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ABSTRACT Synthetic fragments have not been widely
used thus far to evaluate structure-activity relations in the
glycoprotein hormones. We prepared a series of peptides
representing the intercysteine "loop" sequence (residues
38-57) in human choriogonadotropin (hCG) and lutropin
(hLH) J3 subunits, anticipating that it might be oriented toward
the surface and accessible to receptors. The peptides were
characterized chemically and tested for bioactivity by binding
to rat ovarian membrane receptor and stimulation of Leydig
cell testosterone production. The hCGJB-(38-57) and hLHf3-
(38-57) peptides inhibited binding of'251-labeled hCG half-
maximally at 1.51 x 10-4 and 2.03 X 10-5 M, respectively,
while other peptide hormones and fragments from elsewhere in
the f3 subunit were inactive. Both peptides stimulated
testosterone production, with half-maximal responses at 3.55 x
10-5 M (hCG) and 2.18 x 10-5 M (hLH). By radioimmuno-
assay with an antibody to thyroglobulin-conjugated hCGP-
(38-57) peptide, native hCG and (3 subunit were highly
reactive, as were the reduced and carboxymethylated subunit
and peptide. Helical-wheel projection predicted an amphipath-
ic region in the N-terminal portion of the 38-57 sequence, and
circular dichroic measurements showed an increase in ordered
structure, especially a-helix, when the 38-57 peptides were
transferred from an aqueous to a more lipophilic (90%
trifluoroethanol) environment. These results indicate that the
38-57 region of (3 subunit is exposed on the surface and
constitutes a component in the receptor-binding domain for
hCG and hLH. A region ofamphipathic-helical structure in the
38-57 sequence may promote hormone-receptor interactions
in a manner proposed for several other peptide hormones.

The glycoprotein hormones [lutropin (LH), choriogonadotropin
(CG), follitropin (FSH), thyrotropin (TSH)] are structurally the
most complex of the peptide hormones. The regions essential
for receptor interaction and activation oftarget-organ responses
have not yet been established. Much has been done to demon-
strate the importance of certain amino acid residues in both
subunits through chemical modifications (see refs. 1-3 for
review) and the role of the long-chain asparagine-linked carbo-
hydrate in receptor-effector coupling (reviewed in refs. 3-4).
However, prospective sites for additional specific chemical
modifications in the native subunit are limited.

In using synthetic peptides replicating continuous se-
quences, rather than modified individual residues in whole
subunits, we have departed somewhat from the more tradi-
tional approach to structure-activity relations in these hor-
mones. Sequence regions we consider likely to be available
for receptor interaction are those between cysteine residues
that might form "loops" toward the subunit surface, as
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FIG. 1. Synthetic peptides from intercysteine "loop" region
38-57 of hCG/3. The residues in hLH that differ from those in hCG
are shown by circles alongside.

projected in an early model by Ward and co-workers (5). Best
known among these regions is the "determinant loop"
segment in the /3 subunit, proposed to be important to
receptor interaction and possibly hormonal specificity (6-8).
This occurs between residues 93 and 100 in hCGJ3 and hLHl3
(the /3 subunits of the human hormones).
The longest of the intercysteine regions in the A3 subunit is

in the midregion, between residues 38 and 57 in hLH and
hCG. Certain residues in this segment appear to be accessible
to solvents, and changes in their charge result in loss or
alteration of the activity of the whole hormone (9-11). To
evaluate this region more directly, we have prepared a series
of synthetic peptides comprising the 38-57 sequence from
hCG and hLH ,B subunits (Fig. 1). Their chemical and
biological properties, described in this report, are consistent
with a significant role for this region in the process of receptor
binding and receptor-effector coupling. We also present
evidence for amphipathic-helical conformational properties
that suggest a previously unrecognized contribution of sec-
ondary structure to glycoprotein hormone action.

METHODS
Peptide Synthesis. The following synthetic fragments were

prepared: hCGB-(38-57) and hCG,8-(45-57), hLHP-(38-57)

Abbreviations: CG, choriogonadotropin; LH, luteinizing hormone
(lutropin); CRF, corticotropin-releasing factor (corticoliberin); FSH,
follicle-stimulating hormone (follitropin); h-, human; Cm, carboxy-
methyl; F3EtOH, trifluoroethanol.
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and hLH,&(45-57), and the analog [Asp45 48]hLHP-(38-57).
Synthesis was carried out by the solid-phase procedure (12,
13) using benzhydrylamine resin (Beckman) and tBoc amino
acids purchased from Peninsula Laboratories (Belmont, CA)
or Bachem Fine Chemicals (Torrance, CA). Peptides were
cleaved from the resin by using hydrogen fluoride (00C, 1 hr)
with 10%6 (vol/vol) anisole and 3% (vol/vol) dimethyl sulfide.
The 38-57 peptides were incubated at pH 8.5 (200C, 4 hr, 100
,ug/ml) to effect closure of the disulfide bond.
The peptides were purified by gel filtration on Sephadex

