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3p-Hydroxysteroid dehydrogenase/steroid A® 7 %-isomerase (3f-HSDlisomerase) was expressed by
baculovirus in Spodoptera fungiperda (Sf9) insect cells from cDNA sequences encoding human
wild-type I (placental) and the human type I mutants - H261R, Y253F and Y253,254F. Western blots
of SDS-polyacrylamide gels showed that the baculovirus-infected Sf9 cells expressed the immuno-
reactive wild-type, H261R, Y253F or Y253,254F protein that co-migrated with purified placental 38-
HSDl/isomerase (monomeric M;=42,000 Da). The wild-type, H261R and Y253F enzymes were each
purified as a single, homogeneous protein from a suspension of the Sf9 cells (5.01). In kinetic studies
with purified enzyme, the H261R mutant enzyme had no 38-HSD activity, whereas the K,,, and V.
values of the isomerase substrate were similar to the values obtained with the wild-type and native
enzymes. The V.. (88 nmol/min/mg) for the conversion of 5-androstene-3,17-dione to androstene-
dione by the Y253F isomerase activity was 7.0-fold less than the mean V... (620 nmol/min/mg)
measured for the isomerase activity of the wild-type and native placental enzymes. In microsomal
preparations, isomerase activity was completely abolished in the Y253,254F mutant enzyme, but
Y253,254F had 45% of the 3-HSD activity of the wild-type enzyme. In contrast, the purified Y253F,
wild-type and native enzymes had similar V., values for substrate oxidation by the 3f-HSD ac-
tivity. The 38-HSD activities of the Y253F, Y253,254F and wild-type enzymes reduced NAD™" with
similar kinetic values. Although NADH activated the isomerase activities of the H261R and wild-
type enzymes with similar kinetics, the activation of the isomerase activity of H261R by NAD* was
dramatically decreased. Based on these kinetic measurements, His**! appears to be a critical amino
acid residue for the 3f-HSD activity, and Tyr*>? or Tyr*** participates in the isomerase activity of
human type I (placental) enzyme. © 1998 Elsevier Science Ltd. All rights reserved.
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3,10,17-trione; 2a-BAP, 2a-bromoacetoxyprogesterone; pregne-  piandrosterone) to 3-oxo-4-ene steroids (progester-
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nene-3,20-dione; dehvdroepiandrosterone, 3f-hydroxy-~5- one, androstenedione) on a single, dimeric protein

androsten-17-one; androstenedione, 4-androstene-3,17-dione. containing both enzyme activities {1]. The bifunc-
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tional enzyme catalyzes a key biosynthetic step that is
required for each of the pathways that produce active
steroid hormones. In the human, the type I enzyme
(placenta, skin, mammary gland) and the type II
enzyme (gonads, adrenals) are expressed in a tissue-
specific pattern, are encoded by two distinct genes,
and have 93% homology in the amino acid
sequences [2]. The 35-HSD and isomerase activities
co-purify as the single type I protein from human
term placenta[l, 3].

Tryptic peptides associated with both catalytic ac-
tivities have been localized using affinity radiolabeling
steroids. One tryptic peptide,
2°GQFYYISDDTPHQSYDNLNYTLSK?*"?,  was
modified at His**' by both the 3-HSD-site-directed
alkylator, 2a-bromoacetoxyprogesterone [4, 5] and by
the isomerase-site-directed alkylator, 5,10-secoestr-4-
yne-3,10,17-trione [6]. Additional studies using
stopped-flow fluorescent spectroscopy [7] supported
the following model for the sequential reaction mech-
anism: NADH, the coenzyme product of the rate-lim-
iting 3f-HSD reaction, induces a conformational
change around the bound 3-oxo-5-ene-steroid (the
33-HSD product and isomerase substrate) to activate
isomerase in the single, bifunctional enzyme protein.
Thus, 3p-HSD/isomerase offers a unique enzyme sys-
tem to study using site-directed mutagenesis because
an appropriately targeted point mutation may modify
only one of the two activities. In the current study,
we have used site-directed mutagenesis to produce
three mutated forms of human type I (placental) 3(-
HSDv/isomerase (H261R, Y253F and Y253,254F)
and compared the kinetics of the purified mutant,
wild-type, and native placental enzymes to investigate
the roles of the targeted amino acid residues in the
3-HSD and isomerase reaction mechanisms.

