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Abstract
Mammalian 3β-hydroxysteroid dehydrogenase/isomerase (3β-HSD) is a member of the short chain
dehydrogenase/reductase. It is a key steroidogenic enzyme that catalyzes the first step of the
multienzyme pathway conversion of circulating dehydroepiandrosterone and pregnenolone to active
steroid hormones. A three dimensional model of a ternary complex of human 3β-HSD type 1 (3β-
HSD_1) with an NAD cofactor and androstenedione product has been developed based upon X-ray
structures of the ternary complex of E. coli UDP-galactose 4-epimerase (UDPGE) with an NAD
cofactor and substrate (PDB_AC: 1NAH) and the ternary complex of human type 1 17β-
hydroxysteroid dehydrogenase (17β-HSD_1) with an NADP cofactor and androstenedione
(PDB_AC: 1QYX). The dimeric structure of the enzyme was built from two monomer models of
3β-HSD_1 by respective 3D superposition with A and B subunits of the dimeric structure of
Streptococcus suis DTDP-D-glucose 4,6-dehydratase (PDB_AC: 1KEP). The 3D model structure of
3β-HSD_1 has been successfully used for the rational design of mutagenic experiments to further
elucidate the key substrate binding residues in the active site as well as the basis for dual function of
the 3β-HSD_1 enzyme. The structure based mutant enzymes, Asn100Ser, Asn100Ala, Glu126Leu,
His232Ala, Ser322Ala and Asn323Leu, have been constructed and functionally characterized. The
mutagenic experiments have confirmed the predicted roles of the His232 and Asn323 residues in
recognition of the 17-keto group of the substrate and identified Asn100 and Glu126 residues as key
residues that participate for the dehydrogenase and isomerization reactions respectively.
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1. Introduction
Human 3β-hydroxysteroid dehydrogenase/isomerase type 1 (3β-HSD_1) contains both
dehydrogenase and isomerase activities on a single enzyme protein (Fig. 1) and is a member
of the short chain dehydrogenase/reductase family [1]. Human type 1 (placenta, mammary
gland, prostate) and type 2 (adrenals, ovary, testis) isoforms of 3β-HSD are encoded by two
distinct genes which are expressed in a tissue-specific pattern [2]. Human 3β-HSD_1 catalyzes
the conversion of dehydroepiandrosterone (DHEA) to androstenedione (mammary gland,
prostate) or pregnenolone to progesterone (placenta). Human 3β-HSD_2 converts 17α-
hydroxypregnenolone or pregnenolone to ultimately produce cortisol or aldosterone (adrenal),
and converts DHEA to androstendione, the precursor of estradiol in the ovary or testosterone
in the testis. In placenta, androstenedione is converted by aromatase (CYP19) and 17β-
hydroxysteroid dehydrogenase type 1 (17β-HSD_1) to estradiol, which participates in the
cascade of events that initiates labor in humans. The conversion of pregnenolone to
progesterone by placental 3β-HSD_1 helps to maintain the uterus in a quiescent state
throughout human pregnancy [3,4]. In addition to placenta, mammary gland and prostate, 3β-
HSD_1 is selectively expressed in breast tumors [5] and prostate tumors [6,7], where it
catalyzes a key step in the conversion of circulating DHEA to estradiol or testosterone to
promote tumor growth. DHEA-sulfate is the major circulating steroid in humans and sulfatase
produces free DHEA in the target tissues [3].

Knowledge of the structure/function relationships of human 3β-HSD may result in the
development of specific inhibitors of 3β-HSD_1 to block the biosynthesis of estradiol from
DHEA in breast tumors or of testosterone from DHEA in prostate tumors. In our recent studies
of the structure and function of human 3β-HSD, we reported that it is possible to specifically
inhibit purified human 3β-HSD_1 without affecting the activity of human 3β-HSD_2 [8]. We
also reported that 3β-HSD_1 transfected into human breast tumor MCF-7 tet-off cells has a
12- to 17-fold greater affinity for substrate (DHEA) and inhibitor (epostane, trilostane) steroids
compared to the 3β-HSD_2 that we transfected into the MCF-7 tet-off cells [9]. These
observations identify human 3β-HSD_1 as a target enzyme for the inhibition of estradiol
production in breast tumors and testosterone production in prostate tumors. Developing a
homology model of the three-dimensional structure of human 3β-HSD_1 and testing the
accuracy of the model using rational mutagenesis provides a valuable tool that can be used to
design enzyme inhibitors with greater specificity for 3β-HSD_1 in hormone-sensitive tumors
compared that of the existing compounds, epostane and trilostane. These inhibitors can help
control the timing of labor and slow the growth of hormone-sensitive tumors without inhibiting
3β-HSD_2, so that the adrenal production of cortisol and aldosterone is not compromised.

