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Identification of the NADP(H) Binding Site of Rat Liver Microsomal Sa-Reductase
(Isozyme-1): Purification of a Photolabeled Peptide Corresponding to the Adenine
Binding Domain®
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ABSTRACT: We have previously shown that [2’-32P]-2-azido-NADP™ is an effective probe of the NADP-
(H) binding site of rat liver microsomal Sa-reductase (SaR-1) [Bhattacharyya et al. (1994) Steroids 59,
634—-641]. PEG-fractionated (6.5%) detergent-solubilized preparations (40 mg) containing S0R-1 activity
were UV-photolyzed with [32P]-2-azido-NADP* and subjected to preparative gel electrophoresis on 8%
SDS—PAGE. Fractions corresponding to the second major [*?P]-labeled peak following the dye-front
were analyzed by 10% SDS—PAGE and showed a single [*?P]-labeled species with an apparent molecular
mass of ~26 kDa (50R-1). TCA precipitation (13.6%) of the labeled fractions resulted in recovery of
>70% of the total radioactivity in the protein pellet. Trypsin digestion of the resuspended pellet followed
by immobilized-Al** affinity chromatography indicated that >90% of the radioactivity remained bound
to the affinity column. The [3?P]-2N3;-NADP*-labeled peptide was eluted with potassium phosphate,
concentrated, and further purified by reverse-phase (Cs) HPLC. Sequence analysis of the purified peptide
indicated that it consisted of 11 amino acids with the sequence N-L-R-K-P-G-E-T-G-Y-K, corresponding
to residues 170—180 of the rat SaR-1 sequence [Andersson et al. (1989) J. Biol. Chem. 264, 16249—

16255].

The enzyme 5So-reductase is involved in the NADPH!
mediated reduction of the A*3 bond of testosterone to 5a-
dihydrotestosterone (Sa-DHT), the more potent male andro-
gen involved in male sexual differentiation (Mcguire et al.,
1960). The enzyme has been implicated in a number of
physiological disorders such as benign prostatic hyperplasia
(Krieg et al., 1979; Hudson et al., 1983), male pattern
baldness (Bingham & Shaw, 1973; Price, 1975), hirsutism
among women (Kultenn et al., 1977), and deficiency of this
enzyme leads to male pseudohermaphroditism (Imperato-
McGinley et al., 1974; Walsh et al., 1974; Moore et al., 1975;
Andersson et al., 1991; Thigpen et al., 1992).

The enzyme has been cloned and expressed in mammalian
cells (Andersson et al., 1989; Andersson & Russell, 1990;
Normington & Russell, 1992; Thigpen et al., 1993), yeast
(Ordman et al., 1991), and insect cells (Iehle et al., 1993),
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and such studies have shown that rats and humans express
two different isozymes (designated isozyme-1 and isozyme-
2), that can be distinguished by their affinities for steroid
substrate, pH optima, and inhibition by certain 4-azasteroids
(Normington & Russell, 1992).

Comparison of the cDNA-derived sequences of the rat and
human type-1 isozymes has shown that approximately 60%
homology exists between the two species, with the similari-
ties being more pronounced at the C-terminal end of the
sequence (Andersson et al., 1989; Andersson & Russell,
1990). In addition, hydropathy plots of the two enzymes'
were almost identical, indicating that they have similar
secondary structures. This is reflected in the biochemical
similarities between the two isozymes, in that they display
similar pH optima, and affinities for physiological steroid
substrates. However, the inhibition of the two isozymes by
the 4-azasteroid finasteride was markedly different, indicating
significant differences in their inhibitor domains.

Thigpen and Russell (1992) have investigated the inhibitor
(finasteride) binding domain of the rat and human type-1
isozymes in hybrid SaR molecules obtained by expression
of chimeric cDNAs containing various combinations of rat
and human exon sequences. Their studies showed that in
the case of the rat enzyme, inhibitor sensitivity was appar-
ently determined by a tetrapeptide (V-S-I-V) in the N-
terminal (residues 22—25) region of the S5aR-1 sequence,
whereas inhibitor resistance in the human enzyme was
conferred by an analogous tetrapeptide in the N-terminal
region (A-V-F-A,; residues 26—29), and could thus constitute
at least a portion of the steroid binding domain. To date,
this is the only direct structural information available on the
steroid binding domain of the enzyme.
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Studies on naturally occurring mutants of the human type-2
5aR obtained from male pseudohermaphrodites (Wigley et
al., 1994; Thigpen et al., 1992a) have shown that modifica-
tion of specific residues leads to decreased affinities for
steroid substrate and nucleotide cofactor (Wigley et al.,
1994). Modification of N-terminal residues (such as G34R)
resulted in decreased affinity for testosterone, consistent with
the assignment that the steroid binding domain resides on
the N-terminal end of the enzyme molecule. The same study
has identified several mutations that occur in the more
conserved C-terminal region that resulted in reduced affinities
for the pyridine nucleotide cofactor, suggesting that the
cofactor binding resides with the C-terminal end of 5aR.

