
deviation; carbenoxolone, 3â-hydroxy-11-oxo-20â-olean-12-en-29-oic
acid hydrogen butanedioate; TES/testosterone, (17â)-17-hydroxyan-
drost-4-en-3-one; IU5/isoUDCA, 3â,12R-dihydroxy-5â-cholanoic acid
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grouped into the latter (12, 13). Both families contain
prokaryotic and eukaryotic members, and both share a similar
reaction mechanism, despite different folding patterns and
active-site architectures (13, 14). The C. testosteronihy-
droxysteroid dehydrogenases are SDR enzymes (15-17),
with similar nucleotide binding sites and active site residues.
The 3â/17â-hydroxysteroid dehydrogenase (3â/17â-HSD) is
a tetrameric NAD(H)-dependent enzyme, displays 3â- and
17â-OH dehydrogenase and corresponding oxo-reductase
activities with androgens, estrogens andisobile acids, and
also mediates morphine dehydrogenase activity (18-20).
Kinetic investigations have revealed an ordered mechanism
(21) and suggested a single catalytic site accommodating both
the 3â- and 17â- activities (22). We have reported the
crystallization of this enzyme (23) and now present the 1.2
Å resolution structure of the apoenzyme, analyze structure-
function relationships, and establish the influence of point
mutations.

EXPERIMENTAL PROCEDURES

Purification and Mutagenesis of Recombinant 3â/17â-
HSD. Molecular cloning of 3â/17â-HSD (EC 1.1.1.51) from
C. testosteroniATCC 11996 (Deutsche Sammlung fu¨r
Mikroorganismen, Braunschweig, Germany) was carried out
by generation of a PCR product from genomic DNA, which
introduced an N-terminal His-tag with an integrated thrombin
cleavage site (23). Purification was carried out by a
combination of affinity chromatography, thrombin cleavage,
and ion exchange chromatography (23, 24). Purity was
confirmed by SDS/PAGE, and protein concentrations were
determined spectrophotometrically using an extinction coef-
ficient of 18 020 M-1 cm-1 for the monomer. Site-directed
mutagenesis was carried out using either the “phosphorothio-
ate” or a PCR-based method (24). Mutant sequences were
confirmed by cycle sequencing (Big Dye, Applied Biosys-
tems) and analyzed using an ABI 377 system.

Enzymatic Activities of 3â/17â-HSD and Mutant Forms.
Activities were measured as NAD(H)-dependent 3â-and

17â-oxidoreductase activities by the absorbance at 340 nm,

using a molar extinction coefficient of 6.22 mM-1 cm-1 for
NADH (24). Steroids for activity measurements were test-
osterone (17â-HSD), androsterone (17-oxoreductase), 3â,-
12R-dihydroxy-5â-cholanoic acid (isoursodeoxycholic acid,
isoUDCA, 3â-HSD), dehydroepiandrosterone (3â-hydroxy-
5-androsten-17-one, 3â-HSD), and 5R-dihydrotestosterone
(3-oxoreductase). Determinations ofKM andkcat values for
the substrates and coenzyme were determined as described
(24). Binding of NADH was assessed by monitoring
fluorescence energy transfer as a function of cofactor
concentration (25) in 20 mM Tris-HCl, pH 7.0 at 298 K using
a Shimadzu RF-5000 spectrofluorometer. Binding of NAD+

was determined in a similar manner by displacement of
enzyme-bound NADH. Dissociation constants were obtained
by nonlinear regression using a 1:1 binding model.

Crystallization and Data Collection. Two crystal forms
(trigonal and orthorhombic) ofC. testosteroni3â/17â-HSD
were obtained from different crystallization conditions.
Experiments were performed at 277 K by employing the
vapor diffusion technique. Crystals of the trigonal form were
obtained from 100 mM NH4Ac, 10 mM DTT, 9% PEG 4000,
50 mM Na-MES at pH 5.5 in the reservoir solution.
Orthorhombic crystals were grown at a protein concentration
of 7.9 mg/mL, buffered by 50 mM Tris-HCl, pH 7.5, and
containing 10 mM DTT. Crystals appeared after several days
using 10% ethanol, 250 mM NaCl as reservoir solution and
usually grew for several weeks. They were mounted in a
fiber loop and flash-cooled in a 100 K nitrogen stream in
the presence of 15% MPD (orthorhombic) or 15% glycerol
(trigonal) as cryoprotectant. The simulated precession pic-
tures of the raw data in space groupP1, plotted with the
program PATTERN (26), pointed to space groupsP3121 or
P3221 for the trigonal data set and toP212121 for the
orthorhombic set. All data sets are summarized in Table 1.
We tried to obtain crystals as binary and ternary complexes
with NAD(H), steroids, or inhibitors, but soaking destroyed
the crystals even at low coenzyme/substrate concentrations,
and cocrystallization yielded poorly diffracting crystals.

