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Abstract

We examined the relative effects of thyrotropin (TSH) and
TSH receptor autoantibodies in the sera of patients with au-
toimmune thyroid disease on three TSH-lutropin/chorionic go-
nadotropin (LH/CG) receptor extracellular domain chimeras.
Each chimera binds TSH with high affinity. Only the chimera
with TSH receptor extracellular domains ABC (amino acids
1-260) had a functional (cCAMP) response to thyroid stimula-
tory IgG. The chimeras with TSH receptor domains CD (amino
acids 171-360) and DE (amino acids 261-418) were unrespon-
sive. The lack of response of the chimera with TSH receptor
domains DE was anticipated because it fails to transduce a
signal with TSH stimulation, unlike the other two chimeras. A
different spectrum of responses occurred when the TSH-LH/
CG chimeras were examined in terms of autoantibody competi-
tion for TSH binding. IgG with TSH binding-inhibitory activity
when tested with the wild-type TSH receptor also inhibited
TSH binding to the chimera with TSH receptor domains DE.
Dramatically, however, these IgG did not inhibit TSH binding
to the chimera with TSH receptor domains CD, and had weak
or absent activity with the chimera with TSH receptor domains
ABC. Chimeras with TSH receptor domains ABC and DE were
equally effective in affinity-purifying IgG with thyroid-stimula-
tory and TSH binding-inhibitory activities. Nonstimulatory
IgG with TSH binding-inhibitory activity inhibited the action
of stimulatory IgG on the wild-type TSH receptor, but not with
the chimera containing TSH receptor domains ABC. In sum-
mary, TSH receptor autoantibodies and TSH bind to regions in
both domains ABC and DE of the TSH receptor extracellular
region. Stimulatory and inhibitory TSH receptor autoantibod-
ies, as well as TSH, appear to bind to different sites in domains
ABGC, but similar sites in domains DE, of the receptor. Alterna-
tively, TSH and the different TSH receptor antibodies bind
with differing affinities to the same site in the ABC region. (J.
Clin. Invest. 1991. 88:336-340.) Key words: thyrotropin  re-
ceptor * autoantibodies
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Introduction

Autoantibodies against the thyrotropin (TSH)! receptor (1) can
stimulate thyroid cell function and cause hyperthyroidism in
Graves’ disease. More uncommonly, nonstimulatory antibod-
ies may inhibit TSH binding and cause hypothyroidism in
Hashimoto’s thyroiditis. The literature concerning thyroid-
stimulatory and TSH binding-inhibitory antibodies is confus-
ing, partly because of the different methods available for their
assays. The assay for thyroid-stimulatory IgG (TSI) measures a
functional response in cultured thyroid cells, generally an in-
crease in cellular cCAMP generation (2, 3). More commonly
used is an assay which measures the ability of patients’ IgG to
compete for TSH binding to the TSH receptor (4). This TSH
binding inhibition (TBI) assay does not discriminate between
thyroid stimulatory antibodies and nonstimulatory antibodies
that also inhibit TSH binding. There is a relatively weak corre-
lation between these two assays when they are used to test pan-
els of TSH receptor autoantibodies, probably because of the
presence of both stimulatory and inhibitory TSH receptor anti-
bodies in the same serum sample (1, 5-7).

There is little information at the molecular level regarding
the domain(s) on the human TSH receptor to which thyroid-
stimulatory and TSH binding-inhibitory autoantibodies bind,
and the relationship between these domains and the TSH bind-
ing site. The recent molecular cloning of the human TSH re-
ceptor (8-11) now permits analysis of these issues. The TSH,
lutropin/chorionic gonadotropin (LH/CG) (12, 13) and folli-
cle-stimulating hormone (14) receptors are structurally-related
members of a subfamily of guanine nucleotide binding regula-
tory (G) protein-coupled receptors, distinguished by their large
extracellular domains. In recent studies, we have divided the
418 amino acid TSH receptor extracellular region into five
domains (A, B, C, D, and E). The substitution of these do-
mains, singly or in combination, with the homologous do-
main(s) of the LH/CG receptor has created a series of TSH-
LH/CG receptor extracellular domain chimeras (15, 16). Data
obtained with these chimeras reveal that the TSH binding site
includes segments spanning the entire extracellular region of
the receptor. Three partially overlapping regions, domains
ABC (amino acids 1-260), CD (amino acids 171-360), and DE

