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Glycoprotein hormones (GPHs) are the main regulators of the
pituitary-thyroid and pituitary-gonadal axes. Selective interac-
tion between GPHs and their cognate G protein-coupled recep-
tors ensure specificity in GPH signaling. The mechanisms of
how these hormones activate glycoprotein hormone receptors
(GPHRs) or how mutations and autoantibodies can alter recep-
tor function were unclear. Based on the hypothesis that GPHRs
contain an internal agonist, we systematically screened peptide
libraries derived from the ectodomain for agonistic activity on
the receptors. We show that a peptide (p10) derived from a con-
served sequence in the C-terminal part of the extracellular N
terminus can activate all GPHRs in vitro and in GPHR-express-
ing tissues. Inactivating mutations in this conserved region or in
p10 can inhibit activation of the thyroid-stimulating hormone
receptor by autoantibodies. Our data suggest an activation
mechanism where, upon extracellular ligand binding, this intra-
molecular agonist isomerizes and induces structural changes in
the 7-transmembrane helix domain, triggering G protein activa-
tion. This mechanism can explain the pathophysiology of acti-
vating autoantibodies and several mutations causing endocrine
dysfunctions such as Graves disease and hypo- and hyperthy-
roidism. Our findings highlight an evolutionarily conserved
activation mechanism of GPHRs and will further promote the
development of specific ligands useful to treat Graves disease
and other dysfunctions of GPHRs.

Glycoprotein hormone receptors (GPHRs)> were cloned
about 25 years ago (1-3) and, since then, the glycoprotein hor-
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mones (GPHs) TSH, LH/hCG, and FSH are considered as the
agonists for their respective receptors. In contrast to other rho-
dopsin-like G protein-coupled receptors (GPCRs), they possess
a large extracellular leucine-rich repeat (LRR) hormone-bind-
ing domain, which is linked via a hinge region (HR) to the
7-transmembrane helix domain (7TM) (see Fig. 1A4). Based on
the crystal structure of human FSH bound to the receptor’s
extracellular domain (ECD), it has been suggested that the
FSHR grabs the FSH in a “hand-clasp” mode, orienting the hor-
mone to interact with the extracellular loops and juxtamem-
brane regions of the 7TM to induce signaling (4). However, to
date, all attempts to identify agonistic parts of GPHs have failed,
and even extreme high concentrations of hCG did not activate
the 7TM of LHR lacking the ECD (5).

In addition to TSH and thyrostimulin (6), the TSHR can be
activated by mutations in the ECD and by ECD-directed
autoantibodies, which cause hyperthyroidism and Graves dis-
ease, respectively (7). The detailed mechanism of how the ECD
integrates the activating actions of TSH, thyrostimulin, muta-
tions, and autoantibodies to trigger GPHR signal transduction
is unsolved, although there are numerous mutagenesis studies
(5, 8) and crystallographic data of the liganded GPHR ECD (4,
9-11).

Based on findings that proteolytic cleavage of the ECD by
trypsin, or artificially generated ECD deletions and truncations,
can increase TSHR activity, it was proposed that the ECD func-
tions as an internal inverse agonist inhibiting 7TM signaling
until ligand binding at the ECD (8, 12-17). We have shown that
deletion of the entire ECD did not activate the LHR, which
provokes an alternative hypothesis of an “intramolecular ago-
nistic unit” where an internal agonist within the ECD is exposed
upon ligand binding at the ECD (5, 8, 18). The latter hypothesis
is supported by LHR studies showing that parts of the ECD are
necessary to stabilize active state conformations of the 7TM
(19, 20).

Here we show that all GPHRs are activated by an internal
peptide sequence, which is located in the C-terminal part of the

domain; ECD, extracellular domain; ECL, extracellular loop; GPCR, G pro-
tein-coupled receptors; HR, hinge region; IBMX, 3-isobutyl-methyl-xan-
thine; LRR, leucine-rich repeat; NIS, sodium/iodide symporter; gPCR, quan-
titative PCR; TG, thyroglobulin; SP, signal peptide; TM, transmembrane
helix; OD, optical density.
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TABLE 1
Description of human GPHRs constructs used in this study

GPHR amino acid residues

M3 amino acid residues

Construct in the construct in the construct HA tag FLAG tag Modifications
LHRWT 1-699 - + -
LHR S277N 1-699 - + + S277N
LHR E354K 1-699 - + + E354K
LHR S277N/E354K 1-699 - + + S277N; E354K
LHR D578H 1-699 - + + D578H
LHR E354K/D578H 1-699 - + + E354K; D578H
TSHR WT 1-764 - + + -
TSHR S281N 1-764 - + + S281IN
TSHR E409K 1-764 - + + E409K
FSHR WT 1-669 - + + -
M3-LHR 361-699 1-66 + + -
SP-p10-LHR 1-26; 350-699 - - + -
SP-p10E354K-LHR 1-26; 350-699 - - + E354K

ECD and integrates the diverse stimuli into one activating sig-
nal. This provides an explanation of how Graves disease
autoantibodies and several mutations cause diseases of the thy-
roid and gonads.