In this article, we describe the three dimensional model of human 3β-HSD_1 complexed with
an NAD cofactor and androstenedione steroidal product which was developed using a
combination of bioinformatics, molecular graphics and computational biochemistry methods.
Based on this three-dimensional structure, the results of our rationally designed mutagenic
experiments reveal the key substrate recognition/binding residues and the key residues
responsible for the 3β-HSD_1 and isomerization reactions.
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2. Methods and materials
2.1 Bioinformatics/Computational Biochemistry/Graphics

A three dimensional model of a ternary complex of human 3β-HSD_1 with an NAD cofactor
and the androstenedione product has been developed based upon X-ray structures of two related
enzymes: the ternary complex of E-coli UDP-galactose 4-epimerase (UDPGE) with an NAD
cofactor and substrate (PDB_AC: 1NAH) [10] and the ternary complex of human 17β-
hydroxysteroid dehydrogenase (17β-HSD_1) with NADP and androstenedione (PDB_AC:
1QYX) [11]. The dimer structure of 3β-HSD_1 with a stereochemically optimal interface was
built from two monomer models by respective 3D superposition with A and B subunits of the
dimeric structure of Streptococcus suis DTDP-D-glucose 4,6-dehydratase (PDB_AC: 1KEP)
[12].

The coordinates and the corresponding amino acid sequences of the homologous templates
were taken from the Protein Data Bank [13] and the combined SWISS-PROT/TrEMBL
database [14] respectively. The programs CLUSTALW (version 1.81) [15] and PHD [16] were
used for pairwise sequence alignment and secondary structure prediction respectivly. The
graphics program CHAIN (version 7.2) [17] was used for 3D modeling/docking of the 3β-
HSD_1+NAD+androstenedione ternary complex. The ‘lsqkab’ [18] and ‘molrep’ [19]
programs of the crystallographic package CCP4 (version 5.0.2) [20] were used for 3D
superposition of protein structures. Molecular mechanics energy optimization of the model
with CHARMM [22] structure was performed by the XPLOR_3.1 [21] program
parameterization. In addition to the graphics program CHAIN, the programs LIGPLOT
(version 4.0) [23] and HBPLUS (version 3.06) [24] were used to study protein-substrate
interactions and generate schematic diagrams. The graphics program SETOR (version
4.14.21k) [25] was used to prepare three-dimensional stereo illustrations of the enzyme ternary
complex with cofactor and substrate.

2.2. Mutagenesis/Expression/Kinetic study
2.2.1 Site-directed mutagenesis—Using the Advantage cDNA PCR kit (BD Biosciences
Clontech, Palo Alto, CA) and pGEM-3βHSD_1 as template [26], double-stranded PCR-based
mutagenesis was performed with the primers in Table 1 to create the cDNA encoding the
N100S, N100A, E126L, H232A, S322A and N323L and mutant enzymes. The presence of the
mutated codon and integrity of the entire mutant 3β-HSD cDNA were verified by automated
dideoxynucleotide DNA sequencing using the Big Dye Terminator Cycle Sequencing Ready
Reaction kit (PE Applied Biosystems, Foster City, CA). Chou-Fasman and Garnier-
Osguthorpe-Robson analysis of each mutant enzyme was used to choose amino acid
substitutions that produced no apparent changes in the secondary structure of the protein
(Protylze program, Scientific and Educational Software, State Line, PA)