1. Abbreviations used in this paper: CHO, Chinese hamster ovary; LH/
CG, lutropin/chorionic gonadotropin; R, receptor; TBI, TSH binding
inhibition; TSH, thyrotropin; TSI, thyroid-stimulatory IgG.
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(amino acids 26 1-418), can each confer high affinity TSH bind-
ing (Fig. 1). Because high affinity TSH binding indicates
correct folding of the globular protein, and because of the im-
portance of protein conformation in antibody recognition (17,
18), we used these TSH-LH/CG receptor chimeras to localize
the domains on the TSH receptor that interact with the stimula-
tory and inhibitory antibodies in the sera of patients with au-
toimmune thyroid disease.

Methods

Serum samples and IgG preparations. We selected IgG from 15 pa-
tients with autoimmune thyroid disease to provide a broad range of TSI
and TBI activity. IgG stimulatory activity was measured as described
below, using hypotonic medium containing 1 mg/ml IgG and Chinese
hamster ovary (CHO) cells stably expressing the wild-type TSH recep-
tor. Stimulatory dose-response curves with the majority of IgG used in
this study (0.001-1 mg/ml; data not shown) revealed log-linear dose
responses up to 1 mg/ml, the concentration used in the study. How-
ever, these data do not exclude the possibility of antibody heterogeneity
(both TSI and TSH inhibitory IgG) in the same serum sample. Four of
these sera contained TSH binding-inhibitory IgG without TSI activity.
TBI activity was measured as described below. As negative controls, we
used IgG from three normal individuals with neither TSI nor TBI activ-
ity. IgG was purified from the sera by DEAE-Affigel blue column chro-
matography (Bio-Rad Laboratories, Richmond, CA), followed by dialy-
sis against H,O. The concentration of IgG in solution was calculated by
adsorption at 280 nm.

Thyroid stimulatory IgG assay. Clonal or pooled clones of CHO
cells stably expressing the wild-type human TSH receptor (8) or TSH-
LH/CG receptor extracellular domain chimeras (15) were cultured in
24-well culture plates (Costar Corp., Cambridge, MA) in Ham’s F12
medium supplemented with 10% fetal calf serum, 100 U/ml penicillin,
40 ug/ml gentamicin, 2.5 ug/ml fungizone, and 400 ug/ml G418 (Ge-
neticin; Gibco Laboratories, Grand Island, NY) at 37°C in an atmo-
sphere of 95% air-5% CO,. At confluence, the cells were rinsed once
with NaCl-free HBSS, pH 7.4 (5 mM KCl, 1.3 mM Ca(Cl,, 0.4 mM
MgSO,, 0.34 mM Na,HPO4, 0.44 mM KH,PO,, and 0.1% glucose),
supplemented with 20 mM Hepes, and then incubated with IgG (1
mg/ml) in NaCl-free HBSS supplemented with 20 mM Hepes, 0.4%
BSA, and 1 mM 3-isobutyl-1-methylxanthine. Incubations were for 2 h
at 37°C in air. Cyclic AMP released into the medium was measured by
radioimmunoassay (19). TSI activity (determined in duplicate or tripli-
cate, as described in the text) was expressed as a percentage of the mean
value of three normal IgG included as controls in each experiment.
Values > 2 SD above the mean of the normal IgG were regarded as
positive. In experiments to evaluate the effect of TSH binding-inhibi-
tory antibodies on TSI activity, inhibitory IgG or pooled normal IgG
(final concentration of 0.5 mg/ml) was added to IgG with thyroid-
stimulatory activity (final concentration of 0.5 mg/ml).

TSH binding inhibition assay. The assay was performed as
previously described (6) with minor modifications. Bovine TSH (~ 30
U/mg protein) was radiolabeled with the Bolton-Hunter reagent (New
England Nuclear, Boston, MA). CHO cells expressing the wild-type
TSH receptor or TSH-LH/CG receptor chimeras were cultured in 24-
well plates. Before use in the assay, the cells were rinsed three times
with NaCl-free HBSS containing 250 mM sucrose and 0.25% BSA.
Incubations were for 2 h at 37°C in air, in the same buffer supple-
mented with ~ 10,000 cpm '*I-TSH and 1 mg/ml IgG. TBI values
were expressed as follows: [1 — (radioactivity of test IgG/radioactivity
of normal IgG or assay buffer)] X 100(%). Values > 2 SD above the
mean of three normal IgG included in each experiment were defined as
positive.