MATERIALS AND METHODS

Materials

Pregnenolone, dehydroepiandrosterone and pyri-
dine nucleotides were purchased from Sigma (St.
Louis, MQ); 5-androstene-3,17-dione and 5-preg-
nene-3,20-dione from Steraloids (Wilton, NH); re-
agent grade salts, chemicals and analytical grade
solvents from Fisher (Pittsburg, PA). Glass distilled,
deionized water was used for all aqueous solutions.

Site-directed mutagenesis

The 1,555 base pair (bp) cDNA that encodes
human type I (placental) 3f-HSD/isomerase was cut
from the host plasmid, pCMV5H38HSD (8], using
EcoR1/PspA1l and ligated into pGEM-3Z (Promega,
Madison, WI) to produce pGEM-3HSD (4298 bp).
A double stranded, polymerase chain reaction (PCR)
method of site-directed mutagenesis [9, 10] produced
the mutant cDNA using the high-fidelity Klentaq
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DNA polymerase (supplied by W. Barnes,
Washington University, St. Louis, MQO). To create
the H261R mutant ¢cDNA, the codon for Hi5261,
CAC, was converted to the codon for Arg261, CGC,
using the forward mutated  primer, 5'-
TGACACGCCTCGCCAAAGCTATGAT-3, and
the abutting reverse primer, 5'-
TCTGAGATATAGTAGAACTGTCCTCG-3'. To
produce the Y253F mutant ¢cDNA, the codon for
Tyr253, TAC, was converted to the codon for Phe253,
TTC, wusing the forward mutated primer, 5'-
GAGGACAGTTCTTCTATATCTCAGATGAC-3,
and the abutting reverse primer, 5'-
GGATGCTTGGGGCCTT-3". To produce the
Y253,254F mutant cDNA, the codons for Tyr?>2,
TAC, and Tyr*>*, TAT, were converted to the
codons for Phe?’?, TTC, and Phe?**, TTT, using the
forward mutated primer, 5'-
GAGGACAGTTCTTCTTTATCTCAGATGAC-3
and the same abutting reverse primer described
above. The correct mutations were confirmed using a
PCR-based dideoxynucleotide sequencing method
(Thermo Sequenase Kkit, Amersham Life Science,
Cleveland, OH). In addition, the entire 1555 bp
cDNA was sequenced to confirm the integrity of the
coding region after PCR-based mutagenesis.

Expression of the mutant and wild-type enzymes

The mutant 35-HSD c¢cDNA was cut from pGEM-
3BHSD using EcoR1/PspA1l and ligated into the bacu-
lovirus transfer vector pVL1392 (Invitrogen, San
Diego, CA). The recombinant baculovirus was pro-
duced by transfecting Spodoptera fungiperda (Sf9)
insect cells with linearized AcMNPV DNA and the
pVL1392-3fHSD using the Invitrogen Bac-N-Blue
transfection kit. Screening for the recombinant bacu-
lovirus by plaque assay and infection of Sf9 cells were
performed as previously described for the wild-type
3-HSD/isomerase [8]. The H261R mutant, Y253F
mutant, Y253,254F mutant or wild-type enzyme was
expressed in suspension cultures of Sf9 cells.

Western blots

The expressed enzyme was separated by SDS-poly-
acrylamide (7.5%) gel electrophoresis, electroblotted
onto a nitrocellulose membrane, probed with primary
antibody raised against human placental 38-HSD/iso-
merase, and incubated with goat ['?°I}-antirabbit IgG
(1.0 uCi, ICN Biomedicals) as described previously
for the wild-type enzyme (8]. The immunoreactive
bands were visualized using a Molecular Dynamics
(Sunnyvale, CA) Model 400 PhosphorIlmager.

Enzyme purificarion
38-HSD and steroid A-isomerase were co-purified
from human placental microsomes or from the
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Fig. 1. Western blot of an SDS-polyacrylamide gel showing
the expression of the mutant and wild-type 35-HSD/isomer-
ase in insect Sf9 cells infected with recombinant baculovirus.
Lane 1: purified human placental (type I) 3f-HSDfisomerase
(1.0 ug). Lane 2: purified H261R mutant enzyme (0.5 ug).
Lane 3: Y253,254F mutant enzyme in the Sf9 cell homogenate
(10.0 ug). Lane 4: purified Y253F mutant enzyme (0.5 ug).
Lane 5: uninfected Sf9 cell homogenate (10.0 ug). Lane 6:
purified wild-type I enzyme (0.5 ug).