Crystal Structure Determination and Refinement. In pre-
liminary crystallographic studies on 3â/17â-HSD (23), the
refined crystal structure of 3R/20â-hydroxysteroid dehydro-
genase fromStreptomyces hydrogenans(27) (PDB accession
code 2hsd) was chosen as the search model for molecular

or isoursodeoxycholic acid; AND, 3â-hydroxy-5-androsten-17-one;
ANA, 3R-hydroxy-5-androsten-17-one; DAI/daidzein, 7-hydroxy-3-(4-
hydroxyphenyl)-4H-1-benzopyran-4-one 4′,7 dihydroxyisoflavone; PYR,
5R-androstan-17R-methyl-17â-ol-3,4-pyrazole.

Table 1: X-ray Collection Statistics

data setP321 data setP212121 at 2 Å data setP212121 at 1.2 Å

a, Å; b, Å; c, Å 122.8, 122.8, 78.2 80.1, 110.5, 115.7 80.0, 110.6, 115.1
angles R ) â ) 90°, γ ) 120° R ) â ) γ ) 90° R ) â ) γ ) 90°
space group P3221 P212121 P212121

molecules/au dimer tetramer tetramer
total reflections 83 879 573 102 1 409 412
unique reflections 12 798 70 744 314 581
completeness, % (range, Å) 92.2 (106.3-3.0) 99.5 (85.0-2.0) 94.3 (40.0-1.18)
last shella 88 (3.1-3.0) 94.5 (2.04-1.98) 83.9 (1.25-1.22)
R-merge,b % (range, Å) 7.4 (106.3-3.0) 4.0 (85-2.0) 6.9 (40.0-1.18)
last shell 23.0 (3.1-3.0) 22.3 (2.04-1.98) 38.3 (1.25-1.22)
I/σ > 2, % (range, Å) 87.0 (106.3-3.0) 89.1 (85-1.98) 79.5 (40.0-1.18)
last shell 88.1 (3.1-3.0) 83.3 (2.04-1.98) 54.6 (1.25-1.22)
redundancy 3.6 7.0 4.0
source 711c XW7Ad XW7Bd

wavelength, Å 0.9960 1.0289 0.8424
a Only data to 1.22 Å were used.b R-merge) ∑iI i - 〈Ii〉/∑i〈Ii〉, whereIi is the scaled intensity of theith observation and〈Ii〉 is its mean intensity.

c Max-lab, Lund, Sweden.d EMBL Outstation Hamburg, Germany.
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replacement. Cross-rotation and translation searches in
AMORE using that model (23), and the trigonal data set
clearly indicatedP3221 as the correct space group. The
molecular model was improved by manual model building
and crystallographic refinement, using REFMAC (28). The
model refined in REFMAC was taken as the starting structure
for a first round of positional andB-factor refinement with
the program BUSTER-TNT (29-31), using hard NCS
constraints; the NCS operators were computed for the
N-terminus (residues 3-184) and C-terminus (residues 216-
253) separately from the model refined in REFMAC. A bulk
solvent correction was computed from a mask around the
model with a radius of 2 Å. The scattering from the missing
atoms was modeled using an envelope computed from the
BUSTER electron density by using the phases from the
starting REFMAC model and the bulk-solvent model. A
hundred cycles of refinement lowered the freeR-factor from
40.1% to 34.8%, and the workingR-factor from 39.4% to
29.2%. After inspection of the electron density and log-
likelihood gradient maps, 37 residues were omitted from the
refined model, and a maximum entropy calculation was
performed starting from a new envelope for the missing
atoms, as computed from the refined model and phases. A
round of manual rebuilding in the centroid- and maximum
entropy maps resulted in a new model for residues 2-138,

143-185, and 213-246. A new BUSTER-TNT refinement
started at a freeR-factor of 33.0% and a workingR-factor
of 32.4%, again modeling both the bulk-solvent and the
missing atoms using BUSTER-generated envelopes. After
51 cycles, a freeR-factor of 29.3% and a workingR-factor
of 25.6% was obtained.