G-25 (Pharmacia) with 1.0M acetic acid eluant, followed by
ion-exchahge chromatography on carboxymethylcellulose
(Whatman CM-52) with elution by a linear gradient of
ammonium acetate (pH 4.5) from 0.1 to 2.0 M. The [Asp45'4]-
hLH3-(38-57) analog was purified on diethylaminoethylcel-
lulose (Whatman DE-52) by using a similar gradient of
ammonium bicarbonate (pH 8.2). Peptide homogeneity was
determined by amino acid analysis after acid hydrolysis (6M
HCl, 1100C, 24 hr under reduced pressure) or total enzymatic
digestion with papain and aminopeptidase M, and by se-
quencing and "preview" analysis (14) in the Beckman
System 890 Sequencer. Content offree sulfhydryl groups was
evaluated by Ellman's reagent [5,5'-dithiobis(2-nitrobenzoic
acid)] (15). Peptides and subunits were reduced and
carboxymethylated with dithiothreitol/guanidine hydrochlo-
ride followed by iodoacetic acid (7). These modified peptides
are indicated by the prefix Cm-. Native hCG (preparation
K-881) and 1 subunit were purified as described previously
(7).

Circular Dichroic Measurements. Circular. dichroism was
measured in either 5 mM sodium phosphate buffer (pH 7.5)
or 90% (vol/vol) trifluoroethanol (F3EtOH)/5 mM sodium
phosphate (pH 7.5) at 100 pg/ml in the Jasco model J-500A
spectropolarimeter with a cell path length of 1 mm. A
minimum of eight scans per sample were performed over the
wavelength range 250-185 nm at a time constant setting of 8.
Mean residue content of ordered structure was computed by
the method of Chen et al. (16) on the basis of spectra for
proteins of known ordered structure.

Biological Assays. Binding of peptides to rat ovarian mem-
brane receptors was measured as described by Lee and Ryan
(17). Radioiodinated hCG ligand ('25I-hCG) was ptepared as
described previously (17). Assays for testosterone produc-
tion were based on the procedure of Dufau et al. (18), using
Leydig cells from 200- to 250-g rats, incubated 3 hr at 37°C in
0.5 ml of medium 199/0.1% ovalbumin/25 mM Hepes buffer,
pH 7.2 (GIBCO). Immunoassays for testosterone were done
as described (18).
Radioimmunoassays. Immunoreactivity of peptides and

hCG was measured in a double-antibody assay (19) using a
polyclonal antibody prepared against thyroglobulin-conjugat-
ed Ala-Pro6-hCGf3-(38-57) (20). hCGB, labeled as noted
above, was used as radioligand. Potencies for all assays were
determined as the molar concentration effecting half-maxi-
mal inhibition of ligand binding (8). Concentrations of added
peptides were fixed by amino acid analysis of aliquots from
the primary dilutions.

RESULTS
Synthetic Peptides. The hCGp-(38-57) product from HF

cleavage eluted in Sephadex G-25 chromatography at a Kd of
0.30, a position identical to the monomeric reduced and
carboxymethylated peptide. Chromatography on CM-52
yielded a principal peptide component at conductivity 8-9
mS, identified as 38-57 by composition and sequence anal-
ysis. Additional purification steps, involving either rechro-
matography over CM-52 with a different gradient or reversed-
phase HPLC, yielded products that did not differ significantly
from the initial CM-52 product by sequence analysis or

receptor binding. The shorter C-terminal 45-57 peptide was
obtained in monomeric homogeneous form directly from
Sephadex G-25 gel filtration. Similar profiles and results were
obtained in purification of the peptides from hLH, including
the analog [Asp45" 8]hLHP-(38-57) from DE-52 chromatog-
raphy. Theoretical recoveries of all amino acids were ob-
tained by compositional analysis ofthe purified products, and
sequence analyses revealed cumulative "preview" levels of
less than 10% for 10 cycles, an acceptable level as noted by
us previously (14).