100,000 x g pellet of the homogenized Sf9 cells
(5.0 1) by our published method. The purified placen-
tal enzyme is a homogeneous protein (monomeric
M.=42,000) according to SDS-polyacrylamide gel
electrophoresis and NH,-terminal sequence
analysis [1]. The purified H261R mutant, Y253F
mutant, or wild-type enzyme exhibited a single band
that co-migrated with pure placental enzyme on SDS-
polyacrylamide gel electrophoresis (silver stain) and
had a single NH,-terminal sequence of the expected
nine amino acids: NH,-TGWSCLVTG...[1,11]. The
microsomal Y253,254F mutant enzyme was prepared
from the 110,000 xg pellet of the baculovirus-
infected Sf9 cell homogenate as previously
described [8]. Protein concentrations were determined
by the Coomassie blue method using bovine serum
albumin as standard [12].

Kinetic studies

Kinetic constants for substrates of the 3-HSD ac-
tivity of the purified Y253F and wild type enzymes
were determined in incubations at 37°C containing
dehydroepiandrosterone (1.9-6.0 uM) or pregneno-
lone (3.0-20.0 uM), NAD" (0.1 mM), and purified
enzyme (0.03mg) in 0.02 M potassium phosphate
buffer, pH 7.4, 4.0% final methanol content (buffer
A). 3B-HSD cofactor kinetics were determined by
incubating NAD" (13.0-100.0 uM), dehydroepian-
drosterone (30.0 yM for wild-type and native
enzymes, 80.0 uM for Y253F), and purified enzyme
(0.03 mg) in buffer A at 37°C. The 3p5-HSD kinetic
study of the purified H261R enzyme used the maxi-
mal soluble concentration of dehydroepiandrosterone
(100.0 uM) and the highest NAD" concentration
(200.0 uM) that could be measured spectrophotome-
trically. The slope of the initial linear increase in
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absorbance at 340 nm (due to NADH production)
per unit time was used to determine 38-HSD activity.

Kinetic constants for substrates of the isomerase
activity of the purified H261R, Y253F, wild-type and
native enzymes were determined in incubations of 5-
androstene-3,17-dione (17.0-42.0 uM) or 5-preg-
nene-3,20-dione (5.0-30.0 uM), NADH (0.05 mM),
and purified enzyme (0.01 mg) in buffer A at 37°C.
The coenzyme activation kinetics of isomerase were
determined in incubations of NAD"* (13.0-100 uM
for wild-type and Y253F, 40.0-200 uM for H261R)
or NADH (3.0-15.0 uM), 5-androstene-3,17-dione
(30.0 uM), and purified enzyme (0.01 mg) in buffer
A at 37°C. Isomerase activity was measured by the
initial absorbance increase at 241 nm (due to 3-oxo-
4-ene product formation from the 3-oxo-5-ene steroid
substrate) as a function of time. Blank assays (zero-
enzyme, zero-substrate) assured that specific isomer-
ase activity was measured as opposed to non-enzy-
matic “spontaneous’’ isomerization [13].

The microsomal Y253,254F mutant enzyme was
assayed for the 35-HSD and isomerase activities as
described above, except that the substrate concen-
trations and protein content were maximized in an
effort to measure each of the enzyme activities.

Changes in absorbance were measured with a
Varian (Sugar Land, TX) Cary 219 recording spec-
trophotometer. The Michaelis—Menten constants (K,
and V.. were calculated from Lineweaver—Burke
(1/S vs. 1/V) plots and verified by Hanes-Woolf (S
vs. S/V) plots [14].

RESULTS

Expression of the mutant and wild-type enzymes

A Western blot of an SDS-polyacrylamide gel
(Fig. 1) showed that Sf9 cells infected with the
appropriate recombinant baculovirus expressed the
immunoreactive H261R (lane 2), Y253,254F (lane
3), Y253F (lane 4) and wild type (lane 6) protein, all
of which co-migrated with the purified, human pla-
cental 3f5-HSD/isomerase (lane 1). The absence of a
band in lane 5 shows that uninfected Sf9 cells do not
express endogenous 3-HSD/isomerase.