IgG affinity purification with chimeric receptors. CHO cells express-
ing chimeric receptors (or, as a control, the plasmid ,SV,NEO) in 100-
mm diameter culture dishes were rinsed three times with NaCl-free

HBSS with 250 mM sucrose and 0.25% BSA, and 4 ml of IgG (1 mg/
ml) in the same buffer was added. After incubation for 2 h at 37°C, the
medium was aspirated and the cells were quickly rinsed three times
with ice-cold phosphate-buffered saline. Bound IgG was eluted by in-
cubating the cells with 4 ml of 0.1 M glycine-HCI, pH 2.5 (30 min at
room temperature with intermittent rocking). The solution containing
IgG desorbed from the cells was neutralized with 1 ml 1 M Tris-HCl,
pH 7.5, centrifuged for 20 min at 10,000 g to remove cell debris, and
dialyzed against H,O. The IgG, concentrated ~ 15 times using a
Speed-Vac (Savant Instruments, Fullerton, CA), was used in TSI and
TBI assays with the wild-type TSH receptor, as described above.

Results

We studied the ability of three TSH-LH/CG receptor chimeras
to function in TSI and TBI assays. Each of these chimeras
contain different, overlapping regions of the TSH receptor
(15), and binds TSH with high affinity (Fig. 1). Only the chi-
mera with TSH receptor domains ABC (TSH-LHR-6) re-
sponded to a series of IgG from patients with autoimmune
thyroid disease selected to cover a wide range of TSI activities
(Fig. 2). The chimeras with TSH receptor domains CD (TSH-
LHR-10) and DE (TSH-LHR-9) were unresponsive. The lack
of response of chimera TSH-LHR-9 was anticipated because it
fails to transduce a signal with TSH stimulation (15). Chimera
TSH-LHR-10, however, does transduce a signal upon TSH
binding. A different spectrum of responses was observed when
the TSH-LH/CG chimeras were used in a TBI, rather than in a
TSI, assay (Fig. 3). IgG from autoimmune thyroid disease pa-
tients’ sera that competed for TSH binding to the wild-type
TSH receptor were approximately equipotent in an assay using
the TSH-LH/CG receptor chimera with the TSH receptor do-
mains DE (TSH-LHR-9). Dramatically, these IgG did not in-
hibit TSH binding to the chimera with TSH receptor domains
CD (TSH-LHR-10). When assayed with chimera TSH-LHR-6
(TSH receptor domains ABC), TBI activity was very weak rela-
tive to that in the assay with the wild-type TSH receptor, in
contrast to the excellent functional response of this chimera to
stimulatory IgG.

The divergence in the thyroid-stimulatory and TSH bind-
ing-inhibitory responses observed in the foregoing studies
raised the possibility of the preferential binding of IgG with TSI
activity to domains ABC, and IgG with TBI activity to domains

Figure 1. Summary of

oo Al e 1o 15 ge] aE— the structure and func-
TSH-LHRS :-'—. 02 2 tion of TSH-LH/CG
oo [ ] - -~ chimeras used in this
oo I o study, as previously re-
e [ - w ported in detail (15).