The competitive inhibition of Sa-reductase by 4-methyl-
4-azasteroids and the uncompetitive inhibition by 3-andros-
tene-3-carboxylic acids have been extensively characterized
(Rasmusson et al., 1984; Liang et al., 1983; 1984; Liang &
Heiss, 1981; Levy et al., 1990a). Both types of inhibitors
showed an absolute requirement for reduced or oxidized
pyridine nucleotide for the formation of the ternary dead-
end inhibition complex. In addition, the presence of reduced
pyridine nucleotide was also shown to significantly enhance
the stability of SoR in detergent extracts (Levy et al., 1990b).
Thus, the interaction between the cofactor and enzyme has
both clinical and physiological implications. Despite the
extensive kinetic (Campbell & Karavolas, 1989; Cooke &
Robaire, 1984; Levy et al., 1990a) and genetic information
available, the enzyme has not been purified to homogeneity.
Such preparations would permit more extensive physico-
chemical characterization of the steroid and cofactor binding
domains within the 5a-reductase molecule.

We have previously shown that [2'-32P]-2N;-NADP* is
an effective probe of rat liver SaR-1 (Bhattacharyya et al.,
1994). In the current investigation, we have partially purified
the (photolabeled) enzyme by preparative SDS gel electro-
phoresis, digested with trypsin, and purified a [*2P]-labeled
tryptic peptide by a combination of immobilized-Al** affinity
and reverse-phase high performance liquid chromatography.
Sequence data on the purified peptide are presented.

MATERIALS AND METHODS

All reagents used were ACS reagent grade. 1,2,6,7-[*H]-
Testosterone ([*H]-T; 90 Ci/mol) used for the assay of SoR-1
activity in microsomal, detergent-solubilized, and PEG-
fractionated preparations was obtained from Amersham Life
Sciences, Arlington Heights, IL. NADPH and BSA and
iminodiacetic acid—epoxy-activated Sepharose-6B (fast flow)
were obtained from Sigma Chemical Co., St. Louis, MO.
Modified trypsin was obtained from Promega. [2’-32P]-2N;-
NADP* (3—4 mCi/umol) was synthesized as described
earlier (Bhattacharyya et al., 1994).

Preparation of Microsomes. Microsomes were prepared
from the livers of female Sprague-Dawley rats (250—350
g) by homogenizing in 50 mM sodium phosphate, pH 7.0,
containing 0.25 M sucrose (buffer A), followed by centrifu-
gation at 10000g for 30 min to remove cellular debris, nuclei,
and mitochondria (Liang et al., 1983). The supernatant was
filtered through four layers of cheesecloth and centrifuged
at 100000g for 60 min. The pellet was resuspended in buffer
A using a Teflon homogenizer, and recentrifuged at 100000g
for 60 min. The resulting pellet was resuspended in a
minimum volume of buffer A and stored at —80 °C. Protein
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concentrations were determined by the Biuret method (Gor-
nall et al., 1949) using BSA as the standard.

Detergent-Solubilization of Microsomes. Detergent- solu-
bilized preparations containing SaR-1 activity (SR) were
prepared as follows. Microsomes (total protein ~150 mg)
were diluted to ~60 ml. with buffer A and centrifuged at
100000g for 60 min. The pellet was homogenized into half
the original volume (~30 mL) of 100 mM sodium citrate,
pH 7.5, containing 100 mM KCl, 0.4% Lubrol, 20% glycerol,
and 200 uM NADPH (buffer B). The detergent extract was
stirred at 4 °C for 30 min and centrifuged at 100000g for 60
min. The pellet was discarded and the supernatant stored at
—80 °C.