Experimental Procedures

DNA Constructs and Functional Assays—Full-length GPHR
sequences were cloned into the mammalian expression vector
pcDps (5, 21, 22). A hemagglutinin (HA) epitope and a FLAG
epitope were inserted directly downstream of the signal peptide
and at the very C terminus of the GPHRs, respectively. All
mutant constructs were generated by a PCR-based site-di-
rected mutagenesis and fragment replacement strategy (details
given in Table 1) and confirmed by sequencing.

For functional assays, GPHR constructs were expressed het-
erologously in COS-7 cells upon transient transfection and
grown in DMEM supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 wg/ml streptomycin at 37 °C
and 5% CO, in a humidified atmosphere. For the cAMP assay,
cells were split into 96-well plates (1.5 X 10* cells/well)
and transfected with 250 ng of vector constructs using
MACSfectin™ (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) according to the manufacturer’s protocol. Wild type
receptors served as positive controls and empty vector served as
negative control, respectively. 72 h after transfection, cells were
incubated with DMEM containing 1 mM 3-isobutyl-methyl-
xanthine (IBMX) and the indicated concentrations of peptides
and/or hormones for 1 h at 37 °C. For cAMP measurements,
cells were lysed in 25 ul of lysis buffer (5 mm HEPES; 0.1% BSA;
0.3% Tween 20; 1 mMm, pH 7.4) and kept frozen at —20 °C until
measurement. To measure cAMP concentration, the Alpha-
Screen cAMP assay kit (PerkinElmer Life Sciences) was used
according to the manufacturer’s protocol. The accumulated
cAMP was measured in 384-well white OptiPlate microplates
(PerkinElmer Life Sciences) with the Fusion AlphaScreen mul-
tilabel reader (PerkinElmer Life Sciences). To estimate cell sur-
face expression of receptors carrying an N-terminal HA tag, an
indirect ELISA was used (23).

Tissue Preparation—Activation of endogenously expressed
GPHRs with p10 peptide was tested on male C57/Bl6 wild type
mice. Testis and thyroid gland were isolated and stored in PBS
on ice. Testis was homogenized in 1 ml of PBS. After centrifu-
gation for 5 min at 300 X g, the pellet was dissolved in DMEM
with 1 mm IBMX. Thyroids were disrupted with a scalpel blade
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and homogenized through a needle in 100 ul of DMEM with 1
mMm IBMX. 15 ul of these cell solutions were transferred to a
96-well plate, and 15 ul of 2-fold concentrated agonist in
DMEM with IBMX were added. Suspensions were incubated
for 1 h at 37 °C followed by centrifugation for 5 min at 1,000 X
g The supernatant was discarded, and the pellets were sub-
jected to lysis by adding 25 ul of lysis buffer and kept frozen at
—20 °C until measurement. Measurement of cAMP content
was done as described above.

Intact thyroid follicles were isolated from mice expressing
the cAMP FRET sensor Epacl-camps and plated in glass-bot-
tom Petri dishes coated with a collagen gel as described previ-
ously (24). Imaging was performed in a buffer containing 144
mM NaCl, 54 mm KCl, 2 mm CaCl,, 1 mm MgCl,, 10 mm
HEPES, pH 7.3. Ratiometric FRET measurements were per-
formed on a Zeiss Axiovert 200 inverted microscope equipped
with an oil-immersion 63X objective, a polychrome V light
source (Till Photonics), a 505 DCXR beam splitter, and an iXon
Ultra 897 EMCCD camera (Andor). Images were acquired
every 5 s with 5-ms illumination time and monitored with the
MetaFluor 5.0 software (Molecular Devices) as the ratio
between emission at 535 = 20 nm (YFP) and emission 480 = 15
nm (CFP), upon excitation at 436 = 10 nm. The YFP emission
was corrected for direct excitation of YFP at 436 nm and the
bleed-through of CFP emission into the YFP channel as
described previously (25).