) The extracellular region
of the TSH receptor was divided into five domains (A to E). The
open and black bars denote the human TSH and the rat LH/CG re-
ceptor sequences, respectively. Domain D in the LH/CG receptor is
50 amino acids shorter than its TSH receptor counterpart, as shown
by the thin horizontal line. TSH-LHR-6 contains domains ABC
(amino acids 1-260), TSH-LHR-9 contains domains DE (amino acids
261-418) and TSH-LHR-10 contains domains CD (171-360) of the
TSH receptor extracellular domain. TSH-LHR-11 contains the entire
extracellular region of the LH/CG receptor. EC50, concentration of
TSH required for a half-maximal increase in CAMP generation. ND,
not detectable.
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Figure 2. Comparison of thyroid-stimulatory activities in IgG from
patients with autoimmune thyroid disease using CHO cells expressing
the TSH receptor or TSH-LH/CG chimeras. IgG were selected to
give a broad range of TSI activity. 4 IgG (IgG Nos. 12-15) were cho-
sen on the basis of being nonstimulatory but able to inhibit TSH
binding to the wild-type TSH receptor (see Fig. 3). Cell incubations
and cAMP assays were performed as described in Methods. Data are
expressed as a percentage of the mean of values obtained with IgG
from three normal individuals when tested with each of the three
chimeras and the wild-type receptor. Values > 2 SD above the mean
values with the normal IgG (range of 125-135% of control) were de-
fined as positive. Each bar represents the mean of at least two different
experiments, each experiment measured in duplicate dishes of cells.
WT, wild-type; N.D., not done.

DE, of the TSH receptor. In order to test this hypothesis, chi-
meras with these TSH receptor domains were used to affinity
purify TSH receptor antibodies from patients’ IgG. The IgG
used (Nos. 8, 9, and 10; Fig. 2) were selected on the basis of
their stimulatory activity and their complete inability to inhibit
TSH binding when tested with chimera TSH-LHR-6 (domains
ABC). Chimeras with TSH receptor domains ABC and DE
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Figure 3. Comparison of TSH binding-inhibitory activity in IgG from
patients with autoimmune thyroid disease using CHO cells expressing
the TSH receptor or TSH-LH/CG chimeras. Incubations and TSH
binding assays were performed as described in Methods. Data are ex-
pressed as follows: [1 — (radioactivity of test IgG/radioactivity of
normal IgG)] X 100(%). Values > 2 SD above the mean of three nor-
mal IgGs (inhibition of 10-15% of maximum TSH binding in the four
different receptors) were defined as positive. Each bar represents the
mean of at least two different experiments, each experiment measured
in duplicate dishes of cells. WT, wild-type.

(Al Hiwholeiga Figure 4. Inmunoad-
B 150 oies rom 1o irms  sorption of IgG with
B 19G eluted from pSV2NEO thyroid-stimulatory and
TSH binding-inhibitory
activity using CHO cells
expressing TSH-LH/CG
receptor chimeras con-
taining TSH receptor
extracellular domains
ABC (TSH-LHR-6) and
DE (TSH-LHR-9). As
a control, the indicated
IgG (Nos. 8,9, and 10;
see Figs. 2 and 3) were
also adsorbed to CHO
cells transfected with

1gG#8 1gG#9

TBI (%)

104 N pSV,NEO. As a further
§ control, IgG from nor-
M- 1oG#o mal individuals (N)

were also subjected to
the same immunoadsorption procedure. The elution buffer contain-
ing the IgG was concentrated ~ 15-fold and then tested for both
stimulatory (4) and TSH binding-inhibitory (B) activity using CHO
cells expressing the wild-type TSH receptor (see Methods). TSI data
are expressed as a percentage of values obtained with assay buffer
alone. TBI data are expressed as follows: [1-(radioactivity of test
IgG/radioactivity of assay buffer)] X 100(%). Each bar represents the
mean+SE of data obtained in triplicate experiments. Significance of
differences (¢ test) between IgG adsorbed to the indicated chimeras
and the pSV,NEO control; *P < 0.05, **P < 0.01.

were equally effective in the affinity purification of both TSI
and TBI activities when tested with the wild-type receptor (Fig.
4). As controls, CHO cells stably transfected with pSV,NEO
could not affinity purify IgG with either TSI or TBI activity. A
similar lack of adsorption was seen with a chimeric receptor
(TSH-LHR-11; Fig. 1) containing the entire extracellular do-
main of the LH/CG receptor (data not shown).

Finally, the interaction between the thyroid-stimulatory
and TSH binding-inhibitory antibodies was examined (Table
I). Two nonstimulatory IgG with potent TBI activity (IgG Nos.
12 and 13) inhibited the activity of stimulatory IgG (IgG Nos. 1
and 2) when tested with the wild-type TSH receptor. In con-
trast, these two inhibitory IgG had no effect on TSI activity
when tested in chimera TSH-LHR-6 that has only TSH recep-
tor domains ABC. TSH-LHR-9 cannot be tested for potential
inhibition of TSI activity because this receptor chimera cannot
transduce a CAMP signal.