PEG Fractionation of SR. PEG precipitation of SR was
carried out by dropwise addition of a cold 50% solution of
PEG-8000 (Sigma) such that the final concentration was
6.5% (Ichihara & Tanaka, 1987a, 1991). The mixture was
allowed to stir for 30 min, followed by centrifugation at
10000g for 30 min (4 °C). The supernatant was discarded,
and the pellet containing greater than 85% of the 5aR-1
activity was resuspended in (25% of the original volume of
SR) 20 mM sodium citrate, pH 7.5, containing 20 mM KCl,.
0.2% Lubrol, 20% glycerol, and 2 uM NADPH (buffer C).
UV-photolysis of these fractions with [2’-32P]-2N;-NADP™*
was carried out immediately following their preparation.

(A) 50-Reductase Assay. S0R-1 activity was assayed by
measuring the formation of the [*H]-5a-DHT and [*H]-30.-
ADIOL, using an isocratic HPLC system described earlier
(Bhattacharyya et al., 1994). Typically, activities of 3—4
nmol min~! mg~! (microsomes), 4—5 nmol min~! mg~! (SR),
and 12—16 nmol min~! mg™! (6.5% PEG fraction) were
obtained for SaR-1 at pH 6.5. All incubations were carried
out at 37 °C with 5 uM [PH]-T and 200 uM NADPH,
respectively.

(B) Photolysis of 5aR-1. Four milliliters of the PEG-
fractionated preparation (12—20 mg of total protein) was
diluted with 4 mL of 20 mM sodium phosphate (final
concentration 1.5—2.5 mg/mL) and preincubated with 5 uM
[2-32P]-2N;-NADP* (3—4 mCi/umol) for 15 min at 4 °C,
followed by UV-photolysis (254 nm; 4000 xW/cm?). This
was followed by the addition of a second 5 uM aliquot of
the probe, preincubation for 15 min, and photolysis for 10
min. The photolyzed sample was reprecipitated with 50%
PEG (final concentration 6.5%) and centrifuged at 10000g
for 30 min. The supernatant was discarded and the pellet
washed with 20 mM sodium phosphate. Protein-solubilizing
mix (PSM: 125 mM Tris-HC], pH 6.8, 4% SDS, 1.4 M
B-mercaptoethanol, 20% glycerol, and Pyronin-Y dye) was
added to solubilize the pellet, and this sample was subjected
to preparative gel electrophoresis on 8% SDS—PAGE.

Preparative Gel Electrophoresis. Preparative gel elec-
trophoresis was performed on a BIO-RAD model 491 prep
cell. Gel and running buffers were thoroughly degassed prior
to preparation of the gel and before each run. The 8%
running gel (pH 9.0) had the dimensions 7.2 cm (height)
and 3.7 cm (i.d.). A 2 cm 4% stacking gel (pH 6.8) was
poured immediately before each run. Samples, typically
1.0—1.5 mL in PSM, were carefully layered on top of the
stacker, and electrophoresed at 20 mA constant current (400
V) until the Pyronin-Y dye front entered the main separating
gel, at which stage the current was increased to 40 mA. After
approximately 4 h, the dye front began eluting from the gel,
at which stage the elution buffer (0.1 M NH,HCO;, pH 8.0)
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Table 1: Yield of 3?P-Labeled Protein during Purification

sample yield (nmol)*
SaR peak fractions from preparative 8% SDS—PAGE 1.995
13.6% TCA supernatant 0.53
predigest protein pellet 1.28
peak fractions from immobilized-Al** affinity column 0.773
peak fractions from reverse-phase HPLC 0.534¢

“ Yields based on the specific radioactivity of [2’-*2P]-2N;-NADP™,
~3.35 mCi/umol. ® 170 pmol submitted for sequence analysis.

and the UV monitor were turned on. Fractions (1.3—1.5
mL) were collected in 5 mL glass vials, and the Azs4 and
radioactive profile were monitored by Cerenkov counting.
[*?P]-Labeled fractions corresponding to the major radioactive
peaks (Fig 1A) were saved, and a portion (typically 100 uL)
was separated for analysis by 10% SDS—PAGE and auto-
radiography.

10% SDS—PAGE Analysis of [**P]-Labeled Fractions.
One hundred microliter samples corresponding to the radio-
active peak fractions were dried in vacuo to remove excess
NH,HCO; and resuspended in 50 uL of distilled water and
50 uL of PSM and vortexed at room temperature. These
samples were subjected to 10% SDS—PAGE, followed by
Coomassie staining, destaining, and autoradiography (8 h)
or by scanning (2 h) on an AMBIS 4000 image acquisition
and analysis system.

