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Abstract

Tyrosine-57 (Y57) and methionine-107 (M107) have been identified in the binding site of the sex steroid binding protein (SBP)
(or sex hormone binding globulin) of human plasma by replacing the two amino acids with a number of residues of varying
structure. Replacement of Y57 with phenylalanine resulted in a fourfold increase in the K of 5a-dihydrotestosterone but left the
K, of 17B-estradiol unchanged. Except in two cases, no further loss in binding took place when replacing Y57 with other residues,
suggesting that the phenolic group of Y57 may form a hydrogen bond with the ligand. Replacement of M107 with isoleucine
increased the So-dihydrotestosterone K, fourfold to a value equal to that of rabbit SBP, which contains isoleucine at the
corresponding position; however, the Ky of 17B-estradiol remained unchanged. Replacement of M107 with threonine resulted in
a tenfold decrease in 5o-dihydrotestosterone binding affinity, whereas replacement with leucine left the K, unchanged. These data
indicate that substitutions on the B-carbon of the amino acid side-chain at position 107 causes significant loss of binding affinity
but, as in the case of Y57, the activity was not totally eliminated. We conclude that Y57 and M107 form part of a structural motif
within the steroid binding site and specifically contribute binding energy to ring A of 5a-dihydrotestosterone but not to ring A
of 17pB-estradiol. We also propose that the integrated contribution of several side chains may be required to optimize the ligand
affinity of the steroid binding site. This proposal may fit a ‘lock and key’ model where little movement of the side chains occurs
during binding as might be expected for a rigid structure like the steroid nucleus. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Human sex steroid-binding protein (SBP) (also re-
ferred to as sex hormone binding globulin) is a 93.4
kDa homodimeric glycoprotein secreted by the liver
that specifically binds testosterone (T), dihydrotestos-

Abbreviations: SBP, plasma sex steroid-binding protein; DHT, 5o-
dihydrotestosterone; T, testosterone; E2, 17B-estradiol; Y57, tyrosine-
57,  MI107, methionine-107; M139, methionine-139; 1101,

isoleucine-101; K134, lysine-134; Y57F, replacement of Y57 by
phenylalanine at position 57; Y57A, replacement of Y57 by alanine at
position 57; Y57T, replacement of Y57 by threonine at position 57;
Y57G, replacement of Y57 by glycine at position 57; YS7L, replace-
ment of Y57 by leucine at position 57; Y57S, replacement of Y57 by
serine at position 57; M107I, replacement of M107 by isoleucine at
position 107; M107L, replacement of M107 by leucine at position
107, MI107T, replacement of M107 by threonine at position 107;
MI107A, replacement of M107 by alanine at position 107.
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terone (DHT), and 17B-estradiol (E,) with high affinity
in human plasma [1-3]. The physiological role of SBP
is to regulate the bioavailability of testosterone and
17B-estradiol in plasma by controlling their metabolic
clearance rates [4—7]. SBP has also been proposed to
play additional roles in the uptake of hormone by cells
[8—10] and in signaling [11,12]. Human and rabbit SBPs
are 80% identical in their amino acid sequences [13—15]
and they both bind 2 mol of calcium per monomer [16].
The metal does not appear to play a role in steroid
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binding or dimerization [17] but it could function in
stabilizing the folding of certain regions of the
protein, as indicated by the protection of calcium
against heat denaturation [18]. Electron microscopy
indicates that SBP has a rod-like structure, and circu-
lar dichroism studies reveal that the protein contains
15% helix, 43% B-sheet, and 10—16% B-turns [19]. Hu-
man SBP has a low degree of similarity with the
amino acid sequences of the C-terminal domains of
the vitamin-K-dependent protein S [20,21] and of do-
main G of the laminin o chains [22,23]. Although
none of these proteins bind the sex steroids, the C-ter-
minus G domain of the latter protein appears to be
structurally related to SBP [19]. Human and rabbit
SBPs differ in their steroid binding specificities: the
former binds both DHT and E,, while the latter has a
threefold lower binding affinity for DHT and a 20-
fold lower binding affinity for E,. It thus appears that
the steroid binding site of the human protein is larger
than that of the rabbit protein so that it can accom-
modate both steroid hormones. To understand the
molecular basis of steroid binding specificity, this lab-
oratory is interested in identifying amino acid side-
chains in the steroid binding site of SBP. To this end,
Met-139 and Lys-134 have been identified in or near
the steroid binding site by chemical modification and
site-directed mutagenesis [24—26]. We now report two
additional residues, tyrosine-57 (Y57) and methionine-
107 (M107), that function in ligand binding.