2.2.2. Expression and purification of the mutant and wild-type enzymes—The
mutant 3β-HSD_1 cDNA was introduced into baculovirus as previously described [26].
Recombinant baculovirus was added to 1.5 × 109 Sf9 cells (1L) at a multiplicity of infection
of 10 for expression of each mutant enzyme. The expressed mutant and wild-type enzymes
were separated by SDS-polyacrylamide (12%) gel electrophoresis, probed with our anti-3β-
HSD_1 polyclonal antibody and detected using the ECL western blotting system with
antirabbit, peroxidase-linked secondary antibody (Amersham Pharmacia Biotech, Piscataway,
NJ). Each expressed enzyme was purified from the 100,000 g pellet of the Sf9 cells (2 L) by
our published method [1,27] using Igepal CO 720 (Rhodia, Inc., Cranbury, NJ) instead of the
discontinued Emulgen 913 detergent (Kao Corp, Tokyo). Each expressed, purified mutant and
wild-type enzyme produced a single major protein band (42.0 kDa) on SDS-polyacrylamide
(12%) gel electrophoresis that co-migrated with the human wild-type 1 control enzyme. Protein
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concentrations were determined by the Bradford method using bovine serum albumin as the
standard [28].

2.2.3. Kinetic studies—Michaelis-Menten kinetic constants for the 3β-HSD_1 substrate
were determined for the purified mutant and wild-type enzymes in incubations containing
dehydroepiandrosterone (3–100 μM) plus NAD+ (0.2 mM) and purified enzyme (0.04 mg) at
27°C in 0.02 M potassium phosphate, pH 7.4. The slope of the initial linear increase in
absorbance at 340 nm per min (due to NADH production) was used to determine 3β-HSD_1
activity. Kinetic constants for the isomerase substrate were determined at 27° C in incubations
of 5-androstene-3,17-dione (20–100 μM), with or without NADH (0.05 mM) and purified
enzyme (0.01–0.04 mg) in 0.02 M potassium phosphate buffer, pH 7.4. Isomerase activity was
measured by the initial absorbance increase at 241 nm (due to androstenedione formation) as
a function of time. Blank assays (zero-enzyme, zero-substrate) assured that specific isomerase
activity was measured as opposed to non-enzymatic, “spontaneous“ isomerization [27]. In
addition, isomerase incubations without added coenzyme (NADH) were used to measure any
basal (zero-coenzyme) isomerase activity in the mutants, and this basal activity was subtracted
as a blank. Changes in absorbance were measured with a Varian (Sugar Land, TX) Cary 300
recording spectrophotometer. The Michaelis-Menten constants (Km, Vmax) were calculated
from Lineweaver-Burke (1/S vs. 1/V) plots and verified by Hanes-Woolf (S vs. S/V) plots. The
kcat values (min−1) were calculated from the Vmax values (nmol/min/mg) and represent the
maximal turnover rate (nmol product formed/min/nmol enzyme dimer).

Kinetic constants for the 3β-HSD_1 cofactor were determined for the purified mutant and wild-
type enzymes in incubations containing NAD+ (10–200 μM), DHEA (100 μM) and purified
enzyme (0.04 mg) in 0.02 M potassium phosphate, pH 7.4, at 27°C using the
spectrophotometric assay at 340 nm. Kinetic constants for the isomerase cofactor as an
allosteric activator were determined in incubations of NADH (0–50 μM), 5-androstene-3,17-
dione (100 μM) and purified enzyme (0.01–0.04 mg) in 0.02 M potassium phosphate buffer,
pH 7.4 at 27°C using the spectrophotometric assay at 241 nm. Zero-coenzyme blanks were
used as described above for the substrate kinetics.

3. Results and discussion
3.1. Ternary complex of 3β-HSD_1 with the NAD and androstenedione product

One of the major goals of this research was to develop a useful tool for 3D structure based
rational mutagenic study to characterize the functionally important residues in human 3β-
HSD_1. A three dimensional model of a ternary complex of 3β-HSD_1 complexed with an
NAD cofactor and androstenedione (AND) product has been developed based upon X-ray
structures of two related enzymes, the monomeric ternary complex of UDPGE (E.coli) with
an NAD cofactor and substrate (AC_PDB: 1NAH [10]) and the monomeric ternary complex
of 17β-HSD_1 (human) with NADP and androstenedione (AND) (AC_PDB: 1QYX [11]) (Fig.
2). These enzymes share ~24% and ~16% overall sequence identity with 3β-HSD_1. Attempts
to use any of the UDPGE or 17β-HSD_1 structures alone for the enzyme modeling were
unsuccessful because of unfavorable stereochemical interactions that could not be avoided.
The ~160 residue N-terminal sequence comprising the NAD binding site perfectly matches to
that of the UDPGE. The essential part of the active site better matches that of 17β-HSD_1
which shares a steroid ligand specificity and dehydrogenase function with 3β-HSD_1 (Fig. 1).