TCA Precipitation and Trypsin Digestion. The main
radioactive peak fractions corresponding to SoR-1 obtained
from two individual preparative gel electrophoresis runs (20
mg each) were pooled (27 and 23.4 mL), precipitated with
TCA (13.6% final concentration), allowed to stand for 30
min, and centrifuged at 10000g for 30 min. The total
radioactivity in the sample and corresponding supernatant
following the centrifugation step was determined (Table 1),
Each radioactive protein pellet was resuspended in 1.0 mL
of 100 mM NHHCO;, pH 7.0, containing 0.05% Triton
X-100, and a 20 uL portion was saved. This was followed
by the addition of 10 ug of trypsin to each of the 1 mL
fractions, followed by incubation at room temperature for
14 h.

(A) Immobilized-AF* Affinity Chromatography. 1.4 mL
of iminodiacetic acid—epoxy-activated Sepharose-6B fast
flow was placed in a 15 mL plastic cloumn and washed
successively with 2 x 10 mL of distilled water, 15 mL of
50 mM AICI; (flow rate 15 mL/h) , 10 mL of water, and 10
mL of 100 mM ammonium acetate, pH 5.9.

The individual digests (1 mL each) were diluted to 10 mL
with 100 mM ammonium acetate, pH 5.9, and the pH was
adjusted to 5.9 by the addition of 190 uL of glacial acetic
acid and combined (total volume 22 ml.). This was applied
to the immobilized-AlP* affinity column at a flow rate of 6
mL/h, and the eluate was collected in 1.5 mL fractions. The
binding of the [3*P]-labeled peptides to the affinity column
was monitored by checking the radioactivity in the flow-
through and by a Geiger counter. Typically, greater than
90% of the radioactive peptide remains bound to the upper
third of the column and few losses were encountered. The
column was washed with 15 mL of buffer D, 5 mL of buffer
D + 0.5 M NaCl, and 5 mL of buffer D. The peptides were
eluted by addition of 1 mL of 100 mM ammonium acetate,
pH 8.0, containing 10 mM sodium phosphate (buffer E)
followed by incubation for 10 min and subsequent elution,
during which 0.5 mL fractions were collected. This step
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was repeated until a majority of the bound radioactivity was
eluted. The peak fractions were saved and further purified
by reverse-phase HPLC. The total yield of peptide obtained
was determined by liquid scintillation counting.

(B) Reverse-Phase High-Performance Liquid Chromatog-
raphy. The peak fractions obtained from the immobilized-
APP* affinity column (39—43, Figure 3) were combined to
give a total volume 1.4 mL. To this was added 0.3 mL of
0.1% TFA and the entire mixture subjected to reverse-phase
HPLC, using an Aquapore RP-300 Cg column (Brownlee
Labs). Optical density and spectral data were obtained with
an LKB HPLC system connected in series to a diode array
spectral detector. The column was developed at a flow rate
of 30 mL/h with a 70 min gradient of solvent F (0.1%
trifluoroacetic acid) to solvent G (70% acetonitrile in 0.1%
TFA). The column was developed as follows: solvent F,
100% 0—10 min with a linear increase in solvent G from
0% at 10 min to 100% at 70 min. Fractions (0.5 mL) were
collected at 1.0 min intervals, and the radioactivity was
monitored. The main radioactive peak eluted at 32 min. No
other radioactive species could be detected, although a small
amount of radioactivity coeluted with the solvent front. The
fraction containing most of the radioactivity was concentrated
to ~150 uL and was submitted for sequence analysis at The
University of Kentucky Macromolecular Structure Facility,
using an Applied Biosystems 477A pulse liquid protein
sequencer with on-line identification of phenylthiohydantoin
derivatives.

RESULTS

In an earlier publication, we described the photolabeling
of microsomal, detergent-solubilized, and PEG-fractionated
preparations containing 5aR-1 activity by [2’-?P]-2Ns-
NADP* (Bhattacharyya et al., 1994). In this study, we
demonstrated that the probe was a competitive inhibitor of
NADPH (K; ~ 17 uM) and furthermore reported the
saturation labeling of 5aR-1 by the probe which was
maximal at ~10 4M and obtained an apparent Ky of ~2.0
uM. The time-dependent inactivation (measured as a func-
tion of increasing photolysis time) and subsequent incorpora-
tion of radioactivity into the enzyme were also investigated
in the presence of the photoprobe, and a #;/, of ~1.0 min for
the photolabeling and subsequent inactivation of SaR-1 by
[2/-32P]-2N3-NADP* was obtained. UV-photolysis of the
enzyme in the absence of the probe did not significantly
reduce enzyme activity, indicating that it remains stable under
the conditions of photolysis employed in these experiments.
The (26 kDa) S0R-1 protein band was specifically protected
from labeling by the inclusion of excess NADP*, and enzyme
activity was preserved, whereas excess NAD' failed to
protect the enzyme from the probe and subsequent loss of
enzyme activity was observed.

