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Abstract
17b-Hydroxysteroid dehydrogenase from the fungus Cochliobolus lunatus (17b-HSDcl) is a NADPH dependent
member of the short-chain dehydrogenase reductase (SDR) superfamily. Recently, we prepared a homology-built
structural model of 17b-HSDcl using the known three-dimensional structure of homologous 1,3,8-trihydroxynaphthalene reductase from the fungus Magnaporthe grisea . This model structure directed our studies of structure /function
relationship of the fungal 17b-HSD, as one of the model enzymes of the SDR superfamily. In this work, we investigated
the significance of individual amino acid residues for coenzyme and substrate specificity. We performed site directed
mutagenesis of R28, a basic residue conserved in most NADPH dependent SDR structures; T200, found only in
Streptomyces hydrogenans 3a,20b-HSD and Drosophila alcohol dehydrogenases; and H230, a residue corresponding to
the substrate specificity important H221 in human 17b-HSD type 1. All recombinant proteins were expressed in
Escherichia coli and purified to homogeneity. Kinetic evaluation of individual mutations was performed by analysis of
progress curves of interconversions between 4-estrene-3,17-dione and 4-estrene-17b-ol-3-one, in the presence of
NADPH and NADP  ; according to the Theorell /Chance reaction mechanism. The results demonstrate the role of the
selected amino acid residues; R28 seems to interact with the NADPH 2?-phosphate group; T200 may be involved in
binding and dissociation of NADPH/NADP  ; while H230 and the neighboring A231 appears not to be responsible for
substrate specificity of 17b-HSDcl.
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1. Introduction
Short-chain dehydrogenases/reductases (SDR)
constitute one of the largest protein superfamilies
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known to date, represented in all kingdoms of life
[1 /3]. SDR proteins are non-metalloenzymes,
mostly 25 /35 kDa, that usually function as dimers
or tetramers [4]. They share :/15/30% of identical
amino acids, including the typical SDR motifs,
that are conserved among all members, e.g. the
coenzyme binding motif G-X-X-X-G-X-G and the
catalytic site Y-S-X-X-K [5]. Site directed mutagenesis of the conserved amino acid residues have
been performed in several members of the SDR
superfamily. These studies have delimited Y, K
and S as a catalytically important ‘triad’ of
residues [4,6]. Tyrosine acts as a basic catalyst,
lysine binds NAD(P)H and lowers the pKa value
of tyrosine, and serine stabilizes the substrate,
reaction intermediate and product in catalysis [7].
Crystal structures of several SDR members have
shown that despite low amino acid sequence
similarity protein fold is highly conserved [4].
The SDR members catalyze diverse biochemical
reactions, such as isomerization, epimerization
and oxidoreduction [2]. They are involved in
hormone metabolism (retinol dehydrogenases,
prostaglandin dehydrogenases, hydroxysteroid dehydrogenases), fatty acid oxidation (hydroxyacyl
CoA dehydrogenases) or biotransformation of
xenobiotics (carbonyl reductases, quinone reductases) [8]. Hydroxysteroid dehydrogenases (HSDs)
from the SDR super-family are implicated in the
development of steroid dependent cancer forms
[9], polycystic kidney disease [10], regulation of
blood pressure [11], Alzheimer’s disease [12] and
obesity [13].
Although there are about 2000 members of the
SDR superfamily [1] 17b-hydroxysteroid dehydrogenase from the filamentous fungus Cochliobolus
lunatus (17b-HSDcl) is currently the only fungal
HSD member. The NADPH dependent enzyme
was purified, cloned and expressed in Escherichia
coli [14,15]. The enzyme is homologous to fungal
reductases involved in aflatoxin and melanin
biosynthesis as well as to bacterial 7a-HSD and
even human 17b-HSD types 4 and 8 [16]. Recently,
we prepared a homology-built structural model of
17b-HSDcl using the known three-dimensional
structure of 1,3,8-trihydroxy-naphthalene reductase (3HNR) from the fungus Magnaporthe grisea
as a template [17]. The model structure directed

our studies of structure /function relationship of
the fungal 17b-HSD, as one of the model enzymes
of the SDR family.
In this study, we investigated the significance of
individual amino acid residues for coenzyme and
substrate specificity. We performed site directed
mutagenesis of R28, a residue that is conserved in
most NADPH dependent SDR structures; T200
found only in Streptomyces hydrogenans 3a,20bHSD and Drosophila alcohol dehydrogenases; and
H230, a residue corresponding to the substrate
specificity important H221 in human 17b-HSD
type 1. All recombinant proteins were expressed in
E. coli and purified to homogeneity. Kinetic
evaluation of individual mutations was performed
by analysis of progress curves of interconversions
between the best substrates of 17b-HSDcl known
so far, 4-estrene-3,17-dione and 4-estrene-17b-ol3-one, according to the Theorell /Chance reaction
mechanism.