Initially, the crystallographically observed structures of the UDPGE and 17β-HSD_1
complexes were superimposed based on the Cα atoms of residues from the secondary structure
elements of the Rossman-fold common to the two structures. Additionally, this superposition
included the Ser/Tyr/Lys catalytic triad, and the atoms of the nicotinamide ribose of the cofactor
which have similar 3D positions in both crystal structures. The backbone fold of the central
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region corresponding to amino acid residues ~169–243 of 3β-HSD_1, an essential part of the
substrate binding pocket, was significantly different in UDPGE and 17β-HSD_1, reflecting
the corresponding significant difference in substrate size and specificity. For this reason, the
substrate binding region of UDPGE, corresponding to residues 154–254 of 3β-HSD_1, was
replaced by the substrate binding region of 17β-HSD_1 (Fig. 2, 3). The crystal structure of
human 17β-HSD_1 (PDB_AC: 1QYX) used for this region contains androstenedione bound
in a reverse orientation compared to estradiol [11], so that His221 forms a H-bonds to the 17-
keto group of the androgen, and this allows a direct comparison with androstenedione bound
in human 3β-HSD_1.

The spatially overlapping backbone transition sections between the UDPGE and 17β-HSD_1
binding pockets, corresponding to residues 147–168 and 244–265 of 3β-HSD_1, have
significant sequence homology, 32% identity, 18% strong similarity and 23% identity, 36%
strong similarity, respectively. The transition sections permitted smooth splicing of the parent
backbones and incorporated the substrate binding pocket of 17β-HSD_1 into the UDPGE
structure. The 3β-HSD_1 sequence was threaded using CHAIN [17] through the spliced
UDPGE/17β-HSD_1 backbone (Fig. 3). Adjustment for insertions and deletions (detected by
CLUSTALW [15]) was achieved by shifting them from secondary structure elements to the
nearest loops. Similarity in 2D structure motifs provides supporting evidence of 3D structural
similarity. The orientations of side chains in the model and the position of androstenedione
(AND) in the active site were adjusted on the basis of stereochemical requirements. At the final
stage, 1000 cycles of potential energy optimization (XPLOR [21]) were applied to the model.

The final 3β-HSD_1 structure reveals no unfavorable stereochemical interactions and the
stereochemistry of cofactor and substrate binding resembles that observed in the corresponding
sites in the UDPGE and 17BHSD_1 structures. The reliability of the model is supported by
the sequence alignment and secondary structural motif (Fig. 2). The most uncertain part of the
model (residues 283 to 310) which contains a 28 residues insertion (Fig. 2) is on surface of the
structure. It was constructed to satisfy stereochemical requirements of the amino acid residues
and their interactions with one another and their surroundings. The model was validated by the
mutagenic studies described below.

All enzyme contacts involving the NAD cofactor and the AND molecule in a 3.9 shell are
shown in the LIGPLOT drawings (Fig. 4a,b) and a stereo-illustration of the ternary complex
is presented in Fig. 5. These functionally important areas of the enzyme correspond to the most
reliably modeled portions of our 3D model. Five of six 3β-HSD_1 residues that form side chain
specific H-bonds with the NAD cofactor (Asp35, Asp61, Ser124, Tyr154, Lys158) are identical
to those observed in the UDPGE structure and the sixth, Thr122, is highly similar (Fig. 2,
4a). This subset includes the catalytic triad (Ser124, Tyr154, Lys158) and Asp35 which
determines cofactor (i.e., NAD) preference [29,30]. Three additional less specific H-bonds
from the enzyme backbone to the cofactor are formed by the residues Phe13, Leu14, Cys83,
two of which are similar to those present in the UDPGE structure. Seven other residues that
make hydrophobic contacts to NAD complete the cofactor binding shell.