For testosterone ELISA, testis were isolated and homoge-
nized in 1 ml of ice-cold PBS. After centrifugation for 5 min at
300 X g, the pellet was dissolved in Hanks’ balanced salt solu-
tion (100 mg of tissue/1 ml). 60 ul of this solution were trans-
ferred to a 96-well plate, and the indicated concentrations of
agonists were added. Cells were incubated for 24 h at 37 °C.
After two freeze-thaw cycles to break down cell membranes,
samples were centrifuged for 5 min at 1,500 X g. 50 ul of the
supernatant were assayed with Testosterone Saliva ELISA (IBL
International GmbH, Hamburg, Germany) to determine the
testosterone concentration.

Peptide Synthesis—Solid phase peptide synthesis was per-
formed on an automated peptide synthesizer MultiPep from
Intavis AG (Kéln, Germany) using standard Fmoc (N-(9-fluo-
renyl)methoxycarbonyl) chemistry. The final side chain depro-
tection and cleavage from the solid support employed a mixture
of TFA, water, and triisopropylsilane (95:2.5:2.5, volume %) for
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FIGURE 1. Peptides derived from the ECD C terminus are agonists at GPHRs. A, the structural architecture of a prototypical GPHR is shown. An ECD
consisting of a signal peptide (SP), an LRR domain, the HR, and the 7TM domain can be distinguished. All constructs were epitope-tagged with an N-terminal
HA epitope (yellow) and a C-terminal FLAG epitope (green). Positions of mutations studied are given for LHR and TSHR. B, the ECD C terminus contains a block
of 9 amino acids that is conserved among GPHRs. C-£, peptides (1 mm) of different lengths derived from the C-terminal part of the LHR (C), TSHR (D), and FSHR
(E) hinge region were tested on LHR-, TSHR- and FSHR-transfected COS-7 cells, respectively. cAMP levels of transfected COS-7 cells were determined as
described under “Experimental Procedures.” All peptides were controlled on empty vector-transfected cells and showed no cAMP signal above basal (CAMP
level pcDps: 3.7 = 0.3 nm/well; cAMP level LHR with 1 um hCG: 56.8 = 8.5 nm/well). **, p < 0.01, ***, p < 0.001, as compared with basal (without peptide), paired
Student'’s t test. All data are means = S.E. of three independent experiments performed in triplicate.

the peptides. The peptides were purified to >95% purity using
preparative RP-HPLC (Shimadzu LC-8, Duisburg, Germany)
equipped with a PLRP-S column (300 X 25 mm, Agilent, Wald-
bronn, Germany). For both analytical and preparative use, the
mobile phases were water (A) and acetonitrile (B), respectively,
each containing 0.1% TFA. Samples were eluted with a linear
gradient from 5% B to 90% B in 30 min for analytical runs and in
90 min for preparative runs. Finally, all peptides were charac-
terized by analytical HPLC (Agilent 1100) and MALDI-MS
(Bruker Microflex LT, Bremen, Germany), which gave the
expected [M+H]" mass peaks.

RT-qPCR—For expression analysis RNA from Nthy-ori 3-1
cells was isolated using TRIzol (Sigma-Aldrich) according to
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manufacturer’s instructions. For quantitative real-time PCR
analysis (qQPCR), 1 ug of total RNA was reverse-transcribed
(Omniscript; Qiagen) using a mixture of oligo(dT) and random
hexamer primers. qPCR was performed by GoTaq® qPCR Mas-
ter Mix (Promega, Madison, WI). cDNA from 25 ng of total
RNA and from 0.2 um of the forward and reverse primers were
used. Oligonucleotide primers were as follows: 5'gttgccccatgt-
catccag-3'and 5'-catcgatcacaggacccca-3’, thyroglobulin (TG);
5'-catctacggatcggectgt-3' and 5'-cccaagatgaaggctceca-3’, sodi-
um/iodide symporter (NIS). They were designed using the
Primer3 software (26) to flank intron sequences. PCR was per-
formed in an MX 3000P instrument (Stratagene, La Jolla, CA)
using the following protocol: 5 min at 50 °C, 2 min at 95 °C, and
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FIGURE 2. p10 specifically activates GPHRs. A, p10 (1 mm) was tested on COS-7 cells transfected with the LHR, FSHR, and TSHR. B, COS-7 cells were transfected with
the human ADRB2 and the human V2 vasopressin receptor (AVPR2) and incubated with isoprenaline (isopre: 1 um), arginine-vasopressin (AVP: 1 um) and p10 (2 mm).
Empty pcDps vector (mock) served as negative control (pcDps; cAMP level was 2.9 + 0.4 nm/well). Cand D, concentration-response curves of p10 on LHR, M3-LHR, and
TSHR revealed an EC;, value >2 mm. Basal pcDps levels were 3.6 = 0.3 nm/well. Data are means * S.E. of three independent experiments performed in triplicate.