2. Materials and methods
2.1. Materials

pcDNA3 was purchased from Invitrogen (San
Diego, CA). QuickChange™  site-directed muta-
genesis kits and Epicurian Coli supercompetent cells
were purchased from Stratagene. The ampliCycle se-
quencing kit was purchased from Perkin Elmer. DHT,
T, and E, were purchased from Steraloids (Wilton,
NH). DMEM, calf serum, AIM V Media, Lipofec-
tamine 2000 reagent, and custom primers were oOr-
dered from Life Technologies. [1,2-*H]DHT (58.4
Ci/mmol) and [6,7-*H]E, (48 Ci/mmol) were pur-
chased from New England Nuclear (Boston, MA).
Enzyme-linked immunosorbent assay (ELISA) kits for
SBP determinations in media were provided by
RADIM (Angleur, Belgium), and the rabbit anti-goat
IgG coupled to alkaline phosphatase used in Western
blots was bought from Bio-Rad (Hercules, CA, USA).
All other equipment and chemicals used in this work
are described in cited publications from this labora-
tory.

2.2. DNA constructions, site-directed mutagenesis, and
SBP expression

Full-length wild-type SBP cDNA [27] was subcloned
in pcDNA3. Site-directed mutagenesis was carried out
with the QuickChange™ site-directed kit (Stratagene)
using Pfu DNA polymerase with sense and antisense
oligonucleotide mutated primers. The wild-type tem-
plate strand was digested with Dpn I, which targets
the sequence 5-G™°ATC-3' [28]. The remaining nicked
plasmid was transformed into competent Escherichia
coli, and colonies were isolated for DNA purification
and sequencing. Transfections were carried in COS-7
cells with the Lipofectamine 2000 reagent as described
by the manufacturer. Transfected cells were grown in
serum-free AIM V medium, and SBP expression was
determined by ELISA and ligand binding assays.

2.3. Measurement of steroid binding activity

The total concentration of SBP in transfection me-
dia was determined by the charcoal assay with [1,2-
SHIDHT [25]. Equilibrium constants of DHT
dissociation were determined directly by Scatchard
analyses; equilibrium dissociation of E, was deter-
mined either directly with [6,7-°H]JE, or by competitive
Scatchard analyses [29] using 1-2 nM SBP samples
and a range of 1-10 nM [1,2-*H]DHT in the presence
or absence of 8 nM radioinert E, for human SBP and
25 nM radioinert E, for rabbit SBP. The samples were
incubated for 30 min at 25°C, cooled to 4°C, and
treated with charcoal. For direct Scatchard analyses,
1-2 nM SBP samples were incubated with 1-10 nM
FH]DHT or with 1-12 nM [6,7-*H]E,. For SBP mu-
tants with K, values for DHT higher than the wild
type, the K, value for E, was determined directly with
[6,7-°*H]JE, because the competitive Scatchard method
leads to an apparent higher value.