The binding shell of androstenedione (AND) (Fig. 4b) includes three specific H-bonds to the
NAD cofactor and the side chains of His232 and Asn323, and five nonspecific mostly
hydrophobic contacts. The catalytic Tyr154 forms an H-bond with the cofactor and potentially
can also form an H-bond with the C3-carbonyl of the AND. The majority of the residues
contacting the substrate are identical or similar to those of the 17β-HSD_1 parent structure
(Fig. 2). When the seven amino acids in the substrate binding shells in the 3β-HSD_1 model
and the observed structure of 17β-HSD_1 are compared, three are the same (Tyr154, His232,
and Phe236) and three are similar in nature (Val87Leu, Leu236Val, and Asn323Glu). Only the
Glu126Leu variation is a significant change. The residues Glu/Asp and Tyr are often found to
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be the catalytic residues in isomerase reactions [31–34]. The presence of the Glu126 in the
active site of the 3β-HSD_1 suggested that it could be critical to isomerase activity (Fig. 1),
which is absent in 17β-HSD_1 possibly due to a Leu residue in this position [11]. In the active
site Glu126 is near the isomerization target C4-C5=C6 (Fig. 5). . The proton donor side chains
of the His232, Asn323 and adjacent Ser322 residues may contribute to the recognition and/or
H-bonding of the substrate C17-carbonyl. In our model Ser322 does not make a direct H-bond
to AND but may compete with the adjacent Asn323 at the initial steps of substrate recognition.

3.2. Dimeric organization of 3β-HSD_1
It has been shown experimentally that 3β-HSD_1 is active as a dimer [1]. The construction of
the dimer model was described in the ‘methods’ section. The program “molrep” [19], utilizing
the Patterson function to represent all interatomic vectors for the structures was employed. In
the 3β-HSD_1 dimer (Fig. 6) the interface is composed of two pairs of helices (95–114 and
155–171) related by a 2-fold symmetry axis. The interface is occupied by a symmetry related
double set of side chains Arg93, Glu94, Met97, Asn98, Val101, Lys102, Gln105, Leu106,
Glu109, Glu147, Trp150, His156, Lys159, Leu160, Lys163, Ala164, Leu166, Ala167.
Dimerization is stabilized by a double set of salt bridges (Arg93…Glu109, Glu94…Lys102,
Glu147…Lys163), H-bonds (Arg93…Gln105 or His156…Gln105 [33]) and numerous
hydrophobic interactions.

3.3. Structure-Function Relations and Structure Based Site Directed Mutagenesis
The 3D arrangement of oxidoreductase catalytic triad Ser124, Tyr154, Lys158 around the
substrate and cofactor in the 3β-HSD_1 model is almost identical to that of other members of
the short chain oxidoreductase (SCOR) family. Each of the single mutations Ser124Ala,
Tyr154Phe, Lys158Gln results in the complete loss of dehydrogenase activity [8,36,37]. An
associated reduction in isomerase activity is probably due to partial destabilization of cofactor
binding, in which the catalytic triad is actively involved, and associated substrate binding (Fig.
4a,b).

Dehydrogenase and isomerase activities are completely abolished in the Asp257Leu and
Asp258Leu mutants [30,36]. In our model, these Asp residues are exposed to possible
interaction with water and their replacement with hydrophobic Leu residues is
thermodynamically unfavorable. We can’t exclude the possibility that they play a critical role
in the protein folding process.

Destabilization of interactions at the dimer interface (Fig. 6) due to Gln105Met and His156Tyr
mutations [8,35] was demonstrated in a dramatic increase in the substrate Km and inhibitor
Ki values of 3β-HSD_1 to equal those measured for 3β-HSD_2. In the dimer model, the side
chain of Gln105 forms an intersubunit H-bond with the side chain of Arg93. In an alternate
conformation it has the potential to form an inter-monomer H-bond with the side chain of
His156. This H-bond is disrupted in 3β-HSD_1 by the replacement of Gln105 with Met and
His156 with Tyr, which is the residue present in 3β-HSD_2 [35].