40 cycles of 15 s at 95°C and 30 s at 60 °C. To confirm the
presence of a single amplicon, product melting curves were
recorded. Threshold cycle (C,) values were set within the expo-
nential phase of the PCR. Data were normalized to 32-micro-
globulin, and AC. values were used to calculate the relative
expression levels. Gene regulation was statistically evaluated by
subjecting the 2724 method (27).

Homology Modeling of Structural Conformations and TSHR
Model Assembling—For the generation of the GPHR models,
the crystal structure of the ECD was taken from Protein Data
Bank (PDB) code 3G04 (9), and the 7TM domain was generated
by homology modeling using the crystal structure of different
GPCR. In detail, an advanced TSHR homology model was pre-
pared by using the following structural templates from homo-
logous family A GPCRs. The LRR domain (with 11 repeats)
complexed with the bound hormone was modeled based on the
previously determined FSHR-FSH structure (PDB code 4AY0
(11)). This FSHR crystal structure comprises an N-terminal
(TSHR positions GIn***~Ser®**) and a C-terminal fragment of
the hinge region (TSHR positions Ser***-Ile*'"). Disulfide
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bridges between cysteines of the entire ECD were kept as
observed in this FSHR crystal structure. Details of the modeling
protocol for the extracellular N-terminal part were described
previously in Ref. 18 and were refined in this current study.
For modeling of the TSHR 7TM domain, composed of the
transmembrane helices (TMs) and the three connecting extra-
cellular loops (ECL) and three intracellular loops, in an active
state conformation, the solved structural complex of the B2-ad-
renergic receptor (ADRB2)/G, was used (28). Besides common
modifications for template preparations such as loop length
adjustment (29), the structural modifications on this template
were: (a) deletion of the G protein (G,); (b) deletion of the extra-
cellularly fused T4 lysozyme; (c) removal of the ligand from the
ligand-binding pocket; (d) substitution of the slightly kinked
TMS5 by a regular a-helix (because the GPHRs do not have a
proline that causes a kink in this helix in contrast to most other
family A GPCRs (for details, see Refs. 30 and 31); and (e) sub-
stitution of the ADRB2 ECL2 by the ECL2 of opsin. This sub-
stitution was necessary according to the favored conformation
and localization of the TSHR ECL2 as suggested by the rhodop-
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sin/opsin structures (32), which is different from the ADRB2
ECL2 conformation (B-sheet versus helical) and localization.
For this purpose, the structures of opsin (PDB code 3CAP) and
the ADRB2 were superimposed and the entire ADRB2 ECL2
was replaced by the opsin loop (from the transitions to trans-
membrane helices TM4 and TM5). Amino acids of this chime-
ric receptor template were than mutated with residues of the
TSHR, followed by molecular dynamics (3 ns) and energetic
minimizations of the side chains with constrained backbone
atoms (until converging at a termination gradient of 0.05 kcal/
mol X A). This system was than minimized without any
constraint.

For comparison between TSHR and LHR or FSHR, the
amino acids of the TSHR 7TM were mutated to the specific
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FIGURE 3. N-terminal truncation activates the LHR. COS-7 cells were trans-
fected with the indicated LHR constructs, and cAMP levels were determined
with p10 (2 mm) and without. Empty pcDps vector (mock) served as negative
control (pcDps; cAMP level was 1.2 = 0.2). Data are means = S.E. of three
independent experiments performed in triplicate.

A B
% [ basal
I hCG

20+

-

a

o
]

-
o
1
-
o
o

cAMP accumulation
(x-fold over basal)
3

o
<

cell surface expression (% of WT)

residues of LHR and FSHR, respectively. By fixing the back-
bone, the FSHR and LHR models were minimized. Moreover, in
a further step, the extra- and intracellular loops of all three
receptors were subjected to molecule dynamics of 0.5 ns by
fixing the backbone atoms of the transmembrane helices, fol-
lowed by energetic optimization.