2. Materials and methods

2.1. Site directed mutagenesis
The mutant proteins were prepared using Quick
Change Site Directed Mutagenesis kit (Stratagene), pGex-17b-HSDcl expression vector and
the following primers (only forward primers are
shown):
. R28E for: 5? / GTCACTGGCTCTGGT/GAG/
GGCATCGGTGCAGCC / 3?
. R28A for: 5? / GTCACTGGCTCTGGT/GCC/
GGCATCGGTGCAGCC / 3?
. T200V for: 5? / CCGTTGCCCCAGGCGGT/
GTC/GTGACAGATATGTTCC / 3?
. H230A for: 5? / CAGATGGCTGCG/GCC/
GCATCCCCACTGC / 3?
. A231S for: 5? / CAGATGGCTGCGCAC/TCC/
TCCCCACTGCACCG / 3?
The complete coding regions of the mutated
cDNAs were confirmed by sequencing.
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2.2. Expression and purification of mutant proteins
Recombinant 17b-HSD (wild type and mutant
proteins) were expressed in E. coli JM 107 cells
and purified as described [15]. Protein concentrations were determined according to the Bradford
method with BSA as a standard [18].
2.3. Preparation of 17b-HSDcl specific monoclonal
antibodies
Recombinant 17b-HSDcl was expressed and
purified to homogeneity as a GST fusion protein
[15]. GST-17b-HSDcl ( :/50 mg) was injected both
intraperitoneally and subcutaneously into Lou/C
rats. A final boost of 50 mg of protein was given
after 4 weeks. Fusion of the myeloma cell line
P3X63-Ag8.653 with rat immune spleen cells was
performed as described [19]. Hybridoma supernatants were tested in a solid phase immunoassay
using GST-17HSDcl adsorbed to microtiter plates.
Western blot analysis was performed as described
under SDS-PAGE and Western blot analysis.
Monoclonal antibody mAb 7F2 (rat IgG1) gave
the best results.
2.4. SDS-PAGE and Western blot analysis
Homogeneity of the proteins was checked by
SDS-PAGE and Coomassie blue staining. A total
of 4 mg of the wild type and purified mutants were
denatured in a Laemmli buffer and applied to a
12% acrylamide gel [20]. Electrophoresis and
transfer were performed as described elsewhere.
Rat monoclonal antibodies against 17b-HSDcl
diluted 1:1 and incubated overnight, were used as
primary antibodies. The secondary were mouse
and goat anti-rat IgG/IgM (H/L) conjugated
with horseradish peroxidase (Dianova, Hamburg),
diluted 1:1000 and incubated for 2 h. Color was
developed using diaminobenzidine and H2O2.
2.5. Activity staining
Screen for activity of the expressed proteins was
carried out by activity staining. PAGE under nondenaturing conditions was performed on a 9%
acrylamide gel using 8 mg of purified wild type and
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mutants. Following electrophoresis, gels were
equilibrated in 50 mM Tris buffer pH 9.0 to which
0.5 mM NADP, 0.5 mM substrate 4-estrene-17bol-3-one dissolved in DMF and 1.5 mM bcyclodextrine, all final concentrations were added.
The activity staining was started by the addition of
0.1 mM phenazine methosulfate and 0.3 mM
nitroblue tetrazolium salt, both final concentrations. The gels were incubated in the dark at 4 8C
until the color developed.
2.6. Determination of coenzyme and substrate
specificity
Homogenous 17b-HSDcl (wild type and T200V,
R28E and R28A mutants, 0.5 mM) were incubated
with either 100 mM 4-estrene-3,17-dione or 4estrene-17b-ol-3-one in the presence of 500 mM
coenzymes (NADPH, NADH, NADP and
NAD ) in 100 mM phosphate buffer pH 8.0 for
1 h at RT. Mutants H230A and A231S (0.5 mM)
were incubated with 100 mM steroids (4-estrene3,17-dione, 5a-androstane-3,17-dione, 5a-androstane-3a-ol-17-one or 5a-androstane-3b-ol-17-one)
in the presence of 500 mM NADPH, as described
above. The products were extracted with chloroform and analyzed by TLC. Substrates and
products were visualized by spraying the plates
with 30% H2SO4 in EtOH.
2.7. Kinetic characterization of mutants
Interconversions between 4-estrene-3,17-dione
and 4-estrene-17b-ol-3-one (20 /200 mM) by the
wild type enzyme or mutants (0.5 /5 mM) in the
presence of various coenzymes (100 /500 mM) were
also followed photometrically at 340 nm on the
stopped-flow apparatus (SF-PQ-53, Hi-Tech, UK)
and on a spectrophotometer Beckman DU7500.
Progress curves from rapid and conventional
experiments were analyzed according to the procedure described previously [17].
We used the Theorell /Chance reaction mechanism:
k1