Figure 1A shows a typical [**P] elution profile obtained
upon preparative gel electrophoresis of [32P]-labeled PEG-
fractionated preparations (12—20 mg). Two radioactive
peaks are observed, the first of which coelutes with the
Pyronin-Y dye front; 10% SDS—PAGE analysis followed
by autoradiography showed that this peak consists mainly
of unbound probe (and photoproducts) and some minor
photolabeled protein bands (Figure 1B) in the 12—20 kDa
range. Fractions from the second radioactive peak were
analyzed by 10% SDS—PAGE, by autoradiography, and by
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FIGURE 1: (A) Radioactive profile corresponding to the elution of
[*2P]-labeled proteins obtained from preparative 8% SDS—PAGE
(Bio-Rad Model 491 Prep Cell). 6.5% PEG-fractionated prepara-
tions (12—20 mg) were photolyzed with [2-32P]-2N:-NADP* as
described under Materials and Methods, and electrophoresed at
constant current for ~4 h. 1.3—1.5 mL fractions were collected in
glass vials, and the radioactive profile was determined by Cerenkov
counting in a gamma counter. Radioactive peaks were further
analyzed by 10% SDS—PAGE and autoradiography. (B) Autora-
diogram corresponding to the [**P]-labeled species obtained from
10% SDS—PAGE analysis of radioactive peaks from (A). 100 uL
samples of each fraction were dried in vacuo, resusupended in 50
uL of PSM and 50 uL of deionized water, and electrophoresed as
described under Materials and Methods. The gel was run as
follows: lane 1, 10 ug of protein standards; lane 2, fraction 8; lane
3, fraction 12; lane 4, fraction 14; lane 5, fraction 16; lane 6, fraction
18; lane 7, fraction 22; lane 8, fraction 24; lane 9, fraction 26; lane
10, fraction 28; lane 11, fraction 31; lane 12, fraction 32; lane 13,
fraction 33; lane 14, 15 uL of 6.5% PEG fraction. The arrow
indicates the position of the radioactive band corresponding to SoR-
1. Autoradiography was for 8 h.

an AMBIS 4000 image acquisition and analysis sytem, and
showed that these correspond to a single [*2P]-labeled band
with an apparent molecular mass of 26 kDa (5aR-1).
Two separate 20 mg fractions were photolyzed twice with
5 uM [2°-*’P]-2N;-NADP", and electrophoresed separately
on 8% preparative SDS—PAGE. The pooled peak fractions
from each individual run containing [¥*P]-labeled SaR-1 were
TCA-precipitated, and the resuspended pellet was subject
to trypsin digestion. The predigest and postdigest samples
were analyzed by 10% SDS—PAGE and by autoradiography,
and essentially showed that trypsin treatment resulted in
complete digestion of the 26 kDa protein as evidenced by a
lack of Coomassie-stained protein in this fraction (Figure
2A). Coomassie staining of the undigested fraction showed
the presence of at least four protein bands with apparent
molecular masses of 36, 30, 26, and 24 kDa, of which the
26 kDa protein band appears to be the predominant species
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FIGURE 2: (A) Coomassie-stained gel corresponding to an aliquot
of undigested and trypsin-digested SaR-1 fractions obtained from
a total of 40 mg of 6.5% PEG fraction after preparative gel
electrophoresis. The main SaR-1 fractions were pooled and TCA-
precipitated, and the resuspended pellet was digested with trypsin
as described under Materials and Methods. The undigested sample
and the (14 h) trypsin digest were electrophoresed on 10% SDS—
PAGE. The gel was run as follows: lane 1, combined 5oR-1
predigest, 100 uL; lane 2, trypsin-digested fractions, 100 uL; lane
3, 15 uL of 6.5% PEG fraction; lane 4, 10 ug of protein standards.
(B) Autoradiogram corresponding to the combined undigested and
trypsin-digested [**P]-labeled SaR-1 fractions from preparative gel
electrophoresis. The position of [**P]-labeled 5aR-1 is indicated
by the arrow. Protein standards are indicated by the solid lines.
Individual lanes are identical to those described in (A). Autorad-
iography was for 8 h.
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FIGURE 3: (A) Radioactivity profile of tryptic peptides eluting from
the immobilized-AlI** affinity column. The tryptic digests from the
combined TCA precipitate obtained from two individual preparative
gel electrophoresis experiments (20 mg/gel) were loaded onto a
1.4 mL AlP**-chelate column as described under Materials and
Methods. Peptide loading, washing, and elution are indicated by
the arrows. The inset shows the radioactive profile during the wash
steps. Fractions 1—17, column loading; 1, first wash with 10 mL
of buffer D, fractions 18—27; 2, second wash with buffer D + 0.5
M NaCl, fractions 28—31; 3, third wash with 5 mL of buffer D,
fractions 32—35; 4, peptide elution with buffer E, fractions 36—
50. The main peak fractions (39—43) were pooled and further
purified by reverse-phase HPLC.