Circular Dichroic Measurements. Circular dichroic plots of
hCGP-(38-57) in the far-ultraviolet region (Fig. 2) indicated
a shift in the profile with 90%o F3EtOH, with development of
a region of negative ellipticity in the range 220-230 nm and a
positive shift in the region below 200 nm. Similar, but less
marked, changes were observed in the profiles for native
hCGB. The data in Table 1 derived from the circular dichroic
profiles indicate that in F3 EtOH both hCG3 and hLHP3-
(38-57) underwent an increase in ordered structure, including
content of a helix. Comparable profiles were observed with
the reduced and carboxymethylated 38-57 peptides.
Membrane Receptor Assays. Inhibition of labeled hCG

binding to ovarian receptors by the 38-57 peptides took place
with response curves parallel to the curve for the hCG
standard, as shown in Fig. 3. Binding affinity of the hLH3-
(38-57) peptide was 8-fold higher than that of the hCG
peptide. The shorter 45-57 peptide from hCG retained
binding activity, but hLHB-(45-57) was nearly devoid of
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FIG. 2. Circular dichroic profiles of synthetic hCG(3-(38-57) and
native hCG(3 in aqueous (phosphate buffer) and organic (90%
F3EtOH) medium. [0], Mean residue ellipticity. Analysis of ordered
structure appears in Table 1.
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Table 1. Circular dichroism of subunits and peptides

Phosphate 90%o F3EtOH

Preparation helix (3-structure helix /-structure

hCGf-(38-57) 9 25 23 16
hLHB-(38-57) 11 25 25 15
Cm-hCG3-(38-57) 10 22 24 14
Cm-hLH13-(38-57) 11 23 25 14
hCG/3 (native) 8 36 15 28
hCG/3 (deglycosylated)* 8 36 15 28

Data are percent content of ordered structure in 5 mM sodium
phosphate, pH 7.4, or 90%o (vol/vol) F3EtOH/5 mM phosphate, pH
7.4.
*Deglycosylated with HF (see ref. 38).

activity. No binding was observed with the hLHf-(38-57)
analog in which the hydrophobic residues at positions 45 and
48 had been replaced by aspartic acid. Table 2 compares the
binding constants for these peptides with those of fragments
from other regions of the P subunit and for two peptides
unrelated to LH/hCG. Only the fragment 93-101 replicating
the determinant loop region ofhCGP3 showed binding activity
comparable to that of the 38-57 peptides.

Steroidogenic Assays. In rat Leydig cells (Table 3), both
38-57 peptides showed weak, but complete, agonism as mea-
sured by stimulation of testosterone production over a concen-
tration range similar to that observed for binding of the peptide
from hLH. A control peptide from parathyroid hormone was

inactive, as was the hCGB-(93-101) peptide noted above.
Radioimmunoassays. Fig. 4 shows the displacement curves

from an immunoassay with the polyclonal antibody against
thyroglobulin-hCG/3-(38-57) conjugate. Immunopotency of
the 38-57 peptide was 3.2 x 10-11 M. Native hCG/3 was 2.4-fold
more reactive, while the relative potencies of Cm-hCG,-
(38-57) and Cm-hCGP3 were 0.6 and 0.8 compared with the
unmodified peptide. In a separate assay, relative potency of
whole native hCG was 0.75. The hLH peptide and subunit were
markedly less reactive (relative potencies 0.03 and 0.13), and
neither of the shortened 45-57 peptides effected significant
displacement.

DISCUSSION
The receptor binding and agonist activity of the synthetic
38-57 peptides from hCG.8 and hLH13 provide direct evi-
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FIG. 3. Inhibition curves for hCGP3 and hLHB fragments and
analogs in ovarian membrane receptor assay, measured against
standard hCG preparation K-881. Potencies are summarized in Table
2.

Table 2. Ovarian receptor assay of 13 subunit peptides

No. of Binding
Peptide assays constant,* M

Native hCG 13 1.03 x 10-10
f3-(38-57) peptides

hCG/3-(38-57) 10 1.51 x 10-4
hLH/3-(38-57) 10 2.03 x 10-5
hCG13-(45-57) 4 4.21 x 10-4
hLHf-(45-57) 4 2.38 x 10-2
[Asp4548]hLH13-(38-57) 2 No inhibition

Other P3 peptides
hCGP-(100-110) 2 No inhibition
hCG3-(111-118) 2 No inhibition
hCGP-(115-140) 1 No inhibition
hCG3-(93-101) 8 1.66 x 10-4

Nongonadotropin peptides
AcChoR-(185-199) 2 No inhibition
CRF-(1-41) 2 No inhibition

AcChoR, acetylcholine receptor; CRF, corticotropin-releasing
factor.
*Concentration effecting half-maximal inhibition of labeled hCG
binding. "No inhibition" indicates there was no inhibition of tracer
binding at 10-2 M or higher.

