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Gonadal function Is controlled by lutroplns and follitroplns, het-
erodlmerlc cystine knot proteins that have nearly Identical
Q-subunlts. These heterodlmerlc proteins are stabilized by a
Portion of the hormone-specific ll-subunit termed the "seatbelt"
that Is wrapped around o-sueunlt loop 2 (Q2). Here we show that
replacing human chorionic gonadotropin (hCG) Q2 residue
LYS51 with cysteine or alanine nearly abolished its lutropln ac-
tiVity, an observation that implies that QLys51 has a key role in
hormone activity. The activity of the heterodlmer containing
QK51C, but not that containing QK51A, was Increased substan-
tially when lJ-subunlt seatbelt residue lJAsp99 was converted to
cysteine. As had been reported by others, heterodlmers con-
taining QK51C and lJD99C were crosslinked by a disulfide. The
finding that an Intersubunlt disulfide restored some of the ac-
tivity lost by replacing QLys51 suggests that this residue is not
crucial for receptor binding or signaling and also that hCG and
related hormones may be particularly sensitive to mutations
that alter Interactions between their subunits. We propose the
unique structures of hCG and related family members may per-
mit some subunit movement In the heterodlmer, making it dif-
fiCUlt to deduce key residues Involved In receptor contacts slm-
Ply by correlating the activities of hormone analogs with their
amino acid sequences. [Exp Bioi MadVol. 226(6):581-590, 2001)
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tropins; crosslinked hCG analogs

Human reproduction is controlled by the anterior pi-
tuitary gland hormones human follitropin-stimu-
lating hormone (hFSH) and human lutropin hor-

mone (hLH) and by the placental hormone human chorio-
gonadotropin (hCG). These hormone heterodimers are
composed of an a-subunit encoded by the same gene and a
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unique f3-subunit encoded by one (hFSH and hLH) or mul-
tiple (hCG) genes (1-3) responsible for the abilities of these
hormones to distinguish follitropin receptors (FSHR) and
lutropin receptors (LHR) (4). Both subunits have similar
architectures and are divided into three loops by cystine
knots (5, 6). The f3-subunit also contains 20 additional
amino acids termed the "seatbelr" (5) that are wrapped
around the second a-subunit loop (a2) to stabilize the het-
erodimer. The seatbelt is the primary portion of the hCG
f3-subunit responsible for its influence on gonadotropin re-
ceptor binding specificity (7). hCG analogs containing
hFSH seatbelt residues 94 through 109 or 94 through 114
have low LH activity and high FSH activity (7, 8). Others in
which seatbelt residues 101 through 109 are derived from
hFSH are bifunctional and have high LH and FSH activities
(9, 10).

The mechanism by which the seatbelt controls the re-
ceptor binding specificity of hCG is unknown and may in-
volve contacts with the receptor (II), an affect on hormone
conformation (12), or both. Several observations suggest the
seatbelt affects receptor binding specificity through its in-
fluence on hormone conformation. First, most mammalian
lutropins bind the rat LHR well, in spite of the fact that their
seatbelts are not highly conserved (4). Second, most seatbelt
mutations have relatively minor influences on the ability of
hCG to bind LHR. Dramatic changes in amino acid size and
charge within the small seatbelt loop are required to alter the
lutropin activities of hCG and bifunctional hCG analogs by
100-fold (10, 13), the amount characteristically observed in
other ligand receptor pairs when a single key contact residue
is replaced by alanine (14, 15). And third, there is at least
one example in which the seatbelt appears to influence re-
ceptor specificity by altering subunit interaction. hCG binds
the human LHR with 1,000- to 10,000-fold higher affinity
than most mammalian lutropins such as bovine LH (16, 17).
The inability of bovine LH to bind human LHR is due
primarily to interactions between its seatbelt and the a-sub-
unit (18). Thus, while analogs of hCG containing both the
bov~ne LH a-subunit and seatbelt had little ability to rec-
ognize the human LHR, those containing only one of these
bovine LH components bind the human LHR like hCG.
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Analogs of hCG in which the C-terminal one-half of the
seatbelt is derived from hFSH have receptor binding and
signal transduction activities normally associated with both
gonadotropins (9, 10). Except for the disulfide that latches
the seatbelt to 13-subunit loop 1, the C-terminal one-half of
the seatbelt contacts few hormone residues other than those
in loop a2. This part of the a-subunit has a unique confor-
mation only in the heterodimer (19), where it is constrained
by its location between the seatbelt and residues in the
"core" of the 13-subunit (5). The latter includes parts of the
cystine knot, several residues in 13-subunit loop 1, and a few
residues in 13-subunit loop 3 (6). Thus, a2 would be ex-
pected to have different conformations in hCG and in bi-
functional hCG analogs that are identical in composition to
hCG except for the C-terminal halves of their seatbelts (10).
Indeed, it is conceivable that a2 might assume two or more
conformations in bifunctional analogs, thereby allowing the
hormone to interact with both receptors.