Finally, the 7TM of the TSHR and the ECD in complex with
TSH were assembled. The N terminus of the 7TM model (at
position 411) and the ECD/TSH model (C terminus at position
410) were superimposed and fused, whereby the orientation or
spatial distance of the extracellular part relative to the ECLs is
not known so far without a determined crystal structure of the
entire complex, but is restricted due to the fact that the transi-
tion between the ECD and TM1 is simultaneously connected
via a cysteine bridge between Cys*** (C terminus of the LRR)
and Cys**® (C terminus of the hinge region close to TM1). This
cysteine bridge functions as a structural constraint, together
with a second cysteine bridge between Cys*?® and Cys®*. In
consequence, the ECLs tightly surround the Pro**°—Asp*'°
fragment that is adjacent to TM1 and above the helical bundle.
The assembled complex was than minimized by constraining
the backbone first, followed by a minimization of the entire
model without constraints.

To ensure the structural dimension of TM1 (N and C termi-
nus) and by this the transition to the ECD in the TSHR model to
the best resolution, 15 available GPCR crystal structures from
the B2-adrenergic receptor (PDB code 2RH1), metarhodopsin
II (PDB code 3PQR), 8-opioid receptor (PDB code 4EJ4), or the
neurotensin receptor (PDB code 4GRV) were superimposed
and analyzed to define the common number of residues consti-
tuting TM1. Of note, the TM1 structures can be slightly differ-
ent with respect to the adjustment relative to helices in spatial
proximity, but the dimension at the extracellular side is highly
conserved with only minimal deviations (33). Therefore, we
defined on the basis of determined GPCR crystal structures the
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most common N terminus of the TM1 at position 1.28 (Balles-
teros and Weinstein numbering system (34)), which corre-
sponds to the TSHR Asp*'°.

Structural modifications to generate homology models were
performed with the software Sybyl X2.0 (Certara, Princeton,
NJ). The AMBER F99 force field was used for energy minimi-
zation and dynamics. Structure images were produced using
the PyMOL software (Schrodinger, LLC, New York).

Results and Discussion

Identification of an Internal Agonist in GPHRs—To identify
the region of the potential internal agonist, we tested peptides
derived from the very C-terminal portion of the ECD, which is
highly conserved among GPHRs (Fig. 1B) and functionally rel-
evant (35). Thus, peptide libraries with different lengths cover-
ing this 25-amino acid region were synthesized. Functional
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testing of these libraries revealed two peptides (each 10 amino
acids long) with agonistic activity on the LHR (Fig. 1C). The two
10-amino acid-long peptides contained Phe**°~Tyr**° and
Asn®'-Asp®*° (Fig. 1C) and covered the highly conserved
region (Fig. 1B, blue box). All other peptides showed no func-
tion at the LHR.

Similarly, screening of peptides derived from the same region
of the TSHR and FSHR showed significant activity for the pep-
tides covering the conserved segment (Fig. 1, D and E). The
most efficient peptide at all GPHRs, FNPCEDIMGY (referred
to as p10), showed no response on mock-transfected cells (Fig.
2A) and cells transfected with the human B2 adrenergic recep-
tor or V2 vasopressin receptor (Fig. 2B). Concentration-re-
sponse studies revealed low potency for pl0 (ECg, value >2
mm) at GPHRs (Fig. 2, C and D). To investigate whether the
high EC,, value of p10 is due to competition with the poten-
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tially internal agonist sequence, we used a chimeric construct
where the entire ECD of the LHR was replaced by the N termi-
nus of the M3 muscarinic acetylcholine receptor (M3-LHR) (5).
As shown in Fig. 2D, the EC,, value of p10 at the internal ago-
nist-free M3-LHR remained unchanged, indicating only a low
affinity interaction between the internal agonistic sequence and
the 7TM. The apparently very low affinity of the peptide did not
allow for radioligand binding studies. However, high affinity
ligand binding is not required because the peptide is part of the
receptor’s N terminus and, therefore, covalently bound to the
7TM in a 1:1 stoichiometry. Consequently, we did not reach
saturation of receptor activation with the pl0 concentrations
used (Fig. 2, C and D), which explains the lower E _  value
(efficacy) of p10 as compared with GPH (see Fig. 5A).