3. Results

3.1. Effects of replacing tyrosine-57 with other amino
acid residues

To investigate the possible function of the sole ty-
rosine residue in steroid binding, Y57 was replaced with
seven different amino acid residues of varying structure.
The resulting effects on steroid binding affinity were
determined after the mutated cDNAs were expressed in
COS-7 cells as previously described [25]. In the present
instance, however, following transfection, the cells were
transferred to serum-free medium to remove bovine
SBP in calf serum instead of correcting for its presence.
The results, shown in Table 1 and Fig. 1, indicate that
eliminating the phenolic group of Y57 by replacing
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with phenylalanine produced a 3.9-fold ( + 0.4) increase
in the K; of DHT, while leaving the E, binding affinity
little changed. Additionally, replacement of Y57 with
smaller non-aromatic hydrophobic or hydrophilic
residues, such as the YS57L and Y57S mutants (Table
1), resulted in little additional loss of DHT binding
affinity but left the estradiol binding affinity un-
changed. The two exceptions were the Y57T and Y57G
mutants, those were totally inactive in binding DHT
and E, but their transfection media were ELISA-posi-
tive, suggesting that SBP was expressed and appeared
to fold normally.

3.2. Effects of replacing methionine-107 with other
amino acid residues

Because methionine-139 (M139) was previously iden-
tified in the steroid binding site of human SBP [24,25],
M107 located near M139 [13] was tested as a possible
residue contributing energy of binding to DHT. M107
was mutated to other residues, and the results are
shown in Table 2 and in Fig. 2. Replacement of M107
with isoleucine lowered DHT binding affinity about
fourfold while leaving estradiol binding affinity rela-
tively unchanged, as in the case of the Y57 mutations.
Interestingly, the K, value of the M1071 mutant (1.75
nM) is identical to that of native rabbit protein, which
also contains an isoleucine at the corresponding posi-
tion (I1101) [14,15]. Replacement of MI107 with
threonine, another amino acid containing a substituent
on the B-carbon, lowered the DHT binding affinity
tenfold when compared with the wild type (Table 2);

Table 1
Equilibrium constants of Y57 mutants of human SBP expressed in
COS-7 cells at 4°C (pH 7.5)

Mutation K (DHT)* (nM) K4(E,) (nM)
Human plasma SBP 0.42° 4.79°¢, 4.394
WT human SBP (Y57) 0.44 3.83¢

YS57F¢ 2.00%, 1.45 3.754
Y57M 2.11 5.30¢4

Y57L 3.54 4.544

Y57A 4.12 5.324

Y57S 2.54 3.154

Y57G Inactive® Inactive®
YS5TT Inactive® Inactive®

@ Calculated by direct Scatchard analysis using 1-10 nM [PH]DHT
and 1-2 nM SBP. Average of two or three determinations.

® Mickelson and Petra [29].

¢ Calculated by competitive Scatchard analysis [29] using 1-10 nM
[PH]DHT, 8 nM radioinert E,, and 1-2 nM SBP.

d Calculated by direct Scatchard analysis using 1-12 nM [*H]E,
and 1-2 nM SBP.

¢ See Fig. 1.

fSui et al. [25].

¢ ELISA-positive.
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Fig. 1. (A) Determination of the equilibrium constant of S5a-dihy-
drotestosterone dissociation of the Y57F human SBP mutant at pH
7.4 and 4°C. [PH]DHT concentration, 1—-10 nM; SBP concentration,
1 nM. (B) Determination of the equilibrium constant of 17f-estradiol
dissociation of the Y57F human SBP mutant at pH 7.4 and 4°C.
[*H]E, concentration, 1-8 nM; SBP concentration, 2 nM.

however, the DHT K, remained unchanged when M107
was replaced with leucine, and increased slightly when
replaced with alanine.
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4. Discussion