k2

k3

k1

k2

k3

E A l EAB l EQP l E Q
E represents enzyme, A , Q , B and P are NADPH,
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NADP, 4-estrene-3,17-dione and 4-estrene-17bol-3-one, respectively. The kinetic parameters are
second or first order rate constants (see Table 1).

3. Results and discussion
3.1. Expression, purification and kinetic
characterization of 17b-HSDcl mutants
All recombinant proteins were expressed in E.
coli and purified in one step to homogeneity. They
all appeared on SDS-PAGE as single 28 kDa
bands corresponding to the molecular mass of the
wild type enzyme (Fig. 1A). Mutations did not
change the recognition of the mutant proteins by
anti-17b-HSDcl monoclonal antibodies prepared
against the wild type enzyme (Fig. 1B). Screening
with activity staining revealed that all mutants,
except R28E, possess some 17b-HSD activity (Fig.
2). The kinetic evaluation of individual mutations
was performed according to the Theorell /Chance
reaction mechanism, as described before [17].
3.2. Amino acid residues important for coenzyme
specificity of 17b-HSDcl
3.2.1. Role of arginine 28
In most structures of NADPH preferring enzymes, two negative charges of the NADPH 2?phosphate group are compensated by one or two
positively charged residues [21]. These residues are
evident in NADPH dependent SDR enzymes, as in

Fig. 1. SDS-PAGE and Western analysis of purified mutants.
(A) A total of 4 mg of 17b-HSDcl (wild type and of each
mutant) was applied to SDS-PAGE and stained with Coomassie blue. (B) Western analysis was performed using monoclonal
rat antibodies against recombinant 17b-HSDcl and visualized
with goat anti-rat IgG-horseradish peroxidase conjugate. Prestained molecular mass markers were 26.6, 36.5, 48, 58, 84, 116
and 180 kDa, respectively.

Table 1
Characteristic rate constants for reduction of 4-estrene-3,17-dione and oxidation of 4-estrene-17b-ol-3-one in the presence of NADPH
and NADP
Wild type
k 1
k 1
k 2
k 2
k 3
k 3

1

(M
(s 1)
(M 1
(M 1
(s 1)
(M 1

s

1

)

s 1)
s 1)
s 1)

R28A
6

1.779/0.20 /10
278.99/162.6
2417039/128052
51629/24
1.049/0.02
1.139/0.13 /106

5513139/253724
98.69/19.6
1230359/25790
359*
0.01969/0.00015
1248409/40269

T200V
6168109/216614
3.629/0.46
193849/2309
1944*
0.839/0.05
5.29/1.6/106

H230A

A231S
6

1.179/0.16 /10
66.99/18.99
1059509/29753
4335*
0.669/0.01
1.049/0.11 /106

1.049/0.15/106
1939/152
2097669/164956
3392*
0.769/0.02
0.939/0.09/106

* Set fixed by using the overall equilibrium constant ((k 1 /k 2 /k 3)/(k 1 /k 2 /k 3)) of 0.273 as determined with wild type
enzyme.
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Fig. 2. Native PAGE and activity staining of mutants. (A) A
total of 8 mg of each mutant was applied to native PAGE and
stained with Coomassie blue. (B) Activity staining was
performed with nitroblue tetrazolium and phenazine methasulfate in the presence of 4-estrene-17b-ol-3-one and NADP .