FIGURE 1: Structural organization of 3â/17â-HSD. Ribbon representation of the 3â/17â-HSD monomer. The two residues mutated in this
work, Tyr148 and His182, are shown in relation to the active site residues (Ser138, Tyr151, and Lys155). All figures and accessible
surfaces herein were produced with the help of RIBBONS (52) and VOIDOO (53).

Table 2: Summary of Refinement Statistics

resolution range (Å) 20-1.22
non-hydrogen atoms: protein (solvent) 7854 (1222)
Rvaluea (F > 4σ)(%) 14.6 (13.9)
FreeR-value (F > 4σ) (%)b 18.0 (17.2)
rmsd from ideal values

bond lengths (Å), angles (deg) 0.014, 2.32
dihedral (improper) angles (deg) 23.9 (1.6)

Ramachandran plot (%):
most favored, allowed (disallowed) 92.4, 7.4 (0.0)

meanB-values (Å2)
Wilsonc 11.0
all atoms 19.8
subunit: A, B, C, D, solvent 18.9, 16.9, 15.8, 19.4, 32.4

mean coordinate errord (Å)
all atoms 0.060
protein, solvent atoms 0.051, 0.074
main chain, side chain atoms 0.042, 0.061

a R-value) ∑|Fo - Fc|/∑|Fo|. b 0.6% of reflection data.c Calculated
from 5 Å to maximum resolution.d As obtained by block matrix
inversion in SHELXL (33).
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The molecular replacement procedure in the space group
P212121 and one tetramer as a search model gave the clearest
solution, suggesting thatP212121 is the correct space group.
The crystal packing in this space group is very similar to
that in theI222 data set (23). The initial R-value was 45%
and was improved by several rounds of model building and
crystallographic refinement in CNS and REFMAC to a free
R-value of 45% and a workingR-value of 41%. Noncrys-
tallographic symmetry averaging was used to improve the
electron density maps. Yet, the active site loop region (185-
214 in the numbering of 3â/17â-HSD), the C-terminal
residues, and helicesRC andRD were poorly defined. Using
the phases from the partially built model, the warpNtrace
option in ARP/wARP (32) uses the concept of a hybrid
model in which protein and free atoms coexist (32).
Refinement of this hybrid model was carried out in 10 cycles
of ARP refinement. The latest map was automatically
reinterpreted and the whole procedure was started over for
10-20 cycles at a resolution range of 20-2 Å. The final
map was significantly improved, yielding interpretable main-
chain and side-chain electron densities of portions of the
active site loop (that were completely untraceable before)
and other regions such as the C-terminus. After several
rounds of model building and manual electron density
interpretation, the improved model was subjected to posi-

tional and isotropic B-factor refinement, carried out in
REFMAC, and 437 water molecules were included in a
cyclic manner by ARP/wARP. At this stage, the working
R-value decreased to 29.6% and the freeR-value to 32.7%.
This refinement was followed by an anisotropicB-factor
refinement at the highest resolution of 1.2 Å, and the NCS
operators were kept unrestrained. Inclusion of theB-factor
anisotropy resulted in a remarkable improvement of the
electron density maps, and side chains, which had multiple
conformations, were modeled. Finally, several rounds of
crystallographic refinement followed by model building were
carried out using SHELXL (33). Hydrogen atoms were
included at this stage as “riding” hydrogen atoms; their
positions were calculated stereochemically at the last cycle.
To calculate the coordinate error by matrix inversion,
conjugate gradient least-squares minimization was carried
out using all data sets and splitting the protein structure in
five different blocks of 255 amino acids (with three residues
overlap). Final statistics of the crystallographic refinement
are shown in Table 2.