Kinetic analysis of the purified mutants

Table 1 summarizes the results of the substrate kin-
etic studies that compared the purified H261R and
Y253F mutants with the wild-type and native placen-
tal enzymes. The H261R mutation completely abol-
ished the 35-HSD activity but only modestly affected
the K, and Vi, values measured for the isomerase
activities of the wild-type and native placental
enzymes. In contrast, the Y253F mutant had a 7-fold
lower isomerase V,.x but had the same 3(-HSD
Vinax as the wild type and native enzymes. The kinetic
data in Table 1 were calculated from the
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Table 1. Substrate kinetics for the 3f-HSD and isomerase activities of the purified H261R, Y253F, wild-type and native placental

enzymes

38-HSD? Isomerase®
Purified enzyme K, (uM) Vinax (nmol/min/mg) K, (uM) Vinax (nmol/min/mg)
H261R ND 63.9 435
Y253F 20.7 48.3 48.3 88°
Wild-type 3.7 43.3 27.9 598
Native? 2.6 48.5 25.6 626

*Kinetic constants for the 35-HSD substrate were determined in incubations containing dehydroepiandrosterone (1.9-6.0 uM), NAD"
(0.1 mM), and purified enzyme (0.03 mg) in 0.02 M potassium phosphate buffer, pH 7.4, 4.0% methanol (buffer A) at 37°C. The 34-
HSD assay for the H261R mutant contained 100.0 uM dehydroepiandrosterone and 0.2 mM NAD™.

PKinetic constants for the isomerase substrate were determined in incubations of 5-androstene-3,17-dione (17.0-42.0 uM), NADH
(0.05 mM), and purified enzyme (0.01 mg) in 0.02 M potassium phosphate buffer, pH 7.4, 4.0% methanol (buffer A) at 37°C.

“The microsomal Y253,254F mutant had no isomerase activity but had 45% of the microsomal wild-type 35-HSD activity.

“Identical 3-HSD and isomerase assays determined these kinetic constants that were previously published for the native enzyme purified

from human placental microsomes|[1,22].
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Fig. 2. Lineweaver-Burke plots determined the kinetic con-
stants for the 3f-HSD and isomerase substrates using the
purified mutant and wild-type enzymes. (A) The 3§-HSD ac-
tivity was measured in duplicate incubations containing
dehydroepiandrosterone (1.9-6.0 yM) and NAD" (0.1 mM) in
0.02 M potassium phosphate buffer, pH 7.4, 4.0% methanol at
37°C for the purified Y253F mutant (¥) and wild-type (A)
enzymes (0.03 mg). (B) The isomerase activity was measured
in duplicate incubations containing 5-androstene-3,17-dione
(17.0-42.0 uM) and NADH (0.05mM) in 0.02M potassium
phosphate buffer, pH 7.4, 4.0% methanol at 37°C for the
Y253F mutant (s), H261R mutant (O) and wild-type (#)
enzymes (0.01 mg). Variation in the duplicate assays is rep-
resented by the S.E.M. bars on the plots.

Lineweaver—Burke plots in Fig. 2A and B. The stan-
dard error of the mean (S.E.M.) bars in the plots
show the low variability encountered in these kinetic
studies with the pure enzymes. The intersection of
the Lineweaver-Burke plots depicts the equal V..
values (reciprocal of the 1/V intercept) measured for
the 35-HSD activities of the Y253F mutant and wild-
type enzymes (Fig. 2A). The similar V,,, values
measured for the isomerase activities of the H261R
and wild-type enzymes compared to the greatly
reduced V., of the Y253F mutant can be visualized
on the 1/V axis in Fig. 2B. Similar changes in the kin-
etic constants for the H261R, Y253F, wild-type, and
native enzymes were measured with the pregnene 3p-
HSD and isomerase substrates, pregnenolone and 5-
pregnene-3,20-dione, respectively (data not shown).