One of the objectives of this laboratory is to identify
functional amino acid residues in the steroid binding
site of SBP to define ligand-binding specificity. The
approach has been affinity labeling and site-directed
mutagenesis. Expression of SBP in yeast [30] has al-
lowed purification of the full-length deglycosylated
protein dimer to initiate crystallization trials (experi-
ments in progress), which should allow functional stud-
ies to be complemented with structural information.
Because SBP is the only protein in human plasma that
specifically binds testosterone and 17B-estradiol, map-
ping the steroid binding site functionally and struc-
turally in three dimensions could be useful for designing
steroidal drugs that might be effective in the treatment
of osteoporosis and breast and prostate cancer. Recent
published work on the structure of the non-ho-
mologous E, binding domains of 17p-hydroxysteroid
dehydrogenase [31] and of the estrogen receptor [32]
reveals numerous van der Waal interactions between
their steroid ligand and the protein surface. Because the
steroid binding affinities of these proteins are compara-
ble with SBP, it seems likely that other amino acid
residues, in addition to M139 and lysine-134 (K134),
will contribute binding energy to the ligand in that
protein. We now report that Y57 and M107 are impor-
tant for DHT binding but, surprisingly, play no role in
the binding of E,. Because the difference between these
two steroids resides primarily in the structure and ori-
entation of ring A of the steroid, these data suggest that
Y57 and M107 are located near each other and in close

Table 2
Equilibrium constants of M107 mutants of human SBP expressed in
COS-7 cells at 4°C (pH 7.5)

Mutation K(DHT)* (nM) K, (E,) (nM)
Human plasma SBP 0.42° 4.79¢, 4.39¢
WT human SBP (M107) 0.44 3.83¢
Rabbit plasma SBP 1.77¢ 84.6°, 83.31F
M1071# 1.75 2.924
MI107L 0.32 4.06°
MI107T 4.52 -

MI107A 0.77 6.19¢

4 Calculated by direct Scatchard analysis using 1-9 nM [*H]DHT
and 1-2 nM SBP. Average of two or three determinations.

® Mickelson and Petra [29].

¢ Calculated by competitive Scatchard analysis using 1-9 nM
[PH]DHT, 8 nM radioinert E,, and 1-2 nM SBP.

d Calculated by direct Scatchard analysis using 1-12 nM [*H]E,
and 1-2 nM SBP.

¢ The previously reported Ky DHT value of 0.86 nM for rabbit SBP
[29] was found to be too low. This re-determined value represents an
average of three measurements.

fRe-evaluated as calculated by competitive Scatchard analysis us-
ing 1 -9 nM [*H]DHT, 25 nM radioinert E,, and 1-2 nM SBP.

¢ See Fig. 2.
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Fig. 2. (A) Determination of the equilibrium constant of Sa-dihy-
drotestosterone dissociation of the M107] human SBP mutant at pH
7.4 and 4°C. [PH]DHT concentration, 1-10 nM; SBP concentration,
2 nM. (B) Determination of the equilibrium constant of 17B-estradiol
dissociation of the M107] human SBP mutant at pH 7.4 and 4°C.
[PH]E, concentration, 1-8 nM; SBP concentration, 2 nM.

proximity to the saturated ring A of DHT. The findings
further indicate that Y57 and M107 are within the
steroid-binding site because, if they were located else-
where, replacement with other residues would have
produced a loss of both DHT and E, binding affinity,
presumably through a protein conformation change.
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In the case of Y57, the major loss in DHT binding
affinity occurred when it was replaced with phenylala-
nine; no further reduction was observed when it was
replaced with other amino acid residues, except in the
case of the Y57G and Y57T mutants. Although the
Y57G and Y57T mutants were inactive under ligand
saturation conditions, their transfection media were
ELISA-positive. This finding suggests that replace-
ment of tyrosine with threonine or glycine results in
the collapse of the steroid binding site without affect-
ing the normal folding of the protein and its expres-
sion. Taken together, these results suggest that the
phenolic group of Y57 forms a hydrogen bond either
with the 3'-keto group of ring A of the steroid, as
proposed earlier by fluorescence quenching experi-
ments on human and rabbit SBP [33], or with another
group close to the steroid binding site. On the other
hand, methionine-107 is more likely to stabilize bind-
ing through hydrophobic interactions with the steroid
ligand because its replacement with less hydrophobic
amino acids decreased the steroid binding affinity.
Moreover, the DHT binding affinity is four- to ten-
fold lower when M107 is replaced with isoleucine and
threonine, respectively, but not with leucine and ala-
nine, which essentially yield normal K, values (Table
2). This means that a substituent on the B-carbon of
the amino acid side-chain at position 107 lowers the
DHT binding affinity significantly. Because isoleucine
is the wild-type amino acid at the corresponding posi-
tion in rabbit SBP (I101), this finding suggests that
placing a substituent on the B-carbon may have been
the step responsible for lowering DHT binding affinity
in the evolution of the rabbit SBP DHT binding site.
In addition, since the rabbit protein does not bind E,
significantly, other replacements have occurred during
the divergent evolution of these two homologous
proteins to account for the difference in 17f-estradiol
binding specificity. In this context, we have recently
identified the amino acid residues responsible for that
difference (manuscript in preparation).