Substrate/Coenzyme Modeling. The position of the NAD+

and inhibitor molecules of the 3R/20â-HSD binary com-
plexes (27, 34) and the accessible surface of 3â/17â-HSD
were used to build the ternary complexes with NAD+/NADH
and substrates (5R-dihydrotestosterone, testosterone, iso-
ursodeoxycholic acid, 3â-hydroxy-5-androsten-17-one) or
inhibitors (3R-hydroxy-5-androsten-17-one, daidzein, 5R-
androstan-17R-methyl-17â-ol-3,4-pyrazole). Three-dimen-
sional structures of the substrates/inhibitors were obtained
from the PDB. The model was subjected to 1000-2000
conjugate gradient minimizations cycles in CNS until
convergence, where the protein structure was kept unaltered.
AUTODOCK (35) was used to further refine the substrate
or inhibitor position within the active site formed by the
protein structure and the coenzyme molecule. Because of
slight structural differences between protein subunits, all
modeling calculations were performed on all four subunits.

RESULTS

Quality of the Model and Overall Fold. The model of 3â/
17â-HSD was refined to a workingR-value of 14.6% and a
free R-value of 18.0% for all data withoutσ cutoff in the
resolution range 20-1.2 Å (Table 2), excluding 0.6%
randomly distributed reflections assigned to calculate the free
R-value. The asymmetric unit contains a 3â/17â-HSD
tetramer with each subunit consisting of 253 residues. The
model contains 1222 water molecules withB-factors in the
range 9-60 Å2. The most favored regions of the Ramachan-

FIGURE 2: The 3â/17â-HSD tetramer viewed normal to theQ (A)
andR (B) axis.

Table 3: Distances between Atoms at the Active Site of
3â/17â-HSD

residue 1 atom 1 atom 2 residue 2 d (Å) esda (Å)

Tyr151 OH O W711 3.15 0.04
Tyr151 OH O W472 2.85 0.06
Tyr151 OH NZ Lys155 4.30 0.03
Tyr151 OH OG Ser138 4.32 0.02
Ser138 OG O W409 2.75 0.02
Lys155 NZ O W711 3.52 0.04
Lys155 NZ O W383 2.88 0.02
Lys155 NZ O W155 2.74 0.02
Ile186 N O W353 3.01 0.02
a As obtained by block matrix inversion in SHELXL (33).
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dran plot, as defined by PROCHECK (36), contain 92.2%
of the nonglycine residues.

The polypeptide chain is folded into a singleR/â domain
(Figure 1). This domain comprises a central parallelâ sheet
formed by sevenâ-strands (âC-âA, âD-âG) twisted
overall by 45°, with threeR helices on either side (RD-RF
andRC-RG) of the sheet. TheâA to âF segment has the
typical “Rossmann fold”, associated with NAD(H) binding,
and in addition, theâD to âG segment is involved in
quaternary structure association and substrate binding. The
substrate binding loop, a segment consisting of residues 185-
217 (connectingâF andRG) is well-defined, in contrast to
the situation with other SDR apostructures (27, 37). The 3â/
17â-HSD tetramer shows 222 symmetry (Figure 2) and the
tertiary structures of the monomers are nearly identical, with
the largest variations found in the loops and terminal regions.

Active Site Architecture. The accessible surface area
calculated with a water probe radius of 1.4 Å reveals a deep
and extended cleft near the C-terminal ends of theâ-strands
that constitute the central sheet. In analogy with the three-
dimensional structures of other members of the SDR family
(27, 38, 39), this active site cavity can be clearly separated
into the substrate- and the coenzyme-binding sites. The
substrate-binding cleft is formed by residues 185-217 (active
site loop region), together with the C-terminal region of the
same subunit, and the C-terminal region of the subunit related
through theR-axis. The site can be subdivided into an upper
and a lower segment. In the upper segment, we find the
following residues: Met190, Met191, Ser194, Leu195,
Pro196, Val199, Met203, Val204, Asn211, Ala213, Gly214,
Arg215 (forming a salt bridge with Asp184), Gly185, and
Ile186; Met215 and Gly252 (C-terminal region of the same
subunit); and Gly252 and Leu253 (C-terminal of theR-axis
related subunit). The lower segment of the substrate cleft is
formed by the catalytic triad: Ser138, Tyr151, and Lys155

(Table 3). These residues are surrounded by Ser140, Val139,
and Asn111.

