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Human a-Subunit Analogs Act as Partial Agonists
to the Thyroid-Stimulating Hormone Receptor

Differential Effects of Free and Yoked Subunits
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The a-subunit is common to the heterodimeric glyco-
protein hormones and has been highly conserved
throughout vertebrate evolution. In an effort to deter-
mine if wild-type and engineered human a analogs can
serve as agonists or antagonists to the human thyroid-
stimulating hormone (TSH) receptor (TSHR), a potent
o mutant, obtained by replacing four amino acid resi-
dues with lysine (a4K), was assayed and compared with
the wild-type a-subunit. When added to CHO cells
expressing TSHR, a4K, and to a very limited extent the
fused homodimer, a4K-a4K, but not a, exhibited ago-
nist activity as judged by cAMP production. When yoked
to TSHR to yield fusion proteins, neither a, a4K, a-a,
nor a4K-a4K activated TSHR, although yoked a4K
and a4K-a4K were weak inhibitors of TSH binding to
TSHR. The yoked subunit-receptor complexes were,
however, functional as evidenced by increased cAMP
production in cells co-expressing human TSHp and a-
TSHR, a4K-TSHR, a-a-TSHR, and a4K-a4K-TSHR.
These results demonstrate that agonists to TSHR can
be obtained with a-subunit analogs and suggest that
rational protein engineering may lead to more potent
a-based derivatives. The differences found between
the experimental paradigms of adding free a analogs
to TSHR and covalent attachment are attributed to con-
formational constraints imposed by fusion of the a-sub-
unit analog and receptor, and may suggest an important
role for a free (C-terminal) a-carboxyl in the absence
of the B-subunit.
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Introduction

The classical glycoprotein hormone family is highly con-
served in vertebrates (/) and consists of four members, TSH
and three gonadotropins, LH, FSH, and CG (2). The indi-
vidual hormones are heterodimers containing a common
o-subunit and a hormone-specific B-subunit, both of which
are glycosylated. Interestingly, another member of this
family, present in vertebrates and invertebrates, was iden-
tified by comparative genomic analysis (3) and shown to be
capable of activating the TSH receptor (TSHR) (4). The
distinct gene products of the glycoprotein hormone family
are members of a larger family of cystine knot-containing
growth factors that act as homodimers and heterodimers
(2,5). The glycoprotein hormones bind to and activate three
distinct G protein-coupled receptors—TSHR, FSHR and
LHR—to which CG also binds (2).

Crystallographic structures of human (h) CG (6-8) and
hFSH (9) demonstrated that the conformations of the o and
[ subunits were similar, suggesting a common evolution-
ary origin. As the o-subunit has remained common and
highly conserved throughout evolution, there is consider-
able interest in elucidating possible biological functions of
o that could be mediated via the three glycoprotein hor-
mone receptors, or possibly other receptors. Pengetal. (10)
showed that the a-subunit, derived from bovine (b) LH,
was capable of forming homodimers, and physiological
activity has been attributed to the a-subunit (/7). In addi-
tion, a number of early studies suggested direct, albeit weak,
effects of a on LHR binding, but these studies were com-
promised by the contamination of subunit preparations with
intact heterodimer (/2). Because it is possible to produce
constitutive activation of LHR by yoking or fusing a single-
chain gonadotropin, e.g., hCGB-a or a-hCGp, to the LHR
N-terminus (/3—15), Narayan et al. (16), studying poten-
tial actions of o and hCGp, characterized complexes of
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Fig. 1. Schematic of free a.-subunit analogs and yoked TSHR constructs. (A) The free human (h) a-subunit monomer and single-chain
homodimer in which the a-subunits are linked by alternating Gly-Ser residues [(GS),]. The substitution of Q13, E14, P16, and Q20 with
K in the 4K analog is shown. (B) The monomeric or homodimeric wild-type ho-subunit or the a-4K analog was linked to hTSHR via
the CTP (30 amino C-terminal peptide sequence of hCG) and a Factor Xa recognition sequence. The signal sequence of the ha-subunit

is denoted as ssa..

yoked a-LHR and hCGB-LHR and found no intrinsic activ-
ity in the individual subunits using the subunit-receptor
fusion system; moreover, co-transfection of LHR with o or
hCGJ failed to give receptor activation.