mouse lung carbonyl reductase (MLCR-1CYD,
residues K17 and R39) [22]; in tropinone reductases (TR-I and TR-II) from Datura stramonium
(TR-I-1AE1, residues K31 and R53, TR-II-2AE1,
residues R19 and R41) [23] and in human 17bHSD type 1 (1EQU, residues R37 and K195) [21].
There are, however, some NADPH dependent
enzymes like 3HNR of M. grisea (1YBV, residue
R39) and protochlorophyllide reductase of Arabidopsis thaliana (residue R122) that lack one of the
two basic residues [22].
Interestingly, the atomic model of 17b-HSDcl
also reveals only one basic residue (R28) that
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appears to interact with the 2?-phosphate. The
presence of only one basic residue was suggested as
insufficient to determine NADPH specificity [24].
Since to our knowledge this residue has not yet
been changed in SDR proteins that possess only
one basic amino acid residue, we decided to study
the effect of R28A and R28E mutations on kinetic
properties of the recombinant enzyme.
Introduction of a negative charge at the position
28 (R28E) completely abolished enzyme activity
using NADPH/NADP  (Fig. 3). The mutant,
however, retained a very low activity for the
oxidation of 4-estrene-17b-ol-3-one with NAD ,
as observed by TLC analysis after 1 h incubation
(Fig. 4), but photometric data did not allow any
relevant kinetic analysis. On the other hand, the
R28A mutant remained active, although significantly less than the wild type. The mutant revealed
lower enzyme activity in the reductive and the
oxidative direction with all four coenzymes tested
(Figs. 3 and 4 and Table 1). Very low activity with
NADH and NAD  made kinetic analysis of these
reactions impossible. The reduction of 4-estrene3,17-dione with NADH and the oxidation of 4estrene-17b-ol-3-one with NAD  were detected
photometrically only when ten times higher concentration of R28A was used (Fig. 3), while no
products were seen on TLC plates with the usual
concentration of the enzyme and NADH or
NAD  (Fig. 4). It seems that in the R28E mutant
NADPH could be repelled by the negatively
charged glutamate residue, but the substitution
R28E seems not to be sufficient for appropriate
binding of NAD /NADH (Fig. 4). For the R28A
mutant one would expect that NADPH is not
stabilized by the presence of the basic residue, but
also the binding of NAD /NADH is not enabled
because of the absence of an aspartate residue that
is conserved in NAD  dependent enzymes. However, kinetic analysis of this mutant revealed
decrease in the dissociation rate constant for
NADP . It seems that the loss of positive charge
(R to A) enhance the affinity for the positively
charged oxidized coenzyme.
3.2.2. Role of threonine 200
In addition to the basic residues that electrostatically interact with the 2?-phosphate group of
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Fig. 3. Progress curves for reduction of 4-estrene-3,17-dione and oxidation of 4-estrene-17b-ol-3-one in the presence of NADPH,
NADH, NADP  and NAD  by different mutants. Progress curves of reduction of 4-estrene-3,17-dione and oxidation of 4-estrene17b-ol-3-one (100 mM) by the wild type and different mutants in the presence of 100 mM coenzymes (1) NADPH, (2) NADP  , (3)
NADH and (4) NAD  . The concentrations of the wild type enzyme, T200V and R28A were 0.5 mM. In the presence of NAD  or
NADH T200V and R28A were 5 mM. The concentration of R28E was always 1.5 mM. Reactions proceeded in 0.1 M phosphate buffer
pH 8.0.

NADPH, residues that anchor the carboxyamide
group of the nicotinamide ring are also important
[23]. Tight binding of the carboxyamide group to
the protein directs the B-face of the nicotinamide
ring toward void of the cleft, consistent with
specificity for the pro-S hydride transfer [23]. In
crystal structures of the SDR members, the sidechain oxygen of threonine was found to form a Hbond with the amino group of the nicotinamide
moiety: T206 in D. stramonium TR [23]; T213 in
M. grisea 3HNR [25]; T194 in 7a-HSD of E. coli
[26]; T190 in human 17b-HSD type 1 [27] and
others. In the model structure of 17b-HSDcl T202,

