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Abstract. The majority of constitutively activating
mutations (CAMs) of the thyroid-stimulating hor-
mone receptor display a partially activated receptor.
Thus, full receptor activation requires a multiplex
activation process. To define impacts of different
transmembrane helices (TMHs) on cooperative signal
transduction, we combined single CAMs in particular
TMHs to double mutations and measured second
messenger accumulation of the G,s and the G.q
pathway. We observed a synergistic increase for basal
activity of the Ggs pathway, for all characterized

double mutants except for two combinations. Each
double mutation, containing CAMs in TMH2, 6 and 7
showed the highest constitutive activities, suggesting
that these helices contribute most to G s-mediated
signaling. No single CAM revealed constitutive activ-
ity for the G,q pathway. The double mutations with
CAMs from TMHI1, 2, 3 and 6 also exhibited increase
for basal G,q signaling. Our results suggest that
TMH?2, 6, 7 show selective preferences towards Gs
signaling, and TMHL1, 2, 3, 6 for G,q signaling.

Keywords. G protein-coupled receptors, constitutively activating mutations, synergism, G protein selectivity,

thyroid-stimulating hormone receptor.

Introduction

The thyrotropin hormone receptor (TSHR) belongs,
together with the luteinizing hormone/chorionic go-
nadotropin receptor (LHCGR) and follitropin hor-
mone receptor (FSHR), to the subfamily of glyco-
protein hormone receptors (GPHR). The GPHRs, in
turn, are part of the family class A rhodopsin-like G
protein-coupled receptors (GPCRs) [1-4]. The main
characteristic of this large GPCR family is the
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common structure of seven transmembrane helices
(TMHs) connected by three extracellular loops
(ECLs) and three intracellular loops (ICLs). This
structure penetrates the membrane like a serpent and
is, therefore, called serpentine domain. GPHRs are
different from other class A receptors since they are
characterized by a large extracellular domain, which is
responsible for extracellular binding of their natural
high molecular weight agonist the glycoprotein hor-
mone [5].

The TSHR signals mainly via G,s, but at higher ligand
concentrations the TSHR also triggers the G.g-
mediated pathway [6]. For the human (h)TSHR a
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high number of constitutively activating mutations
(CAMs) are known (www.fmp-berlin.de/ssfa, http:/
innere.uniklinikum-leipzig.de/tsh [7]). The majority of
CAMs affect Gs activation. Only few CAMs located
at position S281 (V, M, I) in the ectodomain, [486F and
Min ECL1 and I568Tin ECL2 are reported to activate
both the G,s and the G,q pathway [8, 9]. CAMs are
related to human diseases, and somatic and germline
in vivo TSHR mutations result in hyperthyroidism [6,
10].

To reflect the molecular background of constitutive
activity induced by mutations, the prevailing concept
is that different CAMs in different regions induce
different receptor conformations distinct from the
conformation mediated by the native ligand. This is
also supported by the circumstance that CAMs for the
TSHR do not show total activity because they can still
be activated by the native ligand.

However, some of the CAMs display a much higher
basal signaling than others with a very small capacity
for additional TSH stimulation. This very likely
depends on the biochemical and physical properties
of the respective amino acid side chain substitutions,
which will determine the spatial environment and
mechanism of constitutive activation [11, 12]. We
hypothesized in this study that single CAMs induce
only a local and singular signaling event, whereas the
binding and action of the native ligand TSH leads to a
more complex and pronounced relocation and/or
orientation of several relevant signaling structures.
This multiplex event finally results in full receptor
activation and is followed by a maximum of G protein
activation. We recently demonstrated a synergistic
and cooperative effect of CAMs at the extracellular
side of the TSHR [13].

To test our hypothesis at the transmembrane region,
we postulated in this study that combining single
CAMs in the TMHs to double mutants should
increase the level of basal activity of the mutated
receptors compared with the single mutations thereby
mimicking additional conformational changes of the
TMHs.