(based on the intensity of staining). Autoradiography showed
the presence of a single 26 kDa radiolabeled species in the
undigested fraction, which is noticeably absent in the trypsin
digest.

The digested fractions were diluted as indicated under
Materials and Methods and chromatographed on an im-
mobilized-AI** affinity column as described earlier. Figure
3 shows the elution profile of the [*’P]-labeled peptide
fraction. It is clear that only very small losses in bound
radioactivity are encountered during the wash steps (inset,



NADP(H) Binding Domain of 5a-Reductase

35 1.500
30+

~ 257 -
T r1.100 £
c
e 20+ <
x N
15+ ~
= [72]
a -]
o 10l 0.700 «

0.300
40

ELUTION TIME (min)

FIGURE 4. Radioactivity and UV (214 nm) absorbance reverse-
phase HPLC profile of peak fractions from immobilized-Al**+
affinity chromatography. Combined SaR-1-containing fractions
were digested with trypsin and subject to Al**-chelate chromatog-
raphy as described under Materials and Methods. The peptides in
the corresponding radioactive fractions from the immobilized metal-
affinity column were seperated by reverse-phase HPLC using a Cs
column with a linear gradient of acetonitrile in 0.1% trifluoroacetic
acid as described under Materials and Methods. (—) A2y4nm profile;
(®- - -@) radioactivity profile. The main radioactive peak fraction
(elution time = 32 min) was concentrated to 150 yL and submitted
for sequence analysis.

Figure 3). Once the radioactivity reaches base-line levels,
elution of the bound peptide is achieved by increasing the
pH of the elution buffer to 8.0 and inclusion of 10 mM
PO,3~. Elution of the peptide was achieved in a narrow peak
and in a minimum volume.

Sample preparation for HPLC was performed as indicated
under Materials and Methods. Elution was monitored by
following the UV absorbance characteristics at 214 nm, and
by monitoring the radioactive profile. Figure 4 shows the
elution profile obtained from such an experiment. Only one
major radioactive peak is observed at 32 min and corresponds
to a single peptide (214 nm) peak. Five other peptides were
also resolved, none of which showed the corresponding
radioactivity. These peptides are presumably retained by the
affinity support by nonspecific interactions. An examination
of the HPL.C profile of the flow-through fractions from the
immobilized-AB™ affinity column showed a complex mixture
of peptides (data not shown). A small amount of radioactiv-
ity coelutes with the solvent front, and is probably a result
of partial hydrolysis of the bound probe from the peptide
that occurs during these procedures. The stability of the
covalent linkage is demonstrated by the percentage of
radioactivity recovered in the the main peptide peak (75%)
versus losses in the solvent front (25%). The main peak
fraction (32 min) containing the highest radioactivity was
submitted for sequence analysis, and yielded the following
sequence: Asn-Leu-X-Lys-Pro-Gly-Glu-Thr-Gly-Tyr-Lys,
corresponding to residues 170—180 of the SaR-1 sequence.
Alignment of the peptide sequence to the published rat SaR-1
sequence shows that the missing amino acid (denoted by X)
corresponds to '7?Arg and appears to be the residue that may
be covalently modified by the photoprobe.

DISCUSSION

Identification of the peptide domains that influence the
binding of substrate and cofactor and subsequent catalysis
is an important step in understanding structure—function
relationships in virtually any enzyme system. In the case
of steroid 5o.-reductase, limited data exist on residues directly
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involved in binding the substrate/inhibitors and pyridine
nucleotide cofactor.