In order to investigate the possible effects of human o-
subunit monomers and homodimers on human TSHR, we
determined receptor activation in response to free and
yoked recombinant o and single-chain o homodimers (wild
type and analogs). The use of recombinant subunits allevi-
ates the aforementioned problem of contamination with
intact heterodimer. Mutants of the a-subunit were chosen
that have been shown to confer exceptionally high potency
to TSH (17). In particular, the a-subunit mutant, with Lys
replacements of GIn-13, Glu-14, Pro-16, and GIn-20 (04K),
was analyzed both in monomeric and single-chain homod-
imer forms. Our hypothesis is that an effect of o, albeit
expected to be of low potency, may be detected in TSHR
since this receptor appears to be less constrained in the inac-
tive state than LHR (/8-20).

Results

Expression and Characterization of Monomeric
and Homodimeric (Fused) Wild-Type
and Mutant a-Subunits

The wild-type and engineered human o-subunits (Fig.
1A) were expressed in CHO-K1 cells, and concentrations
were estimated by immunoreactivities to a panel of differ-
ent monoclonal and polyclonal antibodies (/7). The aver-
age expression levels in the media from several transient
transfections were as follows: wild-type a, 2.8 ug/mL; a4K,
0.2 pg/mL; and 04K-04K, 0.04 pg/mL.

Wild-type human TSH and human o-subunit, as well as
various analogs, were added to the media of CHO cells
expressing TSHR, followed by determination of cAMP in
the media after 2 h and representative dose response plots
are shown in Fig. 2. The results indicate that, at the highest
concentrations assayed, wild-type a was unable to activate
TSHR; however, a4K and a4K-a4K elicited modest and
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Fig. 2. Activation of TSHR by hTSH and a-subunit analogs.
Using hTSH as a positive control, the media from CHO-K1 cells
expressing wild-type o, 04K, and a4K-a4K were added to TSHR-
expressing CHO cells (JPO9), followed by measurement of
cAMP. Representative plots are shown from several independent
transfections. Similar studies were performed with wild-type o,
o4K, and hTSH using CHO cells devoid of TSHR (JPO2 cells)
and with concentrated media from CHO-K1 cells that had been
transfected with empty vector added to TSHR-expressing cells
(JPQO9 cells); in neither case was there an elevation of cAMP (data
not shown).

weak responses, respectively, compared to TSH. Prelimi-
nary results with a mutant containing six Lys replacements,
a4K + N66K + G73K (21), indicated that it too was effec-
tiveinactivating TSHR, e.g., atapprox 20 ng/mL the cAMP
response was about 19 pmol/mL, well above basal levels (data
not shown). The limited quantities of recombinant mate-
rials unfortunately prevented full dose-response measure-
ments with determinations of ECs, values for the o analogs.
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These effects, however, appear to be specific for TSHR,
because (a) addition of comparable amounts of a (wild type
and analogs) to control CHO cells (JPO2), i.e., withno TSHR,
failed to elicit a response, and (b) concentrated media from
CHO-KI1 cells transfected with empty vector did not stimu-
late cAMP production in cells expressing TSHR (JPO9)
(data not shown).

Expression and Characterization of Monomeric
and Homodimeric (Fused) Wild-Type
and Mutant a-Subunits Yoked to TSHR

As an alternative to expressing high levels of the a.-sub-
units and analogs, we generated fusion proteins of the sub-
units with TSHR. This strategy permits the study of receptor
activation by subunits that may bind with low affinity (16,
32). The yoked constructs (Fig. 1B) were transiently trans-
fected into COS-7 cells and cell surface expression of sev-
eral yoked constructs was monitored by two methods, bind-
ing of an anti-TSHR antibody and binding of '>’I-bTSH
(Fig. 3A). Overall, the relative expression was similar as
measured by the two techniques. Basal and maximal TSH-
mediated cAMP levels in cells expressing TSHR and the
four yoked complexes are shown in Fig. 3B. There is no
evidence of constitutive activation of the receptor by fused
o, a4K, a-o, and 04K-04K, and all are responsive to added
TSH. In Fig. 3C the maximal cAMP obtained after addition
of TSH is presented after correction for the expression level
based on immunoreactivity with the TSHR antibody and
on '2I-bTSH binding. To facilitate comparisons, wild-type
TSHR was normalized to 100% in each case. These results
indicate that the variations in TSH-mediated maximal cAMP
production result from the different TSHR expression levels.
A similar conclusion is obtained for basal cAMP production
when corrected for '»I-bTSH binding (data not shown).