Studies described here were initiated to investigate the
possibility that the positions of the subunits in bifunctional
hCG analogs can move within the heterodimer to acquire
conformations that enable them to interact with LH and
FSH receptors. For reasons just discussed, we expected that
the most likely changes in the conformations of these ana-
logs involved movements of a2 that are controlled by the
seatbelt. This idea implied that it might be possible to limit
the follitropin activities of the bifunctional analogs by teth-
ering the distance between a2 and the seatbelt to that seen
in hCG. To test this idea we converted a2 residue Lys51 and
seatbelt residue Asp99 of the hCG analog in which amino
acid residues 101 through 114 are replaced by their hFSH
counterparts (CFC) to cysteine (Cys) mutations that have
been shown to form an intersubunit disulfide in hCG (20).
As controls, we prepared the same mutations in hCG. Here
we show that converting aLys51 to Cys nearly abolished
the lutropin activities of hCG and greatly reduced the lutro-
pin and follitropin activities of CFC. Crosslinking residues
a51 and 1399 by a disulfide restored some lutropin activity
to hCG, but did not restore lutropin or follitropin activities
to CFC. The gain in lutropin activity of the disulfide-
crosslinked hCG analog suggested that aLys51 does not
participate in a key receptor contact and that converting it to
Cys or alanine (Ala) reduced the activity of hCG due to an
affect on hormone conformation. While these studies did
not enable us to understand the basis for the abilities of
bifunctional analogs to interact with LH and FSH receptors,
the finding that a disulfide can "rescue" some of the activity
lost due to conversion of aLys51 to Cys supports the idea
that the hCG subunits are much more free to move within
the heterodimer than commonly assumed. This may explain
the difficulty in identifying receptor contacts by monitoring
the influence of point mutations on the activities ofhCG and
other glycoprotein hormones. The lutropin activity of the
seatbelt/a2 disulfide-crosslinked analog of hCG had been
noted briefly (10) and appears greater than that reported by
Heikoop et al. (20).
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Materials and Methods

Coordinates describing the structure of hCG (5) were
obtained from Dr. Neil Isaacs (Glasgow University,
Glasgow, Scotland). hCG and antibodies A407 and BI09
were obtained from Dr. Robert Canfield (Columbia Univer-
sity, New York). Antibodies AIl3, BIll, and Bll2 were
obtained from Drs. Robert Wolfert and Glenn Armstrong
(Hybritech, Inc., San Diego, CA). Purified hFSH for use in
radioiodination was obtained from Zymed Laboratories
(San Francisco, CA). hFSH for receptor displacement and
signal transduction assays was produced in this laboratory
from Cl27 cells stably transfected with pBMT2x vectors
(21) encoding the human a-subunit and the hFSH 13-subunit
cDNA's downstream of the mouse metallothionein gene.
pBMT2x was a gift from Dr. George Pavlakis (NCI, Fred-
erick, MD). CFC is an hCG analog that has the ability to
interact with LH and FSHR. The first 110 residues of CFC
are identical to those ofCFIOI-109, an analog that has been
described (9). Unlike CFIOI-109, CFC also contains hFSH
13-subunit residues 105 through 108 in place of their hCG
counterparts (Le., hCG 13-subunit residues 111-114), as well
as the entire hCG 13-subunit C-terminus (i.e., residues 115-
145). CFC was prepared by replacing CFI01-10913-subunit
codons 102 through 114 found between its SstII-BamHl
sites with 13-subunit codons 102 through 145 found between
the SstII-BamHI sites of CFC94-114, an analog that has also
been described (8). Differences between the amino acid
sequences to hCG and CFC 13-subunits are diagrammed in
Figure 1.