Three regions can be discriminated within the NAD(H)
binding site: (1) the region binding the nicotinamide ring
moiety of the coenzyme, surrounded by hydrophobic amino
acids (main chains of Ala137 and Met136 and side chains
of Pro183 and Ile186) [This apolar environment is concluded
to be the reason for the observed fluorescence enhancement
by NADH binding to the enzyme (19).]; (2) the phosphate
groups that interact mainly with a glycine-rich motif (T12-
GGASGVG19) and the main-chain atoms of Ala88 and
Gly89, following the SDR sequence fingerprint (13); and
(3) the adenine moiety interactions with the side chains of
Ala88, Ile90, Ile110, Val61, Asp60, Ile38, and Asp37.

Inspection of the apostructure and initial docking experi-
ments revealed several residues of possible importance for
catalysis and structural integrity. These residues could be
further classified as conserved residues in SDR enzymes (e.g.
members of the catalytic triad, Ser138, Tyr151, and Lys155)
and some data have been reported earlier (40, 41). Other
residues were identified to be specific to 3â/17â-HSD with
possible implications in substrate binding or catalysis (His182
and Tyr148, cf. below).

His182, located at the end ofâF, forms hydrogen bonds
to the side chains of Ser141 (distance: 2.9 Å) and Ser180
(2.7 Å) and the main-chain atoms of Ser138 (3.1 Å) and
appears to form a salt bridge with the side chain of Glu241
(3.4 Å) (Figure 3). Since the replacement of His182 with
Leu results in a significantly altered enzyme (Table 4), these
interactions are concluded to be absent in the mutant. The
importance of His182 for coenzyme binding is demonstrated
by the alteredKd properties of the His182Leu mutant. No
saturation of binding up to a concentration of 100µM NAD+

or NADH is observed, in contrast to the situation with the
wild-type enzyme, which hasKd values of 1.5 and 1.0µM

FIGURE 3: Stereoview, showing the mutation site His182Leu. The 2Fo - Fc electron density map at 1.2 Å is contoured at 1σ.
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for NAD+ and NADH, respectively (Table 5). Interestingly,
theKM of NAD+ increases significantly (5-6 times vs WT),
whereas theKM of NADH largely remains unaffected (25.5
vs 21.6) (Table 5). A possible structural explanation for the
behavior observed in this mutant is the interactions described
above, linking the C-terminal substrate binding region to the
active site (Figures 1 and 3). These observations show that
residues not directly located at the active site contribute to
catalysis in a complex manner through support of correct
conformations of the active-site residues.

3â/17â-Stereospecificity and Substrate Recognition. The
probe-accessible surface calculated for the apostructure
shows a deep cavity that is open to the bulk solvent and
close to the catalytic triad (Figure 4A). On one side of the
accessible surface, theR-side (left side of Figure 4A), the
convex surface easily fits to the concaveR-side of a steroid
substrate. On the opposite side of the active site cavity, the
â-side (right side of Figure 4A), the accessible surface is
irregular. Instead, it shows two small subcavities that
accommodate the angular methyl groups present on the
â-side of the steroid skeleton (at C10 and C13). These
features provide the structural basis for the preference of this
enzyme towardâ-hydroxysteroids rather thanR-hydroxys-
teroids. The overall elongated shape of the cavity is
concluded to account for the specificity toward 3â- and 17â-
hydroxysteroids. Furthermore, this cleft fits steroids with ring
A/B cis fusions (i.e. hydrogen at C5 in the 5â-position as in
isoursodeoxycholic acid) or a near planar trans A/B ring
structure (hydrogen at C5 inR or double bond between C4
and C5, as in 5R-dihydrotestosterone, testosterone, and
androsterone, or between C5 and C6, as in dehydroepi-
androsterone). The observed stereospecificity becomes even
more apparent when the accessible surface of 3â/17â-HSD
is compared with that of another bacterial HSD, theS.
hydrogenans3R/20â-HSD. This enzyme presents a more
convexR-side that explains why this enzyme does not allow
binding of 3â-hydroxysteroids (Figure 4B).