dence that a continuous sequence from a glycoprotein hor-
mone is capable of interacting with a target cell. The
specificity of the process is affirmed by the absence of
binding by other hormonal peptides, by subunit regions
known not to be essential for activity, and by the 38-57
analog with two hydrophobic residues replaced by aspartic
acid. Binding by a single sequence from f subunit implies that
the subunit itself should do so. Although such binding was the
subject of earlier controversy, there is now substantial
evidence for inherent binding and steroidogenic activity in
the separate subunits (21-23).
The complete domain for full expression of biological

activity clearly includes multiple sites, some probably "topo-
graphical" in nature, involving both subunits (1-3). The
lower binding affinities of the 38-57 fragments (binding
constants 10- to 10-5 M) compared to native hCG (10-10 to
10-11 M) are thus not unexpected. Specific binding of this
order has been used to define binding domains and design
successful inhibitors for parathyroid hormone (13) and
oxytocin (24), among other peptides.
The information available from chemical modifications to

the whole subunit is limited, but it lends support to the
importance of the 38-57 region. Porcine and bovine LH
contain methionine instead of leucine at position 52. This
residue could be modified through oxidation to the sulfoxide
(10) or carboxymethylation (9), resulting in unimpaired sub-
unit association but markedly diminished receptor binding
after recombination with native a subunit. Thus, although
substitution of another hydrophobic residue is tolerated,
replacement by a negative charge is not. It has also been
suggested that methionine-41 in bovine LH may be "ex-
posed" and important to receptor binding (1), and the

Table 3. Leydig cell bioassay for testosterone production
Maximum testosterone

Compound EC50,* M produced,t pmol
hCG 2.81 x 10-12 7.05
hCGJ-(38-57) 3.55 x 10-5 6.65
hLHP-(38-57) 2.18 x 10-5 9.02
hCGP-(93-101) No activity
hPTH-(53-84) No activity

hPTH, human parathyroid hormone.
*Concentration effecting half-maximal testosterone production.
tBased on 107 viable cells.
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FIG. 4. Displacement curves for peptides in a radjoimmunoassay
based on antiserum to thyroglobulin-conjugated hCG(3-(38-57). B
and Bo, 12-I-hCGB bound in the presence and absence of peptide,
respectively. U, hCGl3-(38-57); e, hCGO; n, Cm-hCGI-(38-57); o,
Cm-hCG(8; A, hLH(3-(38-57); v, hLHf3; A, Cm-hLHP-(38-57); o,
hCGP-(45-57).

influence of residue 42 on hormonal specificity is described
by Goverman and Pierce (11). A recent report (22) describes
(Thr-Arg-Asp-Leu) representing residues 34-37 in human
FSH,3, which corresponds to the sequence 40-43 in hCGP3
and hLH(3.
Our radioimmunoassay results support the contention that

the 38-57 loop sequence is exposed to the surface in native
hCG. An antibody against the hCG(3-(38-57) peptide recog-
nized both the native hormone and the (8 subunit. Since the
antibody did not bind the shorter 45-57 fragment, the epitope
may be somewhat different from the receptor-binding site.
Stevens et al. (20) have described a monoclonal antibody to
hCG,3 that reacts specifically with a 40-52 peptide from this
region. The markedly lower reactivity of hLH/3 and hLH,&
(38-57) peptide with the antibody used in the current study
is consistent with earlier findings (20) showing specificity for
hCGI3 radioligand. These results suggest an approach to
preparation of hCG-specific antisera through further selec-
tive modifications of the peptide.
With the possible exception of FSH, secondary structure

has not been considered to be a prominent feature of native
gonadotropin molecules-estimates of helix ranging from 0%
to 11%, with P structure up to 25-30% (25). However, one
study (26) noted that helicogenic solvents could enhance
helix formation in LH subunits. This suggested that distinc-
tive secondary-structural features might be induced in ap-
proximation to hydrophobic surfaces such as a cell mem-
brane. Helical sequences with amphipathic properties were
described originally for apolipoproteins in conjunction with
phospholipid binding (27) and have been found in several
hormones and bioactive peptides, including mellitin, endor-
phin, calcitonin, and CRF (28-31).