In order to ascertain if yoked o and o analogs altered
TSHR responsiveness to exogenous TSH, competitive bind-
ing (with '2I-bTSH) and cAMP measurements were made
at various concentrations of TSH (see Fig. 4A,B for represen-
tative plots of competitive binding and cAMP production,
respectively). The IC5qs, ECss, and coupling ratios, i.e., IC5q/
ECjsqs, are summarized in Table 1 for all experiments. The
ICs values for TSHR, o-TSHR, and a-a-TSHR ranged from
about 65 to 85 pM, and the EC5ys were 85-95 pM, leading
to coupling ratios of 0.7-1.0. The IC5,s of a4K-TSHR and
o4K-04K-TSHR were, on the other hand, somewhat higher,

Fig. 3. Cell surface expression and signaling properties of yoked
wild-type a-TSHR and analogs. (A) Expression based on immu-
noreactivity of a-TSHR (wild type and analogs) with a polyclonal
antibody directed against the extracellular domain of TSHR and
determined by binding of '*I-bTSH to TSHR in the yoked prod-
ucts, i.e., B,. In both cases, the expression of wild-type TSHR is
normalized to 100% to facilitate comparisons. (B) Basal levels of
cAMP and maximal TSH-mediated cAMP production in trans-
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fected COS-7 cells expressing wild-type and analog a.-TSHRs.
Maximal cAMP production was the response to a saturating con-
centration of TSH (100 ng/mL). (C) Maximal TSH-mediated
cAMP levels in transfected COS-7 cells corrected for surface
expression via TSHR immunoreactivity and '*I-bTSH binding.
To facilitate comparisons, the maximal amount of cAMP per unit
expression was normalized to 100% in each system.
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3 04K-04K- 1497 £27.7°(3) 91.7+10.3 (3) 1.6
@ 401 TSHR
“Wild-type human TSHR and yoked forms were expressed in
201 COS-7 cells, followed by competitive binding (with bTSH and
125I-bTSH) and cAMP measurements at various concentrations
of bTSH. The IC5s and EC5s are given as mean + SEM with the
0 exception of the IC5 of a4K-TSHR, which is shown as mean +
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Fig. 4. Representative plots of competitive TSH binding and
cAMP response of yoked wild-type a-TSHR and analogs. (A)
Competitive binding with 100-200 pM '*I-bTSH and various
concentrations of bTSH. (B) cAMP production by various con-
centrations of bTSH. The IC,  and EC,; values from all experi-
ments are given in Table 1.

145-150 pM, while the EC5,s were comparable, 90-95 pM,
giving coupling ratios of 1.5-1.6. These results suggest that,
while not activating TSHR as evidenced by the lack of an
increase in basal cAMP production, the fusion of a4K and
a4K-04K to TSHR is slightly inhibitory to TSH binding,
but not TSH-mediated cAMP production.

Responsiveness of a-TSHR Analogs to TSHf

In order to examine the functionality to TSHp of yoked
complexes of a, 04K, a-a, and a4K-04K to TSHR, cells

range.

bSignificantly different from wild-type TSHR (the IC 500f 0 4K-
TSHR is also much higher than that of wild-type TSHR, but the
limited n prohibits a statistical analysis).

were co-transfected with cDNAs to each of the subunit—
TSHR constructs and TSHP. Figure 5 shows a summary of
the results on specific '>I-bTSH binding (A), basal cAMP
production (B), and maximal cAMP concentrations (C).
Notably, the presence of TSHf does not alter basal cAMP
levels of control wild-type TSHR, but the yoked a-TSHR
analogs exhibit increased levels of cAMP in the presence
of TSHP (Fig. 5B). These cAMP levels are similar to the
maximal level of cAMP obtained with a saturating dose of
exogenous TSH (Fig. 5C). Co-transfection with TSHf did
not produce an additional increase in cAMP levels. These
results suggest that the fusion of a, 4K, a-o, and a4K-
04K to TSHR still permits a functional interaction with
TSHP, and the functional complex formed by interaction
of the co-transfected TSHf subunit with the yoked sub-
unit-receptor is similar to that formed by the exogenously
added heterodimer.