Our major goal was therefore to clarify which
combination of CAMs in which TMH would be
characterized by the strongest influence on synergistic
signaling efficacy for G,s or G,q. We systematically
combined known CAMs from the TMHs of the TSHR
(TMHI1: G431'S [14]; TMH2: M453**T [15];
TMH3: L512*#Q [16]; TMHS5: Y601>*N [17, 18];
TMH6: A623°**V [19]; TMH7: N674#°D [20, 21])
with each other to double mutants and characterized
the constructs for their signaling properties. Our
results revealed that combination of single CAMs in
the TSHR to double mutations leads to synergistic
increase of constitutive activity for the G,s-mediated
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pathway. Interestingly, none of the single mutations
displayed constitutive activity for G,q signaling.
However, combining particular single mutations also
results in constitutive activity for the G,q-mediated
pathway. We show that cooperative effects between
the TMHs in the TSHR are not restricted to a subset of
TMHs. Moreover, our results demonstrate common
but also selective preferences of particular TMHs for
signal transduction towards G.s and G.q.

Material and methods

Site-directed mutagenesis. The TSHR mutants were
constructed by PCR mutagenesis using the human
TSHR-pcDNA3.1(-)/hygro as template as previously
described [22]. Mutated TSHR sequences were veri-
fied by dideoxy sequencing with dRhodamine Termi-
nator Cycle Sequencing chemistry (ABI Advanced
Biotechnologies, Inc., Columbia, MD).

Cell culture and transient expression of mutant
TSHRs. COS-7 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% FCS, 100 U/ml penicillin and 100 pg/ml
streptomycin (Gibco Life technologies, Paisley, UK)
at 37°Cin a humidified 5 % CO, incubator. Cells were
transiently transfected in 24-well plates (0.5x10° cells
per well) with 300 ng DNA per well using the Gene-
Jammer® Transfection Reagent (Stratagene, Amster-
dam, The Netherlands).

FACS analyses. The TSHR cell surface expression
level was quantified on a FACS flow cytometer.
Transfected cells were detached from the dishes with
1 mM EDTA and 1 mM EGTA in PBS and trans-
ferred into Falcon 2054 tubes. Cells were washed once
with PBS and then incubated at 4°C for 1 h with a
1:400 dilution of a mouse anti human TSHR antibody
(2C11, 10 mg/l1, Serotec Ltd., Oxford, UK) in the same
buffer. Cells were washed twice and incubated at 4°C
for 1 h with a 1:200 dilution of fluorescein-conjugated
F(ab"), rabbit anti mouse IgG (Serotec). Before FACS
analysis (FACScan Becton Dickinson and Co., Frank-
lin Lakes, NJ, USA), cells were washed twice and then
fixed with 1% paraformaldehyde. Receptor expres-
sion was determined by the mean fluorescence
intensity (MFI). The wild-type (wt) TSHR was set at
100% and receptor expression of the mutants was
calculated according to this. The percentage of signal
positive cells corresponds to transfection efficiency,
which was approximately 50-60 % of viable cells for
each mutant.
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cAMP accumulation assay. For cAMP assays cells
were grown and transfected in 24-well plates. At 48 h
after transfection, cells were incubated in the absence
or presence of 100 mU/ml bTSH (Sigma) in serum-
free medium supplemented with 1mM IBMX
(Sigma) for 1 h. Reactions were terminated by aspira-
tion of the medium. The cells were washed once with
ice-cold PBS and then lysed by addition of 0.1 N HCI.
Supernatants were collected and dried. cAMP content
of the cell extracts was determined using the cAMP
AlphaScreen™ Assay (PerkinElmer) according to the
manufacturer’s instructions.