Molecular Modeling. Distances between residues in
the hCG a- and 13-subunits were measured using the pro-
gram Sybyl (Tripos Associates, St. Louis, MO) to identify
sites that would be the most appropriate locations for intro-
duction of disulfide bonds. These included residues in
which the Co and C13 atoms in the a- and 13-subunits were
separated by roughly 6.5A and 4A, the approximate dis-
tances between the Cc-Co and C13-C13 atoms of Cys
residues in a typical disulfide bond. To constrain the posi-
tions of the seatbelt and a2, we introduced a disulfide
between residues a51 and 1399 by making analogs aK51 C,
hCG13D99C, and CFC13D99C. To learn if crosslinking the
subunits would influence the activity of the hormone, we
introduced a disulfide between the cystine knots of each
subunit, i.e., between residues a31 and 1337. Preparation of
an a-subunit analog containing a free Cys at residue 31 was
accomplished by converting aCys7 to serine or Ala to cre-
ate aC7S or aC7A, thereby disrupting the a-subunit disul-
fide normally found between residues a7 and a31. Its
13-subunit partner was prepared by converting Tyr37 to Cys
to create hCG13Y37C and CFC13Y37C.

a-Subunit Constructs. Figure 1A illustrates the
relative locations of restriction sites that were used to pre-
pare the a-subunit constructs. To prepare aC7S, we re-
placed the fragment between the XhoI and BsmI sites of the
pKBM-hCGa (7) with the polymerase chain reaction (PCR)
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Figure 1. Description of constructs
used to express the disulfide
crosslinked analogs. These panels il-
lustrate the relative locations of the
restriction enzyme cleavage sites and
the Cys that were introduced into the
o-subunlt (A), hCG f3-subunit (8), and
bifunctional analog (C). The cloning
procedures used to prepare each
analog are described in the text.
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B. Relative restriction sites in the hCG P'-subunit constructs.
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product made using pSVL-hCGa (7) as template and prim-
ers 5' -AACCGCCCTGAACACATCCTGCAAA-
AAGCCCAGA-3' and 5'-CTGTAGCGTGCATTCCG-
GACTATCCTGCACATCAGGAGC-3'. (The former is
complementary to a site in the pSVL vector.) These restric-
tion sites are 5' of the initiation codon and near the codon
for CyslO of the a-subunit cDNA (Fig. 1), respectively. The
XhoI-BsmI-digested PCR product was cloned into the cor-
responding sites in pKBM-hCGa. Upon confirmation of the
DNA sequence by dideoxy methods, the XhoI-BamHl frag-
ment of the resulting vector was subcloned into the XhoI-
BamHI sites of pSVL (Pharmacia, Piscataway, NJ) for ex-
pression in COS-7 cells (7). This fragment was also cloned
into the same sites of pCI', a derivative of pCI (Promega,
Madison, WI) in which the BamHI site had been moved to
the polylinker, just 5' of the polyadenylation signal. This
permitted expression in COS-7 and Chinese hamster ovary
(CHO) cells. aK51C and aK51A were prepared from an
existing a-subunit construct that lacked the 3' and 5'-
Untranslated sequences found in the a-subunit cDNA (22)
and in which the codons for amino acids Arg42-Ser43 and
Thr54-Ser55 had been converted to AGATCT and AC-
TAGT (i.e., BglII and SpeI restriction sites, respectively).
aK51C was prepared by replacing the BglII-SpeI fragment
of this vector with a cassette composed of oligonucleotides
5' -GATCTAAGAAGACTATGCTTGTACAATG-
TAACGTTA-3' and 5'-CTGAGTAACGTTACATTGTA-
CAAGCATAGTCTTCTTA-3'. aK51A was prepared by
replacing the BglII-SpeI fragment of this vector with a cas-
sette composed of oligonucleotides 5' -GATCTAAGAA-
GACTATGCTTGTTCAAGCTAACGTTA-3' and 5'-
CTAAGTAACGTTAGCTTGAACAAGCATAGTCTTC-
TTA-3'. The DNA sequences of the resulting constructs
Were confirmed and the constructs were subcloned into

XhoI and BamHI sites ofpSVL and pCI'. pCI'-aC7S.K5IC
was prepared by ligating the small fragment obtained by
digestion of pSVL-aK51C with BsmI and the large frag-
ment was produced by digestion of pCI' -aC7S with Bsml,

hCG p-Subunit Constructs. Figure IB illustrates
the relative locations of the restriction sites used to prepare
the hCG l3-subunit constructs. hCG13Y37C was made by
ligating a cassette containing the complementary oligonu-
cleotides 5' -CCGGCTGTTGTCCTACCATGACACGT_
GTGCTGCA-3' and 5'-GCACACGTGTCATGGTAGGA_
CAACAG-3' into the unique NgoMI and Pstl sites of
pKBM-hCBI3' (7). These restriction sites are found in the
codons for amino acids Ala35-Gly36 and Leu45-Gln46, re-
spectively. Following confirmation of the sequence of
hCGI3'Y37C by dideoxy sequencing, the XhoI-BamHI
fragments of this vector were cloned into pSVL and pCI for
expression. hCG13D99C was created by PCR mutagenesis
starting with pSVL-hCGI3' (7) as a template and Oligonu-
cleotides 5'-TGCCGCAGATCT ACTACTTGCTGCGG-
GGGTCCCAAGGACCAC-3' and 5'-CTAGCCTA-
GAAGCTCTGACTGTCCTAGTTGTGGTTTGTCCA_
AACTCATC-3'. The latter is complementary to a site in the
pSVL vector 3' of the BamHI site. The hCG l3-subunit
double mutant, hCGI3Y37C.D99C was produced by replac-
ing the Bsu36I-BamHI fragment of hCG13Y37C with that
from hCGI3D99C.