The conversion of the cofactor dependence from NAD to NADP caused by the double
mutations Asp35Ala/Lys36Arg [30] (Fig 4a) is consistent with the established correlation
between Asp and Arg residues in the cofactor binding pocket and NAD or NADP preference
respectively [29]. The double mutant has no 3β-HSD or isomerase activity in the presence of
NAD(H) and both activities are found with 3-fold decrease in Vmax in the presence of NADP
(H). The local enhancement of a positively charged field around the O2′ adenine atom favors
the binding of the NADP with its negatively charged phosphate substituent. The importance
of long-range electrostatic interatomic interactions to cofactor recognition and binding has
been demonstrated [38].
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The retention of enzyme activity after the deletion of residues 283 to 310 (Fig. 2) is consistent
with the relatively short distance of 6.7Ǻ between residues 282 and 311 in the model. This
deletion mutant of 3β-HSD_1 had substrate and cofactor kinetics that were almost identical to
those of the wild-type enzyme [39].

Rationally designed mutants based upon the model that successfully elucidate the mechanism
of the dual activity of 3β-HSD_1 and permit the design of selective inhibitors are the best test
of the model. The main focus was on identification of key residues responsible for substrate
recognition and isomerase activity that are located in the regions of 3D model that are the most
reliably modeled. The 3β-HSD_1 point mutants Asn100Ser, Asn100Ala, Glu126Leu,
His232Ala, Ser322Ala and Asn323Leu were constructed, expressed, and purified, and the
substrate and cofactor kinetic constants for each mutant were measured.

Asn100Ala and Asn100Ser mutants revealed an important functional role for the Asn100
residue (Tables 2 and 3). In the 3β-HSD_1 model structure (Fig. 5), this residue forms a direct
H-bond (~3Å) with the side chain of the catalytic Lys158 stabilizing its position with respect
to the catalytic triad and the cofactor, which is also H-bonded to Lys158. In accordance with
the proposed mechanism of action for the SCOR enzymes [40] Tyr154 acts as a catalytic base
in the enzyme transition state, while Ser124 binds to the targeted oxo group to stabilize the
substrate. The Lys158 binds to the nicotinamide ribose and lowers the pKa of the phenolic
hydroxyl group of the Tyr154 to promote the proton transfer. Replacement of Asn100 disrupts
the network of H- bonds resulting in the loss of oxidoreductase activity and reduction of
isomerase activity. Recent studies of other SCOR enzymes indicate that the Asn residue
completes a catalytic tetrad critical to function [41].

The model suggests that the spatially close His232, Asn323 and Ser322 residues may play a
role in substrate recognition and binding and that the Glu126 residue may be directly involved
in the isomerization reaction. Mutagenic experiments have been designed to test these
possibilities. In the modeled ternary complex, the proton donor side chains of the His232,
Ser322 and Asn323 are positioned on a long α-helix and a short β-segment at the opening to
the active site. The locations of the His232 and Asn323 residues are similar to those of His221
and Glu282 in the human 17β-HSD_1 ternary complex (AC_PDB: 1QYX), and both are within
H-bonding distance from the C17 keto group of the AND substrate (Fig. 4b). The Glu126
residue is in close proximity to the δ 5-δ 4-ene double bond of the steroid, which is the site of
isomerization. In 17β-HSD, which lacks isomerase activity, this position is occupied by Leu149
[11].

The His232 and Asn323 residues were found to be essential for productive substrate binding.
The His232Ala mutation causes the complete loss of dehydrogenase activity and a significant
reduction in isomerase activity based on the Kcat values (Tables 2 and 3). For the Asn323Leu
mutant the Km values for both 3β-HSD and isomerase substrate utilization increased greatly
indicating a corresponding reduction of binding affinity (Table 2). However, the Km values of
His232Ala and Asn323Leu for the NADH cofactor are similar to the values measured for the
wild-type enzyme (Table 3). The changes in kinetic constants suggest that neither mutant binds
the substrate productively and support the model based prediction that His232 and Asn323
play a critical role in substrate binding (Fig. 4b). The reduction of both activities for the
Ser322Ala mutant may indicate its direct involvement in substrate recognition or an indirect
effect on the critically important neighboring Asn323 (Tables 2 and 3).