equivalent to the mentioned threonines, is within
H-bond distance to the amide moiety of NADPH
[17]. However, another threonine (T200) appears
to be in a close contact with the carbonyl part of
the nicotinamide. Interestingly, this threonine is
conserved in NAD  dependent S. hydrogenans
3a/20b-HSD (2HSD, T185) and Drosophila alcohol dehydrogenases (1B14, T184) [28], while it is
replaced by a hydrophobic amino acid, valine or
isoleucine, in most other SDR enzymes. Since the
threonine at this position has not yet been replaced
in SDR proteins we changed it for a hydrophobic
valine and investigated the effect of this mutation.
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Fig. 4. TLC analysis for reduction of 4-estrene-3,17-dione and oxidation of 4-estrene-17b-ol-3-one in the presence of NADPH,
NADH, NADP  and NAD  by different mutants. Coenzyme specificity of the wild type, R28A, R28E and T200V mutants was tested
with 100 mM substrates (4-estrene-3,17-dione or 4-estrene-17b-ol-3-one) in the presence of 500 mM coenzymes: (1) NADPH, (2)
NADH, (3) NADP and (4) NAD . Reactions proceeded in 0.1 M phosphate buffer pH 8.0 for 1 h. Samples were extracted and
analyzed by TLC in the solvent system Chex:EtAc/1:2.

The T200V mutant was essentially less active
than the wild type in the oxidative and the
reductive direction with all four coenzymes tested
(Figs. 3 and 4). Low enzyme activities with
NADH/NAD  did not allow kinetic analysis of
the reactions catalyzed in the presence of these two
coenzymes. When we analyzed progress curves for
the reduction and the oxidation in the presence of
NADPH/NADP, we saw that reduction of the
substrate in the presence of NADPH was very
little affected, while the rate for substrate oxidation considerably decreased (Fig. 3). While k3,
the dissociation rate constant for NADP  responsible for the rate of substrate reduction, was
almost unchanged; k1 dissociation rate constant
for NADPH that determines the rate of substrate
oxidation, was 77-fold lower (Table 1). This
indicates that valine that was introduced at position 200 may stabilize NADPH, but it seems that

threonine at the same position may also be
involved in interaction with NADPH/NADP.

3.3. Amino acid residues potentially important for
substrate specificity of 17b-HSDcl: roles of
histidine 230 and alanine 231
According to site directed mutagenesis and the
resolved crystal structure of human 17b-HSD type
1 substrate specificity of this human enzyme is
appointed by the presence of H221 that forms a
hydrogen-bond with the O3 of the steroid substrate. This H-bond determines specificity of the
enzyme for steroids with a hydroxyl group at C3
and aromatic A ring [21,29]. The hydrogen bond
between H221 and the C3 OH group helps to
establish the catalytically relevant steroid/protein
interaction of O17, T155 Oh and S142 Og [21].
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Although, in the 17b-HSDcl atomic model
H230 that corresponds to H221 is not close
enough to the steroid O3 atom to form a hydrogen
bond, we wanted to clear up the position of H230
and the neighboring A231 that might also be
involved. To test their putative importance, we
changed H230 and A231 to A and S, respectively.
Both mutants (H230A and A231S) showed
slightly lower enzyme activity for the reduction
of 4-estrene-3,17-dione and the oxidation of 4estrene-17b-ol-3-one in the presence of NADPH
and NADP  than the wild type enzyme (results
not shown). No significant changes in the rate
constants were determined (Table 1). Both were
also tested with the substrates bearing a keto or
hydroxyl group at C3 (4-estrene-3,17-dione, 5aandrostane-3,17-dione, 5a-androstane-3a-ol-17one or 5a-androstane-3b-ol-17-one), but we could
not observe a significant difference in comparison
with the wild type enzyme (Fig. 5). Thus, H230

appears not to be involved in H-bonding with the
keto or hydroxyl group at the C3 position of the
steroids tested. These results are in accordance
with the position of H230 in the model structure of
17b-HSDcl and demonstrate that H230, that
corresponds H221 in 17b-HSD type 1 and the
neighboring A231 most probably do not interact
with the substrate. Such a finding is not unexpected, since importance of the H221 residue could
only be observed in human 17b-HSD type 1; in rat
17b-HSD type 1 that equally uses both estrone and
androstenedione, E282 is found at the equivalent
position [30].
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Zorko, Purification and characterization of 17b-hydroxysteroid dehydrogenase from the filamentous fungus Cochliobolus lunatus , J. Steroid Biochem. Mol. Biol. 59 (1996)
205 /214.
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