In contrast to other SDR apoforms, we can easily
characterize the three-dimensional structure of the active site
loop (residues 185-217), allowing us to interpret steroid and
inhibitor binding by modeling several ternary complexes
[NAD+ and testosterone, androsterone and daidzein, depicted
in Figures 4A and 5; others (Table 6) not shown]. The
interaction of the substrates and inhibitors with the active
site cavity is hydrophobic on theR-side (Met191, Leu195,
Val204, Ala216) with the exception of the salt bridge formed
by Arg215 and Asp184. On theâ-side, we found both
hydrophobic and hydrophilic residues: Leu91, Val139,
Ser140, Ile145, Gln147, and Tyr148 (Figure 5). The modeled
distances of the reactive hydroxyl/carbonyl group at positionsT
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Table 5: Apparent Michaelis ConstantKM andKd for NADH and
NAD+ with 3â/17â-HSD Wild-Type and Mutant Proteinsa

substrate DHIA isoUDCA 5R-dihydrotestosterone

KM NAD+ KM NAD+ Kd NAD+ KM NADH Kd NADH

wild type 28.3( 2.1 83.3( 3.9 1.5( 0.3 21.6b(1.9 1.0( 0.2
Tyr148Phe 23.2( 3.7 168( 6.2 2.6( 1.5 12.6( 2.1 3.0( 1.0
His182Leu 180( 27 484( 60 c 25.5( 1.3 c

a Values shown (×10-6 M) are the average of three to five
experiments and its corresponding standard deviationb Taken from
(24). c No saturation measurable up to the experimental limit of 100
µM.
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3 and 17 in the steroid substrates are within the range of a
hydrogen-bond interaction to Tyr155 and Ser138 (Table 6).
To demonstrate the stereospecificity, we modeled a 3R-OH
steroid (3R-hydroxy-5-androsten-17-one) into the active site.
In this case, the distances between the nonreactive 3R-
hydroxyl group and Tyr155 or Ser138 are larger (6-4 Å)
than for the reactive 3â/17â-hydroxyl groups in 3â/17â-OH
steroids, thus explaining the catalytic efficiency with the latter
but not the former compounds (Figure 5C,D). In the
enzyme-inhibitor models with the A ring fused steroid
pyrazole [5R-androstan-17R-methyl-17â-ol-3,4-pyrazole (42)]
and the isoflavine daidzein (43) (Figure 5E,F), nonreactivity
is also explained (Table 6).

Kinetic studies of a Tyr148Phe mutant, located at the
surface of the active site cavity (Table 4 and Figures 1 and
5A,C), show the importance of a hydrophobic surface for
selective alterations in the catalyzed reactions. Kinetic
constants for 3â-OH (substrates, dehydroisoandrosterone and
isoursodeoxycholic acid) and 17â-OH (substrate, testoster-
one) dehydrogenase activities and the reductive activities (3-
oxo substrate, 5R-dihydrotestosterone; 17-oxo substrate,
androsterone) were measured for the wild-type form and the
mutant Tyr148Phe. The Tyr148Phe mutation lowers the 3â-
HSD activity (41% residual activity for isoursodeoxycholic
acid) or leaves it unchanged (98% for dehydroepiandroster-
one compared to wild-typekcat/KM, Table 4), whereas all other

FIGURE 4: Comparison of the probe-accessible surface of the active site of 3â/17â-HSD complexed with NAD+ and 3â-hydroxy-5-androsten-
17-one (A) and 3R/20â-HSD (PDB code 1hdc) with carbenoxolone (B).
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activities are enhanced (3-oxo reductase 150%, 17â-OH-HSD
260%, 17-oxo reductase 190%). AllKM values of Tyr148Phe
are in the same order as for the corresponding wild-type,
pointing to the nonessential nature of Tyr148 for substrate
binding. Instead, the observed differential activities are
concluded to be a combination of substrate-specific features
(substrate position 3 or 17), and altered coenzyme charac-
teristics. The affinity for NADH is increased (12.6 vs 21.6
µM) whereas a substrate-dependent change inKM for NAD+

is noted for isoursodeoxycholic acid and remains unaltered
for dehydroisoandrosterone (Table 5).