Discussion

Present evidence suggests that the sera of some patients with
autoimmune thyroid disease contain a mixture of stimulatory
or inhibitory TSH receptor antibodies (1, 7, 20). Although the
epitopes for these antibodies are unknown, the present concept
is that they correspond to the TSH binding site on the TSH
receptor. Contradictory data exist for and against this hypothe-
sis. Evidence against the identity of the antibody and ligand
binding sites on the TSH receptor includes data suggesting that
thyroid-stimulatory and TSH binding-inhibitory antibodies do
not compete with each other in terms of their ability to inhibit
TSH binding to the TSH receptor (21). Further, there are re-
ports purporting to indicate the generation of human monoclo-
nal TSH receptor antibodies with separate thyroid-stimulatory
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Table I. Inhibition of the Activity of Thyroid-Stimulatory Antibodies by Nonstimulatory IgG with TSH Binding-Inhibitory Activity

Receptor domains

TSH-LHR-6 (ABC)

Stimulatory IgG#!1 + pooled normal IgG
+ inhibitory IgG No. 12
+ inhibitory IgG No. 13

Stimulatory IgG#2 + pooled normal IgG
+ inhibitory IgG No. 12
+ inhibitory IgG No. 13

WT-TSHR (ABCDE)
228.4+11.9*% 247.8+12.9
142.4+9.1% 247.8+8.6
124.0+6.1* 239.2+6.2
219.0+8.8 182.0+0.6
104.0+10.8* 195.6x11.8
137.5+4.8% 213.0+19.7

IgG were tested with stably-transfected CHO cells expressing either the wild-type TSH receptor (WT-TSHR) or the TSH-LH/CG chimeric receptor
(TSH-LHR-6) containing domains ABC (amino acids 1-260) of the TSH receptor. * Mean=+SE of data from triplicate experiments; +P<0.01,

inhibition compared with pooled normal IgG (¢ test).

and TSH binding-inhibitory activities (22-24), but none of
these antibodies have been proven to be against the TSH recep-
tor. The reported ability of IgG from patients with autoim-
mune thyroid disease to immunoprecipitate TSH — TSH re-
ceptor complexes (25-28) would also support the existence of
separate binding sites for TSH receptor antibodies and TSH.
However, these findings have been disputed (1).

Other data support the contrary thesis, namely that the an-
tibody and ligand binding sites are the same. Thus, IgG from
almost all patients with active Graves’ disease have TSH bind-
ing-inhibitory activity (29), although it is not proven that this
activity is inherent to the same IgG molecules with thyroid-
stimulatory activity. Further, inhibitory antibodies are re-
ported to become stimulatory after they are bound by anti-
IgG (30).

This descriptive era is now drawing to a close with the re-
cent advances in defining epitopes and ligand binding sites at
the molecular level. Epitopes typically contain 14-21 amino
acids contributed to by 2-4 discontinuous regions in the pri-
mary amino acid sequence (17, 18). There is recent evidence
for the localization of a number of these TSH receptor autoan-
tibody binding regions. Thus, deletional and nonhomologous
substitutions of amino acids 38-45 in the TSH receptor suggest
that this segment may be important in TSH and thyroid-stimu-
latory antibody functional activity (31). In these studies, how-
ever, the three-dimensional integrity of the TSH receptor could
not be confirmed. Antibody binding to synthetic peptides sug-
gests that TSH receptor amino acids 32-56 (overlapping with
the above mentioned region), 309-317, and 123-131 may also
contribute to the TSH receptor epitopes (32, 33). While these
amino acid sequences may be part of the TSH binding sites, the
binding affinity of antibodies for synthetic peptides is generally
low, and the data cannot be regarded as definitive.