CFC1 01-114 p-Subunlt Constructs. Figure 1C il-
lustrates the relative locations of the restriction sites that
were used to prepare the CFC101-114 l3-subunit constructs.
CFClOl-l14 is an hCG analog in which l3-subunit amino
acids 101 through 114 were replaced with their hFSH
l3-subunit counterparts (i.e., amino acids 95-108) and that
interacts with both LHR and FSHR. CFC13Y37C was made
by replacing the XhoI-Bsu36I fragment of CFClOl-II413
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with that from hCG13Y37C. CFC13D99C was made by in-
serting a cassette containing oligos 5'-GGACTGTACAA-
CAAGTAGTA-3' and 5' -GATCTACTACTTGTTGTA-
CAGTCCGC-3' between the BglII and Sacll sites of
CFClOl-I1413·

Biological Assays. Heterodimers secreted into the
medium were quantified in sandwich immunoassays using
anti-a-subunit monoclonal antibody Al13 for capture, ra-
dioiodinated anti-Bvsubunit monoclonal antibody B112 for
detection, and hCG as a standard. These antibodies recog-
nize a- and 13-subunit epitopes distant from the locations of
the amino acid substitutions. Receptor binding activities
were determined from the relative abilities of hCG, hFSH,
and the analogs to inhibit binding of 1251_hCG or 1251_hFSH
to CHO cells expressing rat LHR or human FSHR (9).
Signal-transduction activities were determined from the
abilities of hCG, hFSH, and the analogs to stimulate cyclic
AMP accumulation in these same cell lines (9). Cyclic AMP
was quantified by radioimmunoassay (23). With the excep-
tion of hCGa5l-1399 and aK5lAlhCG1399C, which were
purified using anti-Bvsubunit antibody B110 as described
(24), most analogs were not purified.

Data Analysis. Dose-response curves were fitted
with the four-parameter logit function in the program Prism
(Graph Pad Software, San Diego, CA). Due to the low
affinities of some analogs for the receptors, we did not
obtain full inhibition curves at the concentrations of analogs
tested. In these cases we assumed that sufficient amounts of
analog would inhibit the binding of 1251_hCG or 1251_hFSH
to cells expressing LH or FSHR to the same extent as hCG
or hFSH. The "blank" was calculated as the amount of
radiolabeled 1251_hCG or 1251_hFSH obtained in the pres-
ence of an excess of hCG or hFSH. The potencies of the
analogs relative to hCG or hFSH in receptor binding assays
were calculated by dividing the amount of hCG or hFSH
needed to inhibit binding of 1251_hCG or 1251_hFSH by the
amount of analog needed to inhibit binding of 1251_hCG or

1251_FSH and then multiplying by 100. Values illustrated in
Table I are the means and SEs of these values for at least
three independent experiments, except as noted.

The signal transduction activity of each analog was
determined by its ability to elicit cyclic AMP accumulation
relative to hCG or hFSH. Except as noted, values shown in
Table I were calculated by fitting curves to the "raw" data
obtained by monitoring the amount of 1251_cyclic AMP
bound to the anti-cyclic AMP antibody as a function of
hCG, hFSH, and analog concentration. This was done to
minimize errors caused by the extra step of transforming the
raw data into picomoles cyclic AMP. This procedure tends
to underestimate the "potencies" of analogs that have
greatly reduced efficacy, however. As the case for the re-
ceptor binding data, the relative receptor binding potency of
each analog was calculated by dividing the amount of hCG
needed to inhibit binding of 1251_hCG by the amount of
analog needed to inhibit binding of 1251_hCG and then mul-
tiplying by 100. Values illustrated in Table I are the means
and SEs of these values for at least three independent ex-
periments, except as noted.