Discussion

These results are the first to demonstrate that mono-
meric and fused homodimeric human o analogs are weak
agonists to human TSHR. Such findings are important in
delineating structure—function relationships between the
hormone and receptor and suggest that the design of hor-
mone analogs may be feasible.

A comparison of the effects of free and TSHR-yoked
wild-type a and various mutant forms yielded some sur-
prising differences. a4K and, to a lesser extent, a4K-a4K,
acted as partial agonists when added to TSHR. In contrast,
when yoked to TSHR, neither elevated basal cAMP levels
nor altered TSH-mediated cAMP production. It is of course
conceivable that weak activation of yoked subunit-recep-
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Fig. 5. Responsiveness of o-TSHR analogs to TSHp. Cells
expressing TSHR, a-TSHR, a4K-TSHR, a-a-TSHR, and a4K-
04K-TSHR, along with TSHf (via co-transfection), were used to
measure specific '*I-bTSH binding (A), basal cAMP (B), and
maximal hTSH-mediated production, cAMP (C).

tor complexes could be masked by the different expression
levels compared to wild-type TSHR. This caveat aside,
there appears, nonetheless, to be differences in the actions
of 04K when free and yoked to TSHR. A weak inhibition
of TSH binding to the a4K-TSHR and a4K-04K-TSHR
complexes was evidenced by slightly higher ICs,s than that
of wild-type TSHR. It is noteworthy, however, that o and
the o analogs yoked to TSHR were functional as evidenced
by activation of the receptor when TSH was present. In
addition, a previous study indicated that both linked wild-
type and analog o-subunit (06K) decreased constitutive
activity of a TSHR deletion mutant devoid of about 98% of
the extracellular domain (/9).

These various results using free and yoked a derivatives
suggest that ligands may act somewhat differently with
TSHR when in a free or fused state, presumably due to the
conformational constraints imposed by the covalent attach-
ment and the co-expressed B-subunit may release some of
these constraints. Another possible contributory factor is
that of a free C-terminal a-carboxyl group on the untethered
o-subunit that has been eliminated in the fusion proteins.
However, this seems less likely considering that receptor
activation of the yoked constructs is restored by co-expres-
sion with TSHf.

Of the various o analogs examined, only a4K and, to a
lesser extent, a4K-04K exhibited some type of apparent
functionality. The a4K derivative was initially designed
and tested to provide potent agonists of h"TSH and hCG
(17). The heterodimer composed of human a4K and TSHf3
was vastly more potent than wild-type TSH, and the potency
of the heterodimer of a4K-hCGp was several fold greater
than that of wild-type hCG. Thus, it is not entirely surpris-
ing that, of the various analogs tested, the 04K derivative
was the one to exhibit effects on TSHR. The results also
support many other studies suggesting a direct role of o in
receptor binding (22-30), rather than serving simply to alter
the conformation of the B-subunits in the heterodimer.

The yoked products obtained by fusing a single-chain
hCG to LHR have been studied extensively in intact trans-
fected cells (13—15) and more recently in transgenic mice
(31). Consistent with the present finding that o.-plus-TSHR
and yoked o-TSHR failed to elicit receptor activation,
Narayan et al. (/6) showed that a-plus-LHR (via co-trans-
fection) and yoked a-LHR (as well as yoked hCGB-LHR)
were also devoid of constitutive activity. In other structure—
function studies using a ligand—-LHR fusion system, Schubert
and Puett (32) found that a single-chain hCG analog con-
sisting of the hCGf determinant loop and C-terminal pep-
tide (residues 93—145) fused to intact o, and in turn yoked
to LHR, resulted in, at best, marginal constitutive activity.
Thus, with two receptors, TSHR and LHR (cf. ref. 16), there
is fairly compelling evidence that the wild-type human o-
subunit, either free or fused, is unable to activate the recep-
tor. Potent receptor agonists and antagonists, based on the
cognate ligand structures, will undoubtedly require analogs,
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as demonstrated herein, or fragments from both the o and
[ subunits as indicated elsewhere (32). The latter suggestion
is strengthened by the finding that hCG can weakly activate
the two non-cognate receptors, TSHR and FSHR, whether
added free or yoked (33).