The microsomal Y253,254F mutant enzyme (0.04—
0.08 mg, 100 uM 5-androstene-3,17-dione) exhibited
no isomerase activity. In identical assays, the micro-
somal wild-type enzyme (0.04 mg) had substantial
isomerase activity (48.0 nmol 5-androstene-3,17-
dione converted/min/mg). However, the microsomal
Y253,254F mutant enzyme (0.04-0.08 mg, 100 M
dehydroepiandrosterone) had measurable 34-HSD
activity (3.0-5.0 nmol/min/mg) that was 45% of the
6.7 nmol/min/mg measured for the 3-HSD activity
of the microsomal wild-type enzyme (0.04 mg). The
microsomal Y253,254F was not studied further
because of the complete absence of isomerase activity
and the inability to dissolve the high concentrations
of dehydroepiandrosterone necessary to obtain mean-
ingful 3-HSD kinetics.

The kinetic constants (K, Vmax) measured for the
3B-HSD cofactor, NAD™", were very similar for the
Y253F mutant, wild-type and native enzymes, but
the H261R mutant exhibited no 38-HSD activity
even with maximal substrate and NAD"' concen-
trations (Table 2).

We have previously shown that either NAD™ or
NADH can activate isomerase, with NADH being
the preferred activator in terms of the K, and Vg
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Table 2. Cofactor kinetics for the 3-HSD activity of the puri-
fied H261R, Y253F, wild-type and native placental enzymes

NAD" reduction by 33-HSD?

Purified enzyme K, (uM) Vinax (nmol/min/mg)
H261R ND 0

Y253F 38.5 44.3
Wild-type 34.1 45.9

Native® 26.2 58.2

238-HSD cofactor kinetics were determined by incubating NAD"*
(13.0-100.0 uM), dehydroepiandrosterone (30.0 uM for wild-
type and native enzymes, 80.0 uM for Y253F), and purified
enzyme (0.03 mg) in buffer A at 37°C. The 3-HSD assay for
the H261R mutant contained 100.0 uM dehydroepiandrosterone
and 200.0 uM NAD™.

®An identical 3-HSD assay determined these kinetic constants for
the native enzyme purified from human placental
microsomes [1,22].

values measured [15]. The ratio of the NADH/NAD"
Vnax values range from 1.4 to 1.8 for the native pla-
cental, wild type and Y253F mutant enzymes.
However, NAD" activates the isomerase activity of
the H261R mutant very poorly. The NADH/NAD"
Vemax ratio is 25 for the H261R mutant enzyme
(Table 3). These data were calculated from the
Lineweaver—-Burke plots that are shown in Fig. 3A
and B. The similar V. values measured for the
NADH activation of the H261R and wild-type iso-
merase (Fig. 3B) can be compared to the vastly
different V., obtained for the NAD" activation of
the H261R or wild-type isomerase (Fig. 3A).

DISCUSSION

The 3B-HSD/isomerase enzymes present an inter-
esting mechanistic question: Are the catalytic centers
and critical amino acids for each of the two coupled,
biosynthetic reactions located in unique and separate
domains, in overlapping but distinct sites, or in the
same, inseparable site? We have identified the active
site region for 38-HSD and isomerase in the primary
structure of the enzyme using a substrate-protection
technique that enhances the specificity of affinity radi-
olabeling steroids (4-6]. The codons for potentially
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Fig. 3. Lineweaver-Burke plots determined the kinetic con-
stants for the activation of isomerase in the mutant and wild-
type enzymes by NAD* and NADH. (A) The isomerase ac-
tivity was measured for purified H261R mutant (O), Y253F
mutant () or wild-type (¢) enzyme (0.01 mg) in duplicate in-
cubations containing NAD" (13.0-100 uM for wild-type and
Y253F, 40.0-200 uM for H261R) and 5-androstene-3,17-dione
(30.0 pM) in buffer A at 37°C. (B) Identical incubations
measured the activation of the isomerase activities of the
purified H261R (), Y253F (M) and wild-type (/) enzymes by
NADH (3.0-15.0 uM). Variation in the duplicate assays is
represented by S.E.M. bars except where the points obscure
the error bars.

critical amino acids in the identified region were then
changed to create the c¢DNA that expressed the
mutant enzymes. The mutant enzymes were purified
so that meaningful Kkinetic analyses could be per-

Table 3. Comparison of the NADY and NADH activation of the isomerase activity of the purified H261R, Y253F, wild-type and
native placental enzymes