Similarities of the Active Site Loop with Other SDRs.
When compared to other members of the SDR family, 3â/
17â-HSD shares little or no similarity in the active site loop
(181-218, in the numbering of 3â/17â-HSD; Figure 1). Any
structural homology is concentrated at the beginning (â1,R1,
181-194) or the end (â2, 214-218) of the active site loop.
The least conserved region is therefore ranging from residues
194 to 214. This area is often involved in the recognition
and orientation of the substrate, and therefore, a high degree
of flexibility and structural disparity is required to accom-
modate the different substrates. The most similar active site
loops available in the SDR family are the ones from the other
hydroxysteroid dehydrogenases.

Escherichia coli7R-hydroxysteroid dehydrogenase (44)
complexed with NADH and 7-oxo glycochenodeoxycholic
acid (PDB code 1fmc) shows a similar active site loop; in
this case, however, the C-terminus forms more directly part
of the active site cleft by positioning the steroid molecule in
the right orientation for the 7R-HSD reaction. Despite the
overlapping substrate specificities of human 17â-hydroxys-
teroid dehydrogenase type 1 (17â-HSD1) (45) to 3â/17â-
HSD, the crystal structure of 17â-HSD1 complexed with
dihydrotestosterone (PDB code 1dht) displays a very different
active site loop when compared to 3â/17â-HSD. In 1dht,
the active site loop is formed mostly by two longR-helices
that close the active site, showing a dihydrotestosterone
molecule in a different orientation in relation to the one
modeled in this work.S. hydrogenans3R,20â-hydroxysteroid
dehydrogenase complexed with carbenoxolone (PDB code
1hdc) (34) is the most similar to 3â/17â-HSD. The initial
R-helix (R1) and the finalâ-strand (â2) are the most similar
secondary motifs between the two enzymes. However, the
region from 194 to 214 is different, explaining the specificity
toward the different steroids (Figure 4). Finally, one of the
most different active site loops is the one belonging to
porcine testicular carbonyl reductase/20â-hydroxysteroid
dehydrogenase (46), with a well-ordered active site loop.

DISCUSSION

Hydroxysteroid dehydrogenases (HSDs) are essential in
the biosynthesis of all classes of mammalian steroids and
constitute an important prereceptor signaling pathway (47).
This forms the basis for novel concepts in inhibitor develop-
ment of potential therapeutic value in the treatment of
diseases, such as obesity, diabetes, and hormone-dependent
cancer, and in fertility control. Since most of these pharma-
cological targets comprise SDR-type hydroxysteroid dehy-
drogenases, structural and mechanistic studies of this enzyme
family are mandatory to understand structure-activity
relationships. In the past, several structural studies resulted
in detailed information on reaction and inhibition mecha-
nisms, or substrate specificities (48-50) of SDR enzymes.
The structure of bacterial 3â/17â-HSD is one of the largest
structures refined at 1.2 Å resolution and provides a tool for
the understanding of steroid-protein interactions. Already
the apostructure gives information on recognition of different
steroid configurations with substituents at position C5.
Furthermore, the dual positional specificity of 3â/17â-HSD
can be explained by the structure obtained. The remarkable
substrate variability of 3â/17â-HSD expands our knowledge
on steroid recognition by SDR enzymes, as observed in type
1 17â-HSD (48), 7R-HSD (44), or 3R/20â-HSD (27, 34),
which display more strict specificities.

The side-chain conformations of the catalytic triad Tyr151,
Lys155, and Ser138 in 3â/17â-HSD are similar to those
found in other SDR enzymes (27, 34, 51), suggesting a highly
similar catalytic reaction mechanism, in line with kinetic data
on 3â/17â-HSD (19, 22). In the dehydrogenation reaction,
Tyr151 is likely to be in the deprotonated state because of
the electrostatic influence of the positively charged Lys155
side chain and the nicotinamide ring of the oxidized NAD+

molecule. A function of Lys155 is to facilitate the deproto-
nation of the 3â/17â-hydroxyl group of the steroid molecule
and hence to catalyze the hydride transfer step from the 3/17-
position of the steroid to the C4N atom of the coenzyme. In
the reduction process, an uncharged NADH nicotinamide ring
favors a neutral Tyr151 protonating the steroid molecule.
Lys155 and Ser138 would assist in promoting the proper
orientation of the coenzyme and substrate molecules, re-
spectively. The essential nature of the latter residue as part
of the active site triad in 3â/17â-HSD catalysis has been
demonstrated (24). The high-resolution structure has also
allowed us to carry out mutagenesis studies on other amino
acids close to the catalytic triad, thereby substantially
improving our understanding of the enzymatic catalytic
mechanism (41).