In this study, wild-type TSH receptor (8) and TSH-LH/CG
receptor extracellular domain chimeras (15) were used to com-
pare the binding domain for TSH with those for thyroid-stimu-
latory and TSH binding-inhibitory autoantibodies. The proven
preservation of chimera functional integrity makes the data
more definitive than those obtained using deletional/nonho-
mologous mutagenesis or synthetic peptides. A recognized limi-
tation to the chimeric approach, however, is that the binding or
function of an antibody may not be altered if the homologous
regions substituted have functions common to both receptors.
Both the TSH and LH/CG receptors interact with the common
alpha-subunit of the glycoprotein hormones. Using TSH-LH/
CG receptor chimeras, it may, therefore, not be possible to
identify the epitopes for antibodies that preferentially bind to

alpha-subunit binding site(s). However, the inability of the chi-
mera with the entire LH/CG receptor extracellular domain
(TSH-LHR-11) to affinity purify TSH receptor autoantibodies
suggests the lesser importance of TSH alpha-subunit binding
site(s) in autoantibody binding to the TSH receptor.

Two conclusions can be drawn from our data (shown sche-
matically in Fig. 5). First, TSH receptor antibodies bind to
regions in both domains ABC and DE of the TSH receptor.
This phenomenon is similar to that previously demonstrated
for TSH binding to the receptor (15) and presumably occurs
because segments in these domains are brought into apposition
by folding of the globular receptor protein. The epitopes for
stimulatory and inhibitory antibodies must be included in both
domains ABC and DE of the TSH receptor because chimeras
TSH-LHR-6 (TSH receptor domains ABC) and TSH-LHR-9
(TSH receptor domains DE) are both capable of affinity purify-
ing these antibodies.

A second conclusion from our data is that the epitopes for
TSH receptor antibodies are unlikely to be identical to the TSH
binding site. Evidence for this conclusion is that chimera TSH-
LHR-10, which displays functional, high affinity TSH binding,
does not respond functionally to TSI; further, TBI does not
compete for TSH binding to this mutant receptor. The non-
identity in the hormone and antibody binding sites is likely to
be inherent primarily in domains ABC, rather than in domains
DE, of the receptor. This is because TSH receptor antibodies
compete less well for TSH binding to chimera TSH-LHR-6
(TSH receptor domains ABC) than to the wild-type TSH recep-
tor. In contrast, TSH receptor antibodies compete approxi-
mately equally for TSH binding to chimera TSH-LHR-9 (TSH
receptor domains DE) and to the wild-type TSH receptor.

Not only do the hormone and antibody binding sites ap-

TSH Figure 5. Schematic
representation of the
TSH and TSH receptor
autoantibody binding
domains. The diagram
represents a working
hypothesis based on the
present data, as well as
on previous data defin-
ing TSH binding sites
on the TSH receptor (15, 16). TSH binding sites and the epitopes for
the stimulatory and the inhibitory autoantibodies closely overlap each
other in domains DE, but not in domains ABC of the TSH receptor
extracellular region.

Stimulatory 1gG Inhibitory  IgG

Domains ABC

Domains DE
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pear to differ in TSH receptor domains ABC, but our data also
suggest that the epitopes for stimulatory and inhibitory antibod-
ies are not identical within domains ABC. This is because the
“pure” inhibitory antibodies (sera Nos. 12 and 13) inhibit TSI
stimulation of cCAMP generation by the wild-type TSH recep-
tor, but not by chimera TSH-LHR-6 (domains ABC). That is,
when TSH receptor domains DE are absent (TSH-LHR-6), the
different types of antibodies do not compete with each other.
Variability in TSH receptor antibody competition for TSH
binding to chimera TSH-LHR-6 suggests that, even within the
population of inhibitory antibodies, there may be heter-
ogeneity in the antibody binding site(s) in TSH receptor do-
mains ABC.

It must be acknowledged that the foregoing interpretations
rest on the premise that antibody inhibition of TSH binding
reflects at least partial overlap of their respective binding sites
rather than steric, or allo-steric, effects of antibody on TSH
binding. We also cannot exclude the possibility that stimula-
tory and inhibitory TSH receptor antibodies bind to the same
epitope in domains ABC, but with different affinities. In this
case, TSH binds to chimera TSH-LHR-6 with higher affinity
than do the TSH receptor autoantibodies.

In conclusion, these data provide the first indication at the
molecular level that the epitopes for TSH receptor antibodies
may not be identical to the TSH binding sites on the TSH
receptor. Further mutagenesis studies may be helpful for fine
epitope mapping of TSH receptor autoantibodies.
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