Activation® by NAD"

Activation by NADH

NADH/NAD" Vpax

Purified enzyme K, (uM) Vmax (nmol/min/mg) K, (uM) Viax (nmol/min/mg) ratio
H261R 50.1 18 22.0 451 25.2
Y253F 17.1 89 4.8 161 1.8
Wild-type 14.5 389 4.6 536 1.4
Native® 14.4 394 2.4 609 1.5

*The coenzyme kinetic constants were determined in incubations of NAD" (13.0-200.0 uM) or NADH (3.0-15.0 uM), 5-androstene-
3,17-dione (30.0 uM), and purified enzyme (0.01 mg) in buffer A at 37°C.
®Identical isomerase assays determined these kinetic constants for the native enzyme purified from human placental microsomes[15].



332

250 253 254

J. L. Thomas et al.

261

...R Gly-Gln-Phe-Tyr-Tyr-Ile-Ser-Asp-Asp-Thr-Pro-His-Gln-Ser-Tyr-

273

Asp-Asn-Leu~Asn-Tyr-Thr-Leu-S8er-Ly8s EF GLRLD SRWSFPLS

320

LMYWIGFLLEIVSFLLRPIYTYRPPFNRHIVT...

Fig. 4. This tryptic peptide in human placental 35-HSD/isomerase was identified independently by 35-HSD-
directed [4, 5] and by isomerase-site-directed [6] affinity radiolabeling steroids. The radiolabeled His*®' ident-

ified in these studies and the Tyr**3, Tyr***

residues found to be mutated in the gene for the type II enzyme in

3p-HSD-deficient patients [2] are labeled. Amino acids in the tryptic peptide are represented by three-letter
abbreviations in boldface type. The other residues in this partial sequence of the known primary structure[11]
are represented by single-letter amino acid abbreviations that are not in boldface type.

formed. Finally, enzyme assays that are specific for
and distinguish between the 35-HSD and isomerase
activities were used to determine which of the two ac-
tivities was modified by each mutation.

In our affinity radiolabeling studies using the 3f-
HSD-site-directed steroid, 2¢-bromo[2’-*C]acetoxy-
progesterone (2x-{'*C]BAP), and the isomerase-site-
directed secosteroid, 5,10-secoestr-4-yne-3,10,17-
trione, the tryptic peptide shown in Fig. 4 was cova-
lently modified at His*®' and was protected from
modification by co-incubation with the 3-HSD sub-
strate, pregnenolone (4] or with the isomerase sub-
strate, 5-androstene-3,17-dione [6]. Moreover, diethyl
pyrocarbonate, a reagent that modifies His residues,
inactivated the 35-HSD activity in absence but not in
the presence of the 33-HSD  substrate,
pregnenolone [4].

In the analogous tryptic peptide of the type II
(adrenal) enzyme, the codon for Tyr*>* or Tyr*>* was
found to be mutated (Y253N or Y254D) in the
human type II gene of two patients with 3-HSD/iso-
merase deficiency [2]. The amino acid sequence of
the human type I tryptic peptide shown in Fig. 4 is
homologous [2] to the corresponding human type II
tryptic peptide (except for the substitution of Ile*”° in

type 11 for Thr?’® in type I). The independent identi- .

fication of amino acids in the same tryptic peptide by
affinity labeling (His*®') and by sequencing the type
II gene in 3-HSD-deficient patients (Tyr?>?, Tyr**)
represents an unprecedented consensus of data that
guided our choice of these residues for site-directed
mutagenesis.

Mutagenesis studies have shown that a tyrosine
residue has a catalytic function in a steroid A’-isomer-
ase. Using the Y14F mutant enzyme, Tyr'* was
shown to participate in the isomerase reaction mech-
anism  of  3-oxo-A’-steroid  isomerase  from
Pseudomonas testosteroni. With this conservative repla-
cement strategy, both residues are aromatic, but Phe
lacks the hydroxyl group necessary to act as a general
acid in the isomerase reaction mechanism [16]. This
assignment for Tyr'* was recently supported by het-
eronuclear multidimensional NMR spectroscopy of

the bacterial isomerase [17]. Based on these studies,
we chose to substitute Phe for Tyr in the human type
1 Y253F and Y253,254F mutant enzymes.