To constrain the 1:1 stoichiometry of p10 and the 7TM, we
generated an N-terminally truncated LHR construct where the
signal peptide was directly fused upstream of the p10 region
(SP-p10-LHR). SP-p10-LHR, which still contained p10 but no
additional upstream sequence, displayed an increased basal
activity as compared with the full-length receptors (Fig. 3). This
is consistent with previous studies showing an increased basal
activity after deletion of the ECD (see above). Introduction of
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FIGURE 6. Expression of WT and mutant GPHRs. COS-7-cells were transfected
with either WT or mutant GPHRs, and expression of receptors was measured by
cell surface ELISA (see “Experimental Procedures”). OD is given as the percentage
of WT GPHR minus OD of mock-transfected cells. For surface ELISA, the OD value
for mock-transfected cells, LHR WT, and TSHR WT was 0.025 =+ 0.006, 0.895 *+
0.069, and 0.834 = 0.072, respectively. Data are given as means * S.E. of three
independent experiments each performed in triplicate.

the inactivating mutation E354K into the plO region (see
below) completely abolished basal activity of this receptor con-
struct, but p10 was able to activate SP-p10 E354K-LHR (Fig. 3).
This again excludes that the ECD functions as inverse agonist
because one would also expect increased basal activity in
SP-p10 E354K-LHR. Our data instead support the scenario that
direct attachment of the p10 sequence to the 7TM is sufficient
for pl0-mediated 7TM activation. However, the efficacy of
cAMP formation in SP-p10-LHR-transfected cells was similar
to p10, indicating that the active conformation of p10 is most
optimal when p10 is imbedded in the ECD.

Structure-Function Relationship Analysis of p10—To study
the relevance of the individual positions in the p10 region, we
performed systematic alanine-scanning mutagenesis in the
LHR (Fig. 4A) and the p10 peptide (Fig. 4C). Seven of 10 alanine
LHR mutants displayed significantly reduced activity upon
hCG stimulation (Fig. 44). For example, mutation of Phe®**° and
Asp®*® did not alter cell surface expression, suggesting direct
participation in agonistic function of the p10 region (Fig. 4B).
This is consistent with studies at the TSHR where mutations of
the corresponding positions of Phe®° and Asp®*® led to
reduced receptor activation (36). This is most probably due to
misfolding or disorientation of the p10 sequence within its
7TM-binding pocket. Interestingly, alanine substitutions of
positions Asn>*!, Pro®*?, and Gly**® in LHR induced increased
basal activity (Fig. 4A). This suggests that the amino acids at
these positions most probably do not specifically interact with
the 7TM but mutations of these residues change the fold of the
p10 region into more active states. Mutations of the corre-
sponding positions in the TSHR also resulted in constitutive
activity (37).

Consistent with the mutagenesis, data at the LHR alanine
substitution in the p10 peptide revealed abolished or reduced
agonistic activity at the peptide positions 1 and 4—8 (corre-
sponding to Phe>*° and from Cys®** to Met®>*”) when tested on
the LHR and TSHR (Fig. 4C). There was no major difference of
the peptide mutants acting on the TSHR and LHR. None of the
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FIGURE 7. p10 activates GPHRs in tissues. A and B, cell suspensions from mouse thyroid (A) and mouse testis (B) were incubated with TSH and hCG,
respectively, and with p10, p10 E5K, and a control peptide (scrambled amino acids of p10). Basal CAMP levels for thyroid and testis were 5.8 = 2.3 and 30.1 *
10.5 nm/well, respectively. C, cell suspension from testis was incubated with the indicated compounds, and testosterone levels were determined with an ELISA
(see “Experimental Procedures”). Data are means = S.E. of three (A and C) and five (B) independent experiments performed in triplicate. *, p < 0.05, **, p < 0.01,

*** p < 0.001 (paired Student's t test).
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alanine substitutions in p10 increased efficacy at 2 mm. This all Mutations in the Internal Agonist Cause Endocrine Dis-
indicates functional equivalence between the p10 region andin  eases—There are inactivating mutations in the p10 region iden-
the 7TM peptide-binding side of GPHRs. tified in patients with inherited pseudohermaphroditism (LHR,
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E354K) (38) and hypothyroidism (TSHR, D410N) (39). We
speculated that receptor inactivation is due to loss of agonistic
properties of the internal sequence. E354K in LHR showed no
activity in cAMP assays after hCG stimulation but this mutant
receptor was activated by pl0 (Fig. 54). The corresponding
mutation in the TSHR (E409K) could also be activated by p10
(Fig. 5A). Both mutants were detectable at the cell surface (Fig.
6). Consistently, p10 containing this Glu to Lys substitution
(p10 E5K) had no agonistic activity and significantly reduced
GPH-induced cAMP formation on all three GPHRs (Fig. 5B).
This shows that mutations in the internal agonistic sequence of
GPHRs are functionally relevant in vivo and responsible for
cases of hypogonadism and hypothyroidism in humans.