Table 6: Distances (Å) and Surrounding Residues at the Active Site with Modeled Substrate/Inhibitor Moleculesd

reaction Tyr155a Ser138a hydrideb R-sidec â-sidec

DHT 3-ketoreductase 4.03 2.51 3.04 R215, D184, M191, G185 S140, Y148, I145, L91,
TES 17â-HSD 3.07 3.76 2.00 R215, D184, M191, G185, A216, V204 S140, Y148, I145, L91,
IU5 3â-HSD 2.43 2.87 3.46 R215, D184, M191, G185 S140, Y148, I145, L91 Q147
AND 3â-HSD 3.23 3.47 4.30 R215, D184, M191, G185, A216 S140, Y148, I145, L91
ANA inhibition 5.87 4.11 4.96 R215, D184, M191, G185, A216 S140, Y148, I145, L91
DAI inhibition 4.01 2.87 R215, D184, M191, G185, A216, V204 S140
PYR inhibition 5.13 2.62 R215, D184, M191, G185, L195, V204 S140, Y148, V139

a Distance from the reactive hydroxyl/carbonyl group to the hydroxyl group of the residue.b Distance between the C4N position in the coenzyme
and the transferring hydrogen atom in the substrate.c Amino acids within a 4 Å radius from any atom in the substrate/inhibitor; the name for the
sides is as defined in the text.d DHT, 5R-dihydrotestosterone; TES, testosterone; IU5, isoursodeoxycholic acid; AND, 3â-hydroxy-5-androsten-
17-one; ANA, 3R-hydroxy-5-androsten-17-one; DAI, daidzein; PYR, 5R-androstan-17R-methyl-17â-ol-3,4-pyrazole.
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Regarding the nine different molecules fitted at the active
site of 3â/17â-HSD, the reactive hydroxyl/carbonyl groups
are within or near to hydrogen-bond distances to the
catalytically important residues (Ser138 and Tyr151) and in
close distance to the hydride atom in the C4N position of
the coenzyme. Furthermore, there is a preference for shorter
distances between the steroid and Ser138 (2.51-3.76 Å) than
Tyr151 (2.43-4.03 Å, Table 6). This result explains the
necessity of a small polar group (Ser or Thr) in that position
(24). The latter appears to be crucial for correct binding of
steroidal substrates.

The substrate recognition by 3â/17â-HSD is also apparent
from the modeled substrates and inhibitors displayed together
with the accessible surface of the catalytic site. The
hydrophobicity and size of the residues on theR-side of the
active site is concluded to be essential in binding the
substrates. In contrast, as seen by the effect of the Tyr148Phe
mutation, theâ-side has a less pronounced effect on substrate
binding. We are aware that the crystallographic ternary
complexes of 3â/17â-HSD will shed definite light on the
steroid binding. However, in the absence of such crystal
complexes, careful modeling on a high-resolution structure

FIGURE 5: Several binding modes for substrates/inhibitors in the active site of 3â/17â-HSD in relation to the catalytic triad and the coenzyme
molecule (NAD+). The catalytic triad (Ser138, Tyr151, and Lys155) and residues forming van der Waals contact (4 Å) with the substrate/
inhibitor are shown (left panels: A, C, D). The complementarity between the different substrate/inhibitor molecules and the accessible
surface (probe 1.4 Å) of 3â/17â-HSD (right panels: B, D, F) is shown in two different orientations (in either green or blue); the label Y151
shows where the hydroxyl group of the catalytic site Tyr151 is in relation to the substrate/inhibitor. (A, B) TES (testosterone): 17â-OH
dehydrogenase reaction. (C, D) ANA (3R-hydroxy-5-androsten-17-one): 3R-OH dehydrogenase reaction, (E, F) DAI (daidzein): inhibition.
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and a well-ordered active site pocket has already now proven
to be helpful in determining the structural basis for ste-
reospecificity and substrate recognition.
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