In summary, this study has shown that a-subunit analogs
exhibit agonist activity only in free, non-tethered forms. In
contrast, yoked a-subunit analogs were weak inhibitors of
TSH binding. Differences found between the experimental
paradigms can be attributed to conformational constraints
imposed by fusion of the subunit and intact receptor, and
suggest an important role of the o.-subunit (C-terminal) o-
carboxyl group in binding to and activation of TSHR in the
absence of TSHf. This study has not addressed the intrigu-
ing possibility of a-subunit monomers or homodimers
serving as ligand(s) to other receptors.

Materials and Methods

Cell Culture, Mutagenesis, a-Subunit—Receptor
Fusion Constructs, and Transfection

COS-7 cells were grown and maintained as described
earlier (34). Two stable lines of CHO cells expressing hTSHR,
clone, JP26 (2,000 receptors/cell), and JPO9 (90,000 recep-
tors/cell), were kindly provided by Dr. Gilbert Vassart, Uni-
versité Libre de Bruxelles, Belgium, as was a TSHR-nega-
tive control line (JPO2).

Because replacement of amino acid residues GIn-13,
Glu-14, Pro-16, and GIn-20 of human a with Lys results in
TSH and hCG heterodimers of increased potency (/7), this
o analog (04K) was prepared as a monomer and a single-
chain homodimer (a4K-04K) (Fig. 1A). The human o.-sub-
unit mutants were prepared using the megaprimer method
(17), and the dimeric a-subunit constructs were made via
the PCR-ligation-PCR method (35). The (Gly-Ser); flexi-
ble 10-amino acid residue linker was used to maintain close
association and relatively unconstrained folding of dimeric
o-subunits (36,37). After subcloning into the expression
vectors, the entire PCR products were sequenced to verify
the mutations and ensure no undesired polymerase errors.

Fusion constructs of the a-subunit analogs (monomer
and dimer) and TSHR were generated by standard PCR
amplification and cloning methods. The hCGf3 carboxy
terminal peptide (CTP) sequence consisting of amino acid
residues 116-145 and the Factor Xa protease recognition
sequence (IEGR) were used to link the subunits to hTSHR
(Fig. 1B). The DNA was subcloned into the expression
vector pcDNA3 (Invitrogen) and sequenced to ensure accu-
racy of the cloned sequences. COS-7 cells were transiently
transfected (Lipofectamine, Invitrogen Life Technologies)
with wild-type a-subunit and mutant fusions with TSHR in
pcDNA3 (17,34).

Expression and Quantification of Subunit Analogs

CHO-K1 cells were transiently transfected (Lipofecta-
mine) in 60 mm culture dishes with wild-type or mutant o.-

subunit cDNAs. After recovery for 12 h in regular growth
medium, transfected cells were cultured in CHO-serum-
free medium (CHO-SFM, Invitrogen Life Technologies)
for 48 h. Subsequently, the conditioned media, including
control medium from cells mock transfected with the expres-
sion plasmids without cDNA inserts, were harvested and con-
centrated with Centriprep 10 concentrators (Amicon, Beverly,
MA). The concentrations of the analogs were determined
with a panel of different monoclonal and polyclonal anti-
bodies recognizing different TSH epitopes as described in
detail previously (17).

Cell Surface Expression, TSH Binding, and Signaling

Cell surface receptor expression of wild-type TSHR and
fusion proteins was measured by ELISA in transiently
transfected COS-7 cells that were fixed with 4% paraform-
aldehyde in phosphate-buffered saline for 30 min at room
temperature. Cells were then incubated for 2 h at 37?C in
Dulbecco’s modified Eagle’s medium containing a poly-
clonal antibody directed against the TSHR extracellular
domain followed by incubation for 1 h with a peroxidase-
conjugated goat anti-rabbit antibody as previously described
(19). After washing, the peroxidase substrate (TMB, BioFX
Labs) was added and incubated for 5 min; the reaction was
then stopped by acidification and the absorbance deter-
mined at 450 nm.

Competitive binding assays were performed using COS-
7 cells expressing wild-type TSHR and fusion products of
o (wild type and analogs) with TSHR as described earlier
(17,34). '¥1-Bovine (b)TSH binding was measured in the
presence of various concentrations of bTSH, with correc-
tions being made for non-specific binding. cAMP produc-
tion in CHO cells and COS-7 cells was determined by radio-
immunoassay (/7,34). The binding and signaling data were
analyzed by Prism software (Graph Pad Software, San Diego,
CA) using nonlinear regression analysis. The results repre-
sent an average of two to six independent experiments, each
performed in duplicate or quadruplicate.
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