Kinetic studies of the Glu126Leu mutant show a dramatic reduction of the isomerase activity,
suggesting direct participation of Glu126 in the isomerase reaction (Table 2). In the modeled
structure, the side chain of the Glu126 is close to the δ 5-δ 4-ene double bond of the steroid
and may serve as a proton acceptor in catalysis. The retention of a trace of isomerase activity
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in the mutant may suggest an additional, less effective mechanism of proton transfer via water.
It is not clear, whether Glu126 is the only residue involved in catalysis, as in δ 3-δ 2-enoyl-
CoA isomerase [34] or if it requires a proton donor H-bonded to C3 carbonyl, as the Tyr residue
in δ 5-3-ketosteroid isomerase [26]. In our model, only the catalytic Tyr154 for the 3β-HSD
reaction is in a position to form a H-bond with the C3 carbonyl of the isomerase substrate, 5-
androstene-3, 17-dione. However, a 4-fold reduction of the corresponding kcat value for the
isomerase reaction in the Tyr154Phe mutant with significant residual activity does not fully
support its involvement in isomerization [8].

3.4. Conclusions
A reliable three dimensional model of a ternary complex of human 3β-HSD_1 complexed with
an NAD and androstenedione (the coordinates are available on request; e-mail:
pletnev@hwi.buffalo.edu) has been developed in two forms (monomer and dimer) based upon
three X-ray structures of the ternary complexes of E-coli UDP-galactose 4-epimerase and
human 17β-hydroxysteroid dehydrogenase type 1 (for monomeric form), and the dimer of
Streptococcus suis DTDP-D-glucose 4,6-dehydratase. The 3D model correlates with most of
the existing functional mutagenic data and has been successfully used to design additional
rational mutagenic experiments to elucidate key substrate binding residues in the active site
and the basis for dual function ability of the 3β-HSD_1 enzyme. Mutant enzymes designed on
the basis of the model, Asn100Ser, Asn100Ala, Glu126Leu, His232Ala, Ser322Ala and
Asn323Leu, have been expressed and functionally characterized. These experiments
confirmed the predicted functional roles of the His232 and Asn323 residues in substrate
recognition and identified Asn100 and Glu126 as the residues involved in oxidoreductase and
isomerization reactions, respectively. This 3D model of the enzyme provides a reliable
structural basis for additional rationally designed mutagenic experiments to map the
structurally and functionally important residues in the substrate/cofactor binding sites and
dimer interface as well as for the design of a highly selective inhibitor of 3β-HSD_1 to block
the growth of hormone-sensitive breast and prostate tumors.
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Fig 1.
Two sequential oxidoreductase and isomerase reactions, catalyzed by a single 3β-HSD_1
enzyme using dehydroepiandrosterone as a substrate.
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Fig 2.
The 3D amino acid sequence alignment of 3β-HSD_1 with corresponding constituent parts of
UDPGE and 17β-HSD_1. The experimental (X-ray) and predicted (PHD method [16])
secondary structure elements are indicated along the sequence The sequences and individual
numbering of 3β-HSD_1, UDPGE and 17β-HSD_1 are shown in black, blue and green
respectively. The yellow color marks the region, deletion of which does not cause the loss of
enzyme activity.
Other indicative symbols:
#(in magenta) - oxidoreductase catalytic residues, Ser124, Tyr154, Lys158
^ (in blue) - residues lining the NAD binding shell

Pletnev et al. Page 12

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2007 September 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



x (in magenta) – residues lining the substrate binding shell
$ (in magenta) – proposed 3D structure based isomerase catalytic (Glu126) and substrate
recognition/binding (His232, Asn323) residues in the active site.
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Fig 3.
A stereoview (program SETOR [25]) of the 3β-HSD_1 fold with NAD cofactor and AND
product (in green). The constituent skeleton parts of UDPGE and 17β-HSD_1 are shown in
blue and yellow respectively.
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Fig 4.
A schematics (programs LIGPLOT/HBPLUS [23,24]) of 3.9Ǻ binding shell for NAD cofactor
(a) and AND product (b) in 3β-HSD_1 enzyme. The H-bonds are shown by dashed blue lines.
The black eyelash shape marks the residues making hydrophobic contacts with the cofactor.
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Fig 5.
A stereoview (program SETOR [25]) of the active site area in ternary complex of 3β-HSD_1
enzyme with AND product and NAD cofactor. The constituent skeleton parts of UDPGE and
17β-HSD_1, used in modeling, are shown in blue and yellow respectively.
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Fig 6.
A stereoview (program SETOR [25]) of the interface area in a homodimer structure of the
3β-HSD_1. The interacting side chains from both monomers (in orange and violet) are shown
in white and green colors respectively.
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Table 1
Oligonucleotide primers used for site-directed mutagenesis