Although 50R has been detergent-solubilized and partially
purified from different tissue sources (Sargent & Habib,
1991; Levy et al, 1990a; Ichihara & Tanaka, 1987a),
conventional methods for the purification of the rat liver
enzyme such as ion-exchange (DEAE-cellulose), hydropho-
bic (phenyl/octyl-Sepharose), and affinity chromatography
(NADP*-linked agarose) (Golf & Graef, 1978; Levy et al.,
1990a) were all met with limited success. The biggest
problem encountered in these procedures was the loss of
enzyme activity upon binding of crude preparations to these
supports. Several resesarch groups have shown that inclusion
of phospholipids (DLPC, PS) in crude preparations of SaR
resulted in partial recovery and stabilization of activity (Golf
& Graef, 1978; Ichihara & Tanaka, 1987a,b, 1991; Sargent
& Habib, 1991). Our own attempts at purifying the enzyme
from PEG-fractionated preparations were met with limited
succcess. Attempts to purify the enzyme using affinity
supports such as 178-carboxamido-4-methyl-4-aza-5a.-an-
drostanaminooctyl-Sepharose and 2’-5-ADP—agarose (Sigma)
were all unsuccessful in that either no binding (4MA-affinity)
or virtually complete loss of enzyme activity (nucleotide-
affinity) was encountered. Inclusion of phospholipids (DLPC
+ PS) did not significantly alter the binding characteristics
of the enzyme to these supports.

Preparative gel electrophoresis is a technique that has been
used with a fair amount of success for the purification of
both native and denatured proteins in quantities that permit
their physicochemical characterization (Hager & Wright,
1992; Sanchez et al., 1992; Hughes et al., 1990). We
previously demonstrated that [2”-32P]-2N;-NADP* covalently
labels SaR-1 in PEG-fractionated preparations, and appears
to form an acid-stable chemical bond with the enzyme as
evidenced by its stability to staining and destaining proce-
dures employed for visualization of the enzyme on SDS—
PAGE. The stability of this linkage permitted us to partially
purify the [*2P]-labeled (5aR-1) fraction under denaturing
conditions. Although other Coomassie-stained bands were
observed in these fractions, the major protein species
appeared to be SaR-1. Digestion of these fractions leads to
a mixture of both 5aR-1 and other contaminating peptides.
The immobilized metal ion (AI**) affinity column employed
has a high affinity for peptides covalently linked to nucleotide
moieties by coordinating to the negatively charged phosphate
groups present, and has been sucessfully employed in the
purification of photolabeled peptides in several systems
(Shoemaker & Haley, 1993; Salvucci et al., 1992; Chavan
et al., 1992). Although use of these supports significantly
improves the purity of the photolabeled peptides, it also
shows some preference for acidic peptides. The presence
of such nonspecifically bound peptides is apparent from
analysis of the chelate-derived peptides by reverse-phase
HPLC (Figure 4). However, the HPLC step results in the
final purification of the peptide to homogeneity, as evidenced
by the lack of significant background during sequencing
procedures.

One of the most frequent problems encountered during
the reverse-phase HPLC purification of azidopurine-labeled
peptides in the past has been the lability of the radioactive
label during this step. Although the reason for this is unclear,
it is most likely that the stability of the covalent linkage is
determined by the nature of the amino acid residue to which
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Table 2: Amino Acid Sequence Analysis of the Photolabeled
Tryptic Peptide

cycleno. amino acid (pmol) cycle no.  amino acid (pmol)
1 170Asn (140) 7 Glu (89)
2 Leu (107) 8 Thr (92)
3a (Arg) 9 Gly (71)
4 Lys (117) 10 Tyr (64)
5 Pro (114) 11 180 ys (50)
6 Gly (98)

@ Arg expected from the primary sequence, but was not detected.

it becomes attached. As much as 75% of the bound label
can be lost during the final purification step (Jayaram &
Haley, 1994; Salvucci et al., 1992). The data presented here
on 5aR-1 are perhaps the first instance where this is not a
serious problem, and therefore represents one of the most
stable linkages investigated to date by this research group,
and thus permits tentative assignment of the residue co-
valently modified by the probe. Previous studies on the
identification of nucleotide binding domains in proteins have
been accomplished using purified proteins. In this study,
the protein of interest was photolabeled in relatively crude
preparations (PEG fraction) and partially purified, and the
nucleotide binding domain was subsequently identified. This
methodology may therefore be applicable to other systems
that are difficult to purify to homogeneity.