p10 Activates GPHRs in a Thyroid Cell Line and Tissues—We
tested whether the TSHR, endogenously expressed in immor-
talized human primary thyroid follicular epithelial cells (Nthy-
ori 3-1 (40)), can be activated by p10. Incubation of the Nthy-ori
3-1 cells with TSH and p10 resulted in robust elevations of
cAMP (Fig. 5C). Induction of NIS mRNA and TG mRNA
expression is a prominent biological effect of TSHR stimulation
in thyrocytes (41, 42). Both TSH and p10 significantly increased
NIS and TG mRNA levels in Nthy-ori 3-1 cells, whereas p10
E5K blocked TSH-induced mRNA levels of both transcripts
(Fig. 5D). Next, cell suspensions from mouse thyroid (TSHR)
and mouse testis (FSHR and LHR) were treated with p10 and
the inactive p10 E5K. p10 induced a robust cAMP response in
cells from thyroid (Fig. 7A) and testis (Fig. 7B), whereas p10 E5K
did not but blocked GPH-induced receptor activation. In tes-
ticular Leydig cells, testosterone synthesis is stimulated by LHR
activation. As shown in Fig. 7C, p10 increased testosterone
levels and pl10 E5K blocked hCG-induced testosterone
production.

To generate live image of the time course of p10-induced
cAMP formation, we isolated intact thyroid follicles from mice
expressing the cAMP FRET sensor Epacl-camps. In this sys-
tem, TSH produces a robust cAMP signal in thyrocytes within
minutes (24). Similarly, p10 (0.5 mm) induced cAMP formation,
whereas p10 E5K or a scrambled peptide did not (Fig. 8).

Mutant pl10 Reduces GPHR Activation by Mutations and
Antibodies—Next, we tested whether p10 E5K has an inhibitory
effect on mutation-induced constitutive activity. The constitu-
tive activity of S281N, an ECD mutation of the TSHR found in
patients with congenital hyperthyroidism (43—-45), was sup-
pressed by p10 E5K (Fig. 9A). A similar effect was seen with the
corresponding mutation in the LHR (S277N) (Fig. 9A4). This
suggests that constitutive activity of S281N and S277N is most
probably due to the mutation-induced conformational changes
in the ECD exposing the internal agonist sequence to the 7TM.
To support this hypothesis, we introduced the inactivating
mutation E354K (located in the p10 region) into the constitu-
tive active S277N. S277N/E354K was not basally active but was
activated by p10 (Fig. 9B). Cell surface expression of this double
mutant was reduced (20% of the WT LHR; Fig. 6).

Most activating GPHR mutations were found in the 7TM
domain (46). Based on previous studies (5), we can rule out that
the constitutive activity of those 7TM mutations is pl0
sequence-mediated. We showed that an LHR construct lacking
the ECD including the p10 region and harboring an activating
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mutation in TM6 (D578H) has high basal activity (5). There-
fore, D578H must promote an active conformation of the 7TM.
Because p10 E5K most probably interacts with the 7TM, we
asked whether p10 E5K has an effect on an activating mutation
within the 7TM (D578H). Unexpectedly, p10 E5K functions as
an inverse agonist at D578H, reducing the high basal activity of
this mutant (Fig. 9C). This suggests that p10 E5K binds to the
mutant 7TM and shifts its conformation into the inactive state.
Consistently, the double mutant E354K/D578H had an almost
abolished basal activity (Fig. 9C), most probably because the
mutant pl0 region (E354K) within this construct acts as
an artificial inverse agonist. Incubation with hCG further
decreased the basal activity of E354K/D578H (Fig. 9C), indicat-
ing that the mutant p10 region undergoes structural changes
upon GPH binding, which further promotes the inverse agonis-
tic action of the mutated p10 region.

Graves disease is caused by persistent stimulation of thyro-
cyte TSHR by autoantibodies. These autoantibodies usually
bind to the LRR domain of the TSHR (47, 48). As expected, the
activating human autoantibody M22 (49) induced a robust
cAMP signal at the TSHR, but not at the mutant receptor
E409K, suggesting that the antibody requires the functional
internal agonist sequence to trigger the 7TM activation (Fig.
9D). The activating properties of the autoantibody could be
reduced by the inactive peptide p10 E5K (Fig. 9D). This shows
that autoantibodies in Graves disease utilize the same activa-
tion mechanism as GPHs, exposing the internal agonist.