A His residue participates in the reaction mechan-
ism of human placental 17f-hydroxysteroid
dehydrogenase [18] and in bacterial lactate
dehydrogenase [19], malate dehydrogenase [20] and
fumarate reductase [21]. Choosing a substitution for
His*®! was not as straightforward as it was for Tyr*>>
because there is not a completely suitable, alternative
amino acid residue. Arg was selected because His and
Arg are both basic amino acids, Arg is unlikely to par-
ticipate in hydride ion transfer, and Arg can function
as a binding residue [18,21]. Arg is more positively
charged than His at pH 7.4, and this difference was
exploited in the studies that compared the activation
of isomerase by NAD" versus NADH. Chou-Fasman
and Garnier—Osguthorpe—Robson analysis of the
H261R and wild-type enzymes using the Protylze
program (Scientific and Educational Software, State
Line, PA) predicted the same structure for the two
proteins. When Gin, Leu or Asn was substituted for
His®®', the Protylze program predicted a change in
secondary structure, thus eliminating these mutation
options.

The H261R mutant enzyme has no 3§-HSD ac-
tivity but exhibits V., values for isomerase substrate
utilization (Table 1, Fig. 2B) and for isomerase acti-
vation by NADH (Table 3, Fig. 3B) that are similar
to those of the wild-type enzyme. Because the isomer-
ase activity is intact on the normally bifunctional,
single protein, the H261R mutation did not inactivate
the enzyme by inducing an inappropriate change in
the secondary structure of the enzyme. Hence, this
kinetic data suggests that His?®! might participate in
either the substrate binding or catalysis of the 3f-
HSD activity. The ability of NADH to activate the
isomerase activity of H261R in a concentration-
dependent manner shows that the mutation did not
simply shift the enzyme from the 35-HSD to the iso-
merase conformation. Moreover, the dramatic
decrease in the ability of NAD" to activate the iso-
merase activity of H261R (Table 3, Fig. 3A) may
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have been due to the introduction of positively
charged Arg®®' in the active site. Our data is consist-
ent with Arg repelling the positively charged pyrimi-
dine ring of NAD" but allowing uncharged NADH to
activate isomerase. This selective activation of isomer-
ase provides additional evidence that the H261R
mutant is a functional enzyme without disruption of
the protein structure. In addition, Arg® could have
prevented NAD" from acting as the hydride ion
acceptor from the 3f8-hydroxysteroid substrate so that
the 38-HSD activity of the H261R mutant enzyme
was abolished. These data are consistent with our
model for the sequential reaction mechanism in
which the coenzyme used in the 38-HSD reaction
induces a conformational change in the enzyme that
activates isomerase [7].

Kinetic analyses of substrate utilization by the puri-
fied Y253F mutant, microsomal Y253,254F mutant,
and wild type enzymes suggest that these Tyr residues
play a role in the isomerase activity. The 7.0-fold
decrease in the V., for the isomerase activity of
Y253F and the complete loss of isomerase activity
with the Y253,Y254F mutant suggests that Tyr?>> or
Tyr*®* can function as a critical residue, as Tyr'*
does in the bacterial isomerase [16].

The diminished V,, of NADH (Table 3) that was
observed with the Y253F mutant compared to wild-
type reflects the reduced catalytic ability of the
mutant enzyme to convert 5-androstene-3,17-dione
to androstenedione (Table 1). Since the NADH/
NAD™ ratios (Table 3) measured for the activation of
Y253F isomerase and of wild-type isomerase are simi-
lar, the Y253F mutation did not modify the ability of
the coenzymes to interact with the enzyme. In ad-
dition, the kinetic constants of NAD™ as the cofactor
for 3-HSD were very similar in the Y253F and wild-
type enzymes (Table 2).

These observations link His?®? with the 35-HSD
activity and link Tyr?>?, Tyr?** with the isomerase ac-
tivity. Our use of specific, targeted mutations have
allowed us to address the original question regarding
the organization of the catalytic centers of the two
enzyme activities. Although the tertiary structure of
3p-HSD/isomerase is not known, the proximity of
these three residues in the primary structure is most
consistent with catalysis at overlapping but distinct
regions of the bifunctional enzyme protein.
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