Results and Discussion
Synthesis and Secretion of Analogs. These

studies were based on the premise that we could introduce
additional Cys residues and disulfide bonds into the sub-
units of hCG and hCG analogs without interfering with the
ability of the proteins to fold or combine to form het-
erodimers. One of our concerns during the design of these
studies was that the presence of additional disulfides, par-
ticularly those in which Cys had been introduced within the
cystine knots (Fig. 2), would interfere with protein folding
and subunit combination. COS-7 cells transfected tran-
siently with cDNAs encoding hCG subunits secreted het-
erodimers into the media regardless of the Cys residues that
had been introduced (Table 11). These observations sug-
gested that the mutations did not prevent formation of the

Table I. Summary of the Relative Potencies of the Analogs Described in These Studies

CFCI3 Analogs (CFC = 100%)hCGI3 Analogs (hCG =100%)
LH receptor-expressing cells LH receptor-expressing cells FSH receptor-expressing cells

Cyclic AMP Bindin~
100%8 100%

0.067% ± 0.016% 1.7% ± 0.2%
0.30% ± 0.04% 0.039% ± 0.004%
11.6% ± 2.6% 19.2% ± 5.6%

Not tested Not tested
0.30% ± 0.05% 1.1% ± 0.7%

36% ± 24% Not tested

Cyclic AMP Bindin~
100%° 100%

Undetectable Not tested
5.4% ± 0.7% Undetectable
2.5% ± 0.6% Undetectable

Not tested Not tested
1.7% ± 1.5% Undetectable

48%' Not tested

Mutation
None
aK51A/13
aK51C/13
a/I3D99C
aK51A/13D99C
a51-1399
a31-1337
a51-1399/

a31-1337

Cyclic AMP
100%

0.27% ± 0.06%
<0.001%

8.8% ± 2.6%
0.5%±0.1%e
2.8% ±0.7%e
101% ± 22%

0.64% ± 0.16%

Binding
100%

0.49% ± 0.10%
<0.001%

8.1% ±0.9%
0.43% ± 0.02%e

6.0% ±0.7%e
106% ± 13%

2.6% ± 0.7% Not tested Not tested Not tested Not tested

a Relative to hCG, this value is 31.8% ± 3.3%.
b Relative to hCG. this value is 29.1% ± 7.9%.
C Relative to hFSH. this value is 2.16% ± 0.17%.
d Relative to hFSH. this value is 43.2% ± 1.9%.
e Determined using purified analogs.
f One assay only.
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Figure 2. Stereo views illustrat-
ing the locations of the 0:31-1337
and a51-J399 in hCG. This figure
was generated using the modeling
package Sybyl and illustrates the
o-subunlt (light gray), J3-subunit
(dark gray), disulfides normally
found in hCG (thin dark gray
lines), and a31-J337 and 0:51-1399
disulftdes (thick black lines) fol-
lOWing energy minimization. The
locations of the Jailer two disul-
fides are identified by arrows. The
three loops of each subunit are
also labeled. Seatbelt residues C-
terminal to the small seatbelt loop
and Shown behind a2 are derived
from hFSH in CFC.

-
Table II. Production of Hormone Analogs in COSo?

Cells TransfectedTransiently

Analog Experiment
1 (ng/ml)

Experiment
2 (ng/ml)

Experiment
3 (ng/ml)

732.0

706.6
Not done
Not done

390.0
Not done

97.0

101.4
235.2

Not done

hCG
hCGa31.~37
hCGa51-~99
hCGa31-~37,

a51-~99 Not done Not done-
Note. The analogs were estimated by sandwich immunoassay as
described in the text using an hCG standard.

cystine knots or otherwise grossly disrupt protein folding.
They also suggested that the potential to form intersubunit
disulfides did not substantially inhibit or enhance combina-
tion of these subunit analogs.

Intersubunit Disulfide Bone Formation. To as-
sess disulfide bond formation, we monitored the stabilities
of the heterodimers to urea (25) and heat-induced denatur-
ation (26). Consistent with the idea that intersubunit disul-
fides can stabilize proteins (27), modification of hCG to
introduce a disulfide between its cystine knots or between
a2 and the seatbelt prevented the subunits from dissociating
in the presence of 10M urea (Fig. 3). Furthermore, these
analogs were much more stable than hCG or CFC at 85°C
(Fig. 4). These observations suggested that intersubunit di-
SUlfides had formed between residues a31-1337 and a5 1-
1399. The latter observations are in agreement with those of
lIeikoop et al. (20) who found intersubunit disulfide bonds
between a5-138 and a35-1335 increased the heat stability of
hCG at 65°C. The thermal stability of analogs containing
the a5 I-1399 disulfide appeared to be greater than those
COntaining the intercystine knot disulfide. This may indicate
that thermal denaturation begins with the escape of a2 from

Figure 3. Western blot an~lysis of hCG and disulfide containing
analogs. Analogs secreted Into the media were incubated in the
ab~ence or pres~nce of 10M urea, SUbjected to electrophoresis on
12 Yo polyacrylamide gels, electroblolled onto nitrocellulose and de
tected with 1251-8112, an anti-J3-subunit antibody. ' -

beneath the seatbelt, a process that is expected to be reduced
greatly by the presence of a disulfide between a2 and the
seatbelt.