Potential Mechanism of GPHR Activation through the Inter-
nal Agonist—W e identified an intramolecular agonistic unit for
GPHRs that comprises a linear amino acid sequence between
the HR and TM1. Currently, the molecular mechanism
unmasking this internal agonistic unit is speculative. However,
obviously, GPHs, activating autoantibodies, and mutations in
the ECD trigger structural changes such that the internal ago-
nist sequence adopts an active conformation. Unfortunately, all
crystal structures of GPHR ECDs (4, 9-11) provide no direct
hint for such a 7TM activation mechanism because the internal
agonist sequence is not entirely included in these structural
models. It was previously speculated that the HR conveys hor-
mone binding at LRR domain to an intramolecular agonistic
unit (18). In agreement with this scenario, many activating
mutations in GPHRs were found in the HR (5, 43, 50).

To gain further insights into a potential activating scenario,
we took advantage of the ECD and 7TM crystal structures of
GPHRs and other rhodopsin-like GPCRs, respectively, and
generated an advanced homology model of the TSHR. Based on
this model, the C-terminal half of the p10 region is part of the
TM1 (Fig. 10A). The N-terminal half of the p10 region is local-
ized closely above the 7TM, embedded in a cleft between the
ECLs (Fig. 10A), suggesting a preoccupied binding pocket
mainly formed by determinants of the ECLs. The accuracy of
this model is supported by a number of experimental observa-
tions. First, based on our model, only the N-terminal part of the
plOregion takes part in ECL interactions and may therefore act
as agonist (Fig. 104). Indeed, peptides lacking the four C-ter-
minal amino acids of p10 (proposed to be the N terminus of
TM1) showed a reduced but still significant activity at the
TSHR and LHR (Fig. 10B). Second, the conserved Glu**® in the
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TSHR p10 region is a functional key player (see above) and,
according to this model, likely interacts with Lys®® at the
N-terminal part of TM7. Consistent with this model, mutation
of Lys®® leads to receptor inactivation (51). There are also
other residues in the ECL part of GPHRs that are important for
receptor signaling (Fig. 10, C and D). Consistently, many pep-
tide receptors, such as the chemokine receptors, have their
ligand-binding pocket in the ECL part. Even the 32 adrenergic
receptor, having its agonist-binding pocket buried in the helical
bundle, shows significant structural changes of the ECL part
upon receptor activation (52) highlighting the ECL region as
crucial for receptor activation.

Our current concept of GPHR activation suggests an isomer-
ization of the p10 region pre-bound in the ECL-binding pocket
(Fig. 10E). This could be very similar to the 11-cis/all-trans
isomerization of retinal in opsins where distinct structural
changes of a covalently bound ligand can trigger 7TM activa-
tion and does not require high affinity ligand/7TM interactions.
In GPHR, the ECD ensures specific ligand binding and the HR
integrates this extracellular signal into structural changes,
exposing or structuring the internal agonist sequence to
activate the 7TM. The transduction of these structural
changes likely involves the disulfide bridges (Cys***/Cys®®%;
Cys***/Cys*®®) physically linking the LRR domain via the HR
directly to the p10 region (which contains Cys*°®). The
importance of these disulfide bridges in receptor activation
is supported by activating mutations at Cys*** and Cys*** in
the TSHR (53).

Activation by an internal sequence appears to be a com-
mon signaling mechanism in many GPCRs. For example,
protease-activated receptors expose an agonistic, short
sequence (TRAP-6) after N-terminal cleavage by thrombin
(54). We recently showed for adhesion GPCRs that a short
sequence in the C-terminal part of the ectodomain functions
as a tethered agonist activating G protein-signaling cascades
(55).

Conclusion—GPHRs contain an internal agonist within their
ECD. Peptides derived from this sequence can directly activate
GPHRs, and modified peptides can reduce GPHR activation
induced by GPHs, mutations, and antibodies. These results are
compatible with an activation scenario of GPHRs in which an
intramolecular agonistic unit is switched into an active state
upon structural changes of the ECD and subsequently triggers
7TM-mediated activation of G protein-signaling cascades. Due
to its peptide nature, the high concentration needed for stimu-
lation, and the loss of specificity to the various GPHRSs, in vivo
experiments essentially require the development of more
potent and specific small molecule ligands, which has already
been started (56 —58). The identification of the internal ago-
nist sequence for GPHRs now allows for characterization of
its agonist-binding pocket followed by rational ligand
design. Such ligands could be therapeutically useful for
blocking TSHR activation due to autoantibodies in Graves
disease and activating mutations in GPHRs. The proof of
concept that non-peptidic, high affinity compounds can
block autoantibody-induced TSHR activation has been
recently documented (58).
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