Mutation Direction Nucleotide sequence of primer1

N100A Forward 5′-TGAATGTCGCTGTGAAAGGTACCCAGC-3′
Reverse 5′-CTTTCACAGCGACATTCATGATAGACTCT-3′

N100S Forward 5′-GAATGTCAGTGTGAAAGGTACCCAGC-3′
Reverse 5′-CTTTCACACTGACATTCATGATAGACTC-3′

H232A Forward 5′-TGGGCCGCCATTCTGGCCTTGAGG-3′
Reverse 5′-CAGAATGGCGGCCCAGGCCACATTGC-3′

S322A Forward 5′-CACATTGGCAAATAGCGTATTCAC-3′
Reverse 5′-CGCTATTTGCCAATGTGACTATGTG-3′

N323L Forward 5′-CATTGTCACTTAGCGTATTCACCTTCTC-3′
Reverse 5′-TACGCTAAGTGACAATGTGACTATGTGG-3′

E126L Forward 5′-AGCATACTGGTAGCCGGGCCCAACTC-3′
Reverse 5′-GGCTACCAGTATGCTACTGGTGTAG-3′

1
The mutated codons are underlined.
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Table 2
Substrate kinetics for the 3β-HSD and isomerase activities of the purified mutant and wild-type enzymes.

3β-HSD1 Isomerase2
Purified Enzyme Km μM kcat min−1 kcat/Km

min−1 μM−1
Km μM kcat min−1 kcat/Km

min−1 μM−1

3β-HSD_1 3.7 3.3 0.90 27.9 50 1.79
H232A N.D.3 N.D. N.D. 99.4 2.1 0.02
N323L 96.5 4.6 0.05 68.5 30 0.44
S322A 7.8 0.9 0.05 32.4 23 0.71
N100A N.D. N.D. N.D. 180 1.0 0.01
N100S N.D. N.D. N.D. 35.1 1.6 0.05
E126L 11.9 1.4 0.12 64.6 1.6 0.02

1
Kinetic constants for the 3β-HSD substrate were determined in incubations containing dehydroepiandrosterone (DHEA, 2–100 μM), NAD+ (100 μM),

and purified enzyme (0.03 mg) in 0.02 M potassium phosphate, pH 7.4. The values represent the means values from duplicate assays with standard
deviations ≤ 7%.

2
Kinetic constants for the isomerase substrate 5-androstene-3,17-dione (16.7–100 μM) were determined in incubations of NADH (50 μM) and purified

enzyme (0.035 mg) in 0.02 M potassium phosphate buffer, pH 7.4.

3
N.D., not determined because there was no detectable activity with DHEA substrate.
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Table 3
Cofactor kinetics for the 3β-HSD and isomerase activities of the purified mutant and wild-type enzymes.

3β-HSD1 Isomerase NADH2
Purified Enzyme Km μM kcat min−1 kcat/Km

min−1 μM−1
Km μM kcat min−1 kcat/Km

min−1 μM−1

3β-HSD_1 34.1 3.5 0.10 4.6 45 9.8
H232A N.D.3 N.D. N.D. 2.0 1.2 0.6
N323L 94.3 2.9 0.03 2.9 33 11
S322A 19.0 1.0 0.05 3.3 16 4.8
N100A N.D. N.D. N.D. N.S.4 N.S. N.S.
N100S N.D. N.D. N.D. N.S. N.S. N.S.
E126L 16.8 1.2 0.07 N.S. N.S N.S.

1
Kinetic constants for the 3β-HSD cofactor were determined in incubations containing NAD+ (13–200 μM), dehydroepiandrosterone (DHEA, 100 μM)

and purified enzyme (0.03 mg) in 0.02 M potassium phosphate, pH 7.4. The values represent the means values from duplicate assays with standard
deviations ≤ 6%.

2
Kinetic constants for the isomerase cofactor were determined in incubations of NADH (2–50 μM), 5-androstene-3,17-dione (50 μM) and purified enzyme

(0.035 mg) in 0.02 M potassium phosphate buffer, pH 7.4.

3
N.D., not determined because there was no detectable activity with DHEA substrate.

4
N.S., NADH did not stimulate isomerase above the low basal activity with substrate alone (2–3% of wild-type isomerase)
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