Influence of the Intercystine Knot Disulfide
(a31-fl37) on the Activity of hCG. The primary goal of
these studies was to determine how constraining the dis-
tance between the seatbelt and a2 with a disulfide would
influence the lutropin and follitropin activities of a bifunc-
tional hCG analog. To test the possibility that any intersub-
unit disulfide would alter hormone activity, we prepared a
crosslinked "control analog" containing a disulfide between
the cystine knots. Several factors influenced our decision to
make this analog. First, computer simulations suggested that
the introduction of a disulfide into this site would not alter
the structure of the hormone (Fig. 2). Second, the cystine
knot of each subunit is stabilized by three disulfides, making
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free thiol at a-subunit residue 31, would not disrupt lutropin
activity.

hCGa3l-~37, the hCG analog containing an intersub-
unit disulfide between its cystine knots, bound LHR and
stimulated signal transduction similar to hCG (Fig. 5 arid
Table I). This suggested that the presence of a disulfide
crosslink per se did not alter hormone activity and it sup-
ported conclusions reached several years ago (30) that the
hormone did not need to dissociate to function. These ob-
servations extend those of Heikoop et at. (20) who showed
the presence of disulfides between residues a5-~8, a35-
~35, and a37-~33 also had no influence on the lutropin
activity of hCG.

Influence of the 0:2-Seatbelt Disulfide (0:51-1399)
on the Activity of hCG. hCGa5l-~99, the analog con-
taining the a51-~99 intersubunit disulfide, had only 3% to
6% the activity of hCG in signal-transduction and receptor
binding assays (Fig. 6 and Table I). While the activity of the
analog was much lower than that of hCG, it appeared to be
greater than that observed by Heikoop et at. (20), and its
activity in binding assays was similar to what we had ob-
served with bovine LH (31). hCGa51-~99 stimulated cyclic
AMP accumulation, but not to the same maximum as hCG.

17500

,
100

,
10001.0 10 100

ng hCG or Disulfide Crosslinked Analog

.
5~i ,...-. ...,
o 0.1 1.0 10

ng of hCG or Disulfide Crosslinked Analog

Figure 5. Influence of the ot31-1337 intercystine knot disulfide on the
ability of hCG to bind rat LHR (upper panel) and initiate signal trans-
duction (lower panel).

e3 150oo'F'-"""",::--~..
l'lI
.!::.12500
"0
e
S 10000
al
e

~:
~ 2500

1
0+;~----------~----------,
o

it one of the most rigid parts of the molecule. Therefore, the
introduction of a disulfide between the cystine knots was
not expected to alter the relationship between the seatbelt
and a2 or to distort any subunit loop. Third, it was known
that changing ~-subunit residue Tyr37 to phenylalanine or
leucine (28), histidine (R.K. Campbell and W.M. Moyle,
unpublished data), or methionine (R.Y. Myers and W.R.
Moyle, unpublished data) had relatively little influence on
hormone activity. Thus, the presence of a Cys residue at this
site was not expected to alter hormone activity. And finally,
it was known that Cys7 is not needed for the lutropin ac-
tivity of hCG (29). Thus, we expected that elimination of
this Cys, to disrupt the Cys7-Cys3l disulfide and create a

Figure 4. Temperature stability of hCG. CFC, and disulfide
crosslinked analogs. The hormones and analogs were incubated at
85°C for the intervals indicated on the abscissa. The samples were
rapidly cooled in an ice bath and the heterodimer was measured
using a sandwich immunoassay employing antibody A115 for cap-
ture and radioiodinated antibody 6105 for detection. Values are nor-
malized relative to amount of heterodimer at the start of the assay
procedure (approximately 20,000 cpm above the blank).
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Figure 7. Effects of the hCG, hCGa51-1l99. a/hCGIlD99C and
aK51C/1l on binding of 1251-hCG to rat LHR. •

absence of lysine, we tested the activity of aK51 A/hCG~,

an hCG analog in which aLys51 had been replaced by Ala.
While the activity of aK51A/hCG13 was greater than that of
aK5 JC/hCG~, it was substantially lower than that of
hCGa51-~99, the disulfide-crosslinked analog (Table I). If
the activity of the disulfide crosslinked analog were the
product of the individual activities of aK51 C/hCG~ and
a/hCG~D99C, it would have been lower than that of either
of these analogs and barely detectable in our assays. How-
ever, the activity of the crosslinked heterodimer exceeded
that of aK51 C/hCGI3, aK51 A/hCG~, and aK51 AI
hCG~D99C (Fig. 6) and was 30% to 75% that of
a/hCG13D99C (Fig. 7 and Table I). This showed that the
introduction of the disulfide mitigated nearly all the delete-
rious effects of mutating aLys51 to Ala and suggested that
aLys51 was not essential for hormone activity.