By determining the DHT and E, binding affinities
of a hybrid dimer composed of one human SBP sub-
unit and one rabbit SBP subunit, we have shown that
the region binding ring A of DHT differs from that
binding ring A of E, [17]. We propose that the side
chains of Y57 and M107 reside within the structural
motif that binds ring A of DHT because replacing
them with other residues reduces DHT binding
affinity but leaves E, binding affinity unchanged.
Moreover, because the M107] human SBP mutant
binds DHT with the same K; value (1.75 nM) as
native rabbit SBP (1.77 nM), we also propose that the
corresponding isoleucine in rabbit SBP, 1101, is simi-
larly located. By analogy, the sole tyrosine at position
51 in rabbit SBP is probably located in the steroid
binding site.

Except for the Y57G and YS57T mutants, each re-
placement or modification at positions 57, 107, and
134 [26] results in only a partial reduction of steroid
binding affinity. These data suggest that the SBP
steroid binding site may be structurally rigid, because
modification of any single side chain reduces the
affinity by only a small factor, and apparently leaves
the other interactions undisturbed. This reasoning
leads to the conclusion that the integrated contribu-
tion of most of the side chains in the binding site is
required to optimize ligand-binding affinity. As pro-
posed for protein binding sites by Emil Fischer [34],
we suggest that the steroid binding site may fit a ‘lock
and key’ model in which little movement of the side
chains occurs during ligand binding, and the unbound
site is similar in structure to the bound site. This
structural design may be particularly suitable for
binding a rigid structure like the steroid nucleus. In
contrast, replacing M139 with amino acids having de-
creased hydrophobicity results in a complete loss of
steroid binding activity [25], suggesting that M139
plays a critical role in high binding affinity. It is not
clear whether this complete loss of binding activity is
caused by a loss in hydrophobicity or by the struc-
tural collapse of the steroid binding site, as proposed
for Y57G and YS57T. Finally, because human SBP is
a dimer of identical subunits [35], the way in which
each subunit contributes to the formation of the sin-
gle steroid binding site is an open question. We have
presented evidence that the binding site may be lo-
cated at the interface between the subunits [17] where
amino acid side chains from each subunit would be
expected to contribute to ligand binding. Although we
believe that M139 and K134 are likely to reside
within the same subunit because of their close prox-
imity in the linear sequence, Y57 and M107 are far
apart and could be located in either subunit. It should
be possible to clarify this issue through X-ray diffrac-
tion analyses, and chemical modifications and site-di-
rected mutation of the human SBP/rabbit SBP hybrid.

In summary, we have presented evidence for the
presence of two amino acid residues, Y57 and M107,
in addition to K134 and M139 in the steroid binding
site of human SBP. The data indicate that the two
side chains provide binding energy for DHT but play
no role in E, binding. It is suggested that the two side
chains are in close proximity and form part of the
structural motif that recognizes the ring A of the two
androgens T and DHT.

Note added in proof — After submission of this
manuscript, we noted the publication of a crystal
structure of the N-terminal domain (residues 1 to 205)
of human SBP (Grishkovskaya et al., EMBO
19:(2000)504). The crystal structure data are generally
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consistent with those presented here. More details on
the comparison will appear in a forthcoming paper
from this laboratory.
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