Sequence analysis of the HPLC-purified peptide indicated
that it consists of 11 amino acid residues of the following
sequence:

-N-L-X-K-P-G-E-T-G-Y-K-

These correspond to residues 170—180 of the rat SaR-1
sequence (Andersson et al., 1989, Andersson & Russell,
1990), and most likely correspond to a portion of the NADP*
(adenine) binding domain of SaR-1 (Table 2). The only
amino acid not identified during the sequencing procedure
corresponds to 7?Arg and appears to be the residue modified
by the probe. The tryptic peptide appears to be situated in
a glycine-rich region of the polypeptide (residues 175—185),
but bears little homology to the commonly found Gly-X-
Gly-X-X-Gly/Ala sequence commonly associated with NAD™/
NADP™" binding enzymes (Segal et al., 1992; Baker et al.,
1992). Although the overall sequence of the rat SaR-1
sequence shows little sequence identity with other proteins,
sufficient homology exists between the human and rat
isozymes to draw the following conclusions.

(1) The peptide is situated in a highly conserved region
of the 50R sequence, and this region (residues 160—190 for
rat type-1) is virtually identical (~97% homologous) to that
of the human type-1 isozyme (residues 164—194) except that
176Glu is substituted by '#Asp in the human type-1 sequence
(Normington & Russell, 1992; Andersson & Russell, 1990).
Comparison of the rat and human type-2 isozymes to the
type-1 sequences once again shows a fair amount of
homology in the 30-residue peptide region shown below
(~77% for both rat and human type-2 vs the rat type-1)
[partial sequences shown are from Normington and Russell
(1992)]:

10INTHSDHILRNLRKPGETGYKIPRGGLFEY V'
(rat 5aR-1)

Bhattacharyya et al.

I¢4INIHSDHILRNLRKPGDTGYKIPRGGLFEYV'*
(human 5aR-1)

IINTHSDYILRQLRKPGEISYRIPQGGLFTYV'®
(human 5SaR-2)

% INIHSDYTLRQLRKPGEVIYRIPRGGLFTYV'¥
(rat SaR-2)

(2) The hydropathy plot (Andersson et al., 1989) indicates
that the peptide is located in a solvent-exposed portion of
the 50R-1 sequence and can thus interact directly with the
hydrophilic NADP(H) molecule.

(3) The type-1 Sa-reductases therefore appear to have a
unique nucleotide binding sequence that can be tentatively
assigned as:

Gly-X-X-Gly-X-X-X-X-X-Gly-Gly

whereas in the type-2 binding domain three out of the four
Gly residues are conserved and the second glycine residue
is replaced either by Ser (human type-2) or by Ile (rat type-
2).

(4) The similarities between the putative binding domains
is clear upon closer examination of the residues denoted by
X. Inboth cases, an acidic residue immediately follows the
first glycine, that could possibly be involved in hydrogen
bonding to the the ribose moiety, or to the ring nitrogens of
the adenine ring. Second, all appear to have a conserved
aromatic residue which may be involved in aromatic and
H-bonding interactions with the adenine ring of NADP™.

Wigley et al. (1994) in a natural mutagenesis study of the
human type-2 isozyme have identified several mutations in
the type-2 gene that lead to Sa-reductase deficiency among
a certain population of male pseudohermaphrodites. Ten of
these missense mutations out of a total of 22 were shown to
alter either the binding affinity of the steroid substrate or
that of the pyridine nucleotide. Eight of these mutations
resulted in an altered binding affinity for NADPH, while
the remaining two mutations resulted in decreased affinity
for testosterone. The remaining 12 resulted in the inactiva-
tion of the enzyme.

The mutations R171S and P181L and G183S (Wigley et
al., 1994) in human 5oR-2 all lie within the proposed adenine
binding domain of the enzyme. Sequence alignments show
that these residues are highly conserved in all four SaR
isozymes, and in fact the corresponding residue R172 in the
rat SaR-1 sequence is shown to be covalently modified by
the probe. These observations lend further support in favor
of the proposed NADP* binding domain. Other mutations
such as R145W, N193S, G196S, and R246Q(W) that affect
NADPH binding could also be involved in adenine binding
or may interfere with binding of the nicotinamide ring or
interaction with the ribose hydroxyl groups or the 2’-
phosphate. Further studies are necessary to examine these
possibilities.

The data presented here describe a relatively straightfor-
ward three-step purification of a photolabeled tryptic peptide
corresponding to the NADP(H) binding domain of SaR-1.
Future studies on this isozyme will be carried out to identify
the peptide domains and specific residues that influence the
binding of the nicotinamide ring of NADP(H) as well as the
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steroid substrate and inhibitor molecules. Such studies are
currently underway in this laboratory.
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