Fig. 5 shows a two-dimensional vertical-axis projection
(32) of the sequence between residues 40 and 49 of hCG and
hLH (3subunits. Alignment of multiple hydrophobic residues
along one face, with more polar residues opposite, indicates
the potential for formation of an amphipathic helix. The
circular dichroic measurements lend support to this predic-
tion. In aqueous solution, the ordered structure of hCG3-
(38-57) appears to be primarily (3-sheet, consistent with
predictions by the Chou-Fasman method (33). In the lipo-
philic solvent F3EtOH there is an increase in ordered struc-
ture with a shift toward helical conformation. The 40-49
segment would represent about three turns, close to the
average length predicted for helical regions within a number
of proteins (16), including those with looped sequences such
as insulin. The hydrophobic face may be critical to the
activity of the 38-57 fragment, as shown by the complete loss
of binding activity when the surface is disrupted by substi-

Gln46

FIG. 5. Helical-wheel projection of 40-49 sequence from hCG3.
Residues forming a hydrophobic "face" are underlined. Residues in
hLHP are shown in parentheses where they differ from those in
hCG3.

tution ofcharged aspartic acid residues at positions 45 and 48.
In the sequence from hLH, substitution of methionine for
threonine at position 42 appears to extend the hydrophobic
face toward the N terminus, and alanine provides a strong
helix former at position 47. These may contribute to the
increased binding affinity compared to the hCG peptide. On
the other hand, the highly amphipathic but otherwise unre-
lated hormone CRF is devoid of binding activity (Table 2).

In peptide hormones, amphipathic sequences have been
postulated to promote partitioning between an aqueous and
a membrane microenvironment to facilitate access to recep-
tors or induce additional conformational changes that ulti-
mately favor receptor binding (28, 34). The general mecha-
nisms proposed by Schwyzer (34) and by Ross and Subra-
manian (35) comprise an initial low-affinity hydrophobic
interaction followed by a more stable association with the
receptor based on charge and hydrophilicity.
The midportion of the 38-57 region includes proline resi-

dues, predicted to break the helical sequence and induce one
or more bends in the peptide chain (33). The higher binding
affinity of the peptide from hLH(B may be promoted by an
extra proline at position 51, as well as by the differences at
positions 42 and 47. This region could represent a structural
basis for previously observed differences between LH and
hCG in binding characteristics and efficacy of postreceptor
activation (36, 37).
Although the 38-57 peptides were prepared as a disulfide

loop, the constraint at residues 38 and 57 may not be a rigid
one. There is as yet no confirmation that these cysteines are
linked to each other in the native subunit. Indeed, disulfide
linkages may not be necessary to maintain the overall shape
and conformation of the loop. Ordered structure of the 38-57
peptides is unchanged after reduction and carboxymethyla-
tion (Table 1) and Cm-hCGf3 subunit and peptide remain
immunoreactive (Fig. 4). By circular dichroic analysis we
have observed an increase in ordered structure of glycopro-
tein subunits upon reduction (M.C.C., H.T.K., and R.J.R.,
unpublished data). Hence, although the disulfide bridges may
actually restrain secondary structure while conferring the
tertiary structure unique to these glycoproteins, the 38-57
region appears able to retain significant ordered structure
even in the disulfide-linked native subunit.
The ability of the 38-57 peptides to promote testosterone

production, in concentration ranges similar to those required
for binding, suggests that this sequence is also part of a
determinant for receptor-effector coupling. In one regard this
is surprising, since carbohydrate appears to be a requirement
for the coupling process (3, 4). However, recombinants
involving deglycosylated 13 subunit may show a steroidogenic
or adenylate cyclase response at high doses (38, 39). Conse-
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quently, potential applications of the 38-57 peptides as

competitive inhibitors will probably require preparation of
analogs with- lower inherent agonism.
The disulfide-loop peptide 93-101 from hCG8 bound to

receptors with an affinity similar to 38-57 (Table 2). This
fragment includes the determinant loop sequence found to be
important in hormone-receptor interaction by disulfide re-

duction (6) and enzymatic modification (8). Structurally
different from 38-57, the 93-101 peptide is highly hydrophilic
and lacks significant ordered structure; significantly, it also
lacks agonist activity by testosterone assay. In preliminary
experiments, the two peptides appear to be additive in
binding affinity. Charlesworth et al. have also evaluated a
series of linear peptides from a subunit and found at least one
with hCG receptor-binding activity.§ While definition of the
three-dimensional structure of the whole molecule awaits
crystallographic analysis, efforts to show synergism through
coupling of one or more of these active peptides to the
complementary subunit, and to oligosaccharides and glyco-
peptides, represent a next step in analysis of the site or sites
ultimately responsible for binding and activation.

§Charlesworth, M. C., McCormick, D. J. & Ryan, R. J. (1986)
Proceedings of the 68th Annual Meeting of the U.S. Endocrine
Society, Anaheim, CA, June 25-27, 1986, abstr. 614.
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