An hCG analog that had the potential to form two in-
tersubunit disulfides (i.e., hCGa31-1337 and a51-1399) had
somewhat lower activities than the analog that formed a
disulfide between a2 and the seatbelt (Table I). This sup-
ports the idea that the a31-1337 disulfide has little influence
on hormone activity. However, since we are unable to prove
that both intersubunit disulfide bonds had formed, we did
not characterize similar versions of CFC.

Influence of Intersubunit Disulfide Bonds on
the Lutropln and Follitropln Activities of the Bi-
functional Analog. We found previously that substitut-
ing hCG l3-subunit residues 10I through 109 with their
hFSH ~-subunit counterparts (i.e., residues 95-103) led to a
heterodimer termed CFIO1-109 that interacted with FSHR
much better than hCG and that retained its ability to interact
with LHR (9). The presence of the additional FSH residues
in CFC appeared to reduce its lutropin activity relative to
that of CFI01-109.

The a3 I-1337 disulfide had little influence on the LH
and FSH activities of CFC (Fig. 8 and Table I). This showed
that the location of this disulfide did not disrupt hormone
activity, a phenomenon we have since confirmed for hFSH
(R.V. Myers et al., unpublished data). In contrast, the a51-
1399 disulfide reduced the lutropin and follitropin activities
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indicating that its efficacy was approximately one-half that
of hCG (Fig. 6).

To learn if the low activities of the disulfide-cross-
linked analog were due to the presence of the crosslink or to
the absence of either aLys51 or ~Asp99, we compared the
activities of hCG, aK5IC/hCG~, a/hCG~D99C, aK51N
hCGI3, and aKSIA/hCG13D99 with hCGa51-1399, the only
disulfide-crosslinked analog in this series (Figs. 6 and 7 and
Table I). a/hCG~D99C, the analog containing Cys in place
of l3-subunit residue 99, had approximately 8% to 9% the
activity of hCG (Table I). The activity of a/hCGI3D99C
Was similar to that of an hCG analog in which l3-subunit
aspartic acid residue 99 had been replaced by asparagine
(13). This suggested that by itself, the presence of a Cys at
l3-subunit residue 99 was not responsible for the reduced
activity of a/hCG13D99C relative to hCG. The finding that
a/hCG~D99C had only 1.5- to 3-fold more activity than
hCGa51-1399 (Table I) also suggested that the presence of
Cys at ~-subunit residue 99 may have been responsible for
much of the loss in hormone activity associated with for-
mation of the disulfide in hCGa51-~99. In contrast, replac-
ing aLys51 with Cys nearly eliminated the receptor binding
and signal transduction activities of hCG. To learn if this
Was due to the presence of Cys at this site rather than the

o'+--......~l:=of .......""*~--,------,
o 0.01 0.1 1.0 10 100 1000

ng hCG or Analog

Figure 6. Effect of hCG. aK51A/hCGIlD99C. aK51A/Il. and
hCGa51-1l99 on LHR binding (upper panel) and signaling (lower
panel). hCGa51-1l99 and aK51A/hCGIlD99C used in these ~tudies
were purified by immunoaffinity chromatography on 8110 resin. The
~ata shown for aK51A/Il were taken from a separate study employ-
Ing material that had not been purified.
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finding consistent with the idea that a2 and the seatbelt have
different conformations in hCG and CFC. Due to the ex-
tremely low FSH activity of CFC analogs caused by replac-
ing aLys51 and J3Asp99 with Cys, we were not able to
evaluate the influence of the a51-J399 disulfide on the FsH
activity of CFC.

Implications of These Observations for Recep·
tor Interaction. The reduced potencies of analogs con-
taining substitutions at a-subunit residue Lys51 and/or
J3-subunit residue Asp99 might reflect the possibility that
either of these residues participates directly in receptor con-
tacts, that these substitutions alter the conformation of the
heterodimer, or both. While we cannot exclude the possi-
bility that the 10- to 12-fold reduction in the lutropin ac-
tivities caused by replacing J3Asp99 in hCG and CFC is the
result of disrupting a receptor contact, we favor the idea that
it is due to a change in hormone conformation. The reduc-
tion in potency of hCG caused by replacing 13Asp99 with
Cys was similar in magnitude to the loss in activity caused
by changing J3Asp99 to asparagine (13). This argues against
the idea that the loss in potency was due to the introduction
of Cys per se. Conceivably, the influence of these mutations
is related primarily to their influence on the charge of the
hormone at this site. 13Asp99 is in the center of a positively
charged triangle created by the side-chains of aLys5 l,
J3Arg95, and J3Lys104 residues found in a2, the small seat-
belt loop, and the carboxyterminal one-half of the seatbelt,
respectively. The negative charge of J3Asp99 may offset
repulsive ionic interactions between these positively
charged residues and its replacement by asparagine or Cys
might lead to subtle changes in the positions of a2 and parts
of the seatbelt. Replacing J3Asp99 with arginine led to a
further reduction in activity (13), an observation consistent
with this idea.

The ability of an hCG J3-subunit analog containing Cys
in place of Asp99 to offset much of the loss in activity
caused by changing a-subunit residue Lys51 to Cys sug-
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Figure 9. Effects of hFSH, CFC. a/CFCI3D99C. aK51C/CFCI3. and
CFCa51-1399 on binding of 1251-hFSH to human FSHR.

of CFC. CFCa51-1399 had much lower LH activity than
hCGa51-1399 and little, if any, FSH activity (Figs. 8 and 9
and Table I). To learn if this was due to the effect of re-
placing aLys51 or 13Asp99 of CFC by Cys, we compared
the LH and FSH activities of CFC, aK51 C/CFCJ3,
aICFCJ3D99C, and CFCa51-J399 (Figs. 9 and 10 and Table
I). Replacing 13Asp99 with Cys reduced the LH activities of
CFC and hCG to a similar extent (Table I). However, this
change effectively abolished the FSH activity of CFC (Fig.
9 and Table I), suggesting that Asp99 had a greater influ-
ence on FSH activity than on LH activity. This observation
extended the earlier demonstration that residues in the C-
terminal one-half of the seatbelt were much more important
for FSH activity than LH activity (9). While the LH activity
of aK51C/CFC13 was low, it was somewhat greater than
that of aK51C/hCG13 (Table I). Unlike hCGa51-J399,
which was nearly as potent as a/hCG13D99C and much more
active than a51C/hCGJ3 (Fig. 7 and Table I), CFCa51-J399
was much less active than aICFCJ399 and similar in potency
to aK5IC/CFCJ3 (Fig. 10 and Table I). Thus, FSH residues
in CFC offset the influence of the a51-1399 disulfide, a
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gests strongly that this o-subunit residue does not contact
the receptor. If this lysine made a key essential contact with
the LH receptor, we would expect that this role in hormone
binding could not be replaced by a disulfide. Furthermore,
conversion of 13Asp99 to Cys, a mutation that by itself
reduced hormone activity, might be expected to augment
the reduction in hormone potency caused by mutation of the
lysine. The finding that (IKSI A/hCG13 and (IKSI AI
hCG13D99C had lower activities than hCG(ISI-1399 (Table
I) suggested that the enhancement of activity by the Cys at
13-subunit residue 99 depended on the formation of a disul-
fide with o-subunit residue Sl. Thus, the gain in lutropin
activity of hCG analogs lacking (ILysSI appears to have
been the result of constraining the distance between residues
(ISI and 1399 to that seen in the heterodimer. Nonetheless,
the finding that the (IS1-1399 disulfide did not restore lutro-
pin activity to CFC suggested that the conformations of
other parts of (I2 and the seatbelt are important for receptor
interaction. Together, the loss in activity caused by convert-
ing hCG o-subunit residue LysSI to Cys and the restoration
of activity by insertion of the (IS1-1399 disulfide suggest to
us that the glycoprotein hormones are particularly sensitive
to mutations that alter their conformations, a phenomenon
that may result from their unique structures. This would
explain why it has been so difficult to identify hormone
residues responsible for key receptor contacts.

Finally, it is not clear why the efficacies of hCG(ISl-
1399 and hCG(IKSIA-13D99C were reduced. One possibility
is that o-subunit LysSl is adjacent to a residue that is gly-
cosylated in hCG. Glycosylation of AsnS2 has been shown
to influence the efficacy (32) and structure (33) of hCG.
MOdification of oLyso l may have a similar effect on the
structure of the hormone.
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