Linear regression analysis of constitutive activity as a
function of TSHR expression (slopes). The magnitude
of basal activity for several GPCRs is reported to
depend on the receptor number expressed on the cell
surface. To investigate the mutation’s constitutive
activity independently from their cell surface expres-
sion, we performed linear regression analyses. COS-7
cells were transiently transfected in 24-well plates
(0.5x10° cells per well) with increasing concentrations
of wt or mutant TSHR plasmid DNA (50, 100, 150,
200, 250 and 300 ng per well). The total DNA amount
for the determination of constitutive activity by linear
regression analyses was kept constant by cotransfec-
tion with empty vector to the amount of the highest
DNA concentration of 300 ng per well. For determi-
nation of the transfected constructs see “FACS
analyses”. The arbitrary fluorescence units for Mock
transfected cells using 50, 100, 150, 200, 250, 300 ng
plasmid DNA were subtracted from the respective
values for each mutant. Basal cAMP formation as a
function of receptor expression was analyzed accord-
ing to Ballesteros and co-workers [23] using the linear
regression module of GraphPad Prism 4 for Windows.
Second messenger signaling might be compartmen-
talized. The study of localized signaling together with
temporal aspects will require single receptor tracking
by new imaging techniques.

Activation of inositol phosphate (IP) formation.
Transfected COS-7 cells were incubated with 2 puCi
[myo-*H]inositol (Amersham Biosciences, Braunsch-
weig, Germany) for 6 h. Thereafter, cells were incu-
bated with serum-free DMEM containing 10 mM LiCl
and 100 mU TSH/ml for the stimulation of the trans-
fected cells. Evaluation of basal and TSH-induced
increases in intracellular IP levels was performed by
anion exchange chromatography as previously descri-
bed [24]. IP values were expressed as the percentage
of radioactivity incorporated from [*H]IP-1 to -3 over
the sum of radioactivity incorporated in IPs and
phosphatidylinositol.

Cooperative signal amplification

Molecular modeling. The structural model of the
serpentine domain of hTSHR was generated based on
the X-ray structures of the bovine rhodopsin (PDB
entry codes: 1GZM [25]; 2I35 [26]; 2J4Y [27]) and
refined using the recently solved crystal structures of
the partially active (32-adrenergic receptor (PDB
entry code: 2RH1 [28]; 2R4R [29]). Several TSHR-
specific corrections were made, such as regular helix
extensions in TMH2 and TMHS of the TSHR instead
of structural bulges in the TMH2 and 5 of rhodopsin
caused by the specific side chains that are not present
in TSHR (two consecutive threonines in TMH2 and a
proline in TMHS). Loops were added by best fit and
homology to fragments of other proteins (from PDB).
Gaps of missing residues in the loops of the template
structure were closed by the ‘Loop Search’ tool
implemented in Sybyl 7.2.5 (Tripos Inc., St. Louis,
Missouri, 63144, USA). The sheet-like fold of the
ECL2 and its localization was kept as in rhodopsin
based on the high sequence homology and the
rhodopsin structure-consistent results of diverse stud-
ies at other GPCRs [30-32] and the TSHR [33]. The
different length and the lower sequence similarity
with the TSHR as well as the additional disulfide
bridge make the b2AR a less likely template for the
ECL2 conformation. The wt receptors as well as the
double mutated receptor models were minimized and
validated. Conjugate gradient minimizations for all
models were performed until converging at a termi-
nation gradient of 0.05 kcal/(mol*A), the AMBER 7.0
force field [34] was used. Quality and stability of the
model were validated by checking the geometry by
PROCHECK [35] and during a molecular dynamics
simulation of 2 ns (overall backbone RMSD 1.8 A).

Statistics. Statistical analysis was carried out using the
Mann-Whitney nonparametric ¢ test using GraphPad
Prism 4 for Windows.

Results

Utilizing a GPHR mutation phenotype resource ([7],
www.fmp-berlin.de/ssfa), we selected CAMs of the
TSHR that are characterized by following properties:
(1) constitutive activity >200% compared with the
basal wt TSHR (set at 100%); (2) cell surface
expression of single mutants greater than 50%
compared with the wt TSHR (set at 100% ); and (3)
localization in the transmembrane region. Five of
considered mutants G431'*S in TMH1 [14],
M453**T in TMH2 [15], L512*#Q in TMH3 [16],
Y601>N in TMHS [17, 18] and A623%**V in TMH6
[19] have been reported in relation to non-auto-
immune  hyperthyroidism, whereas mutation
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N674"#D in TMH?7 is an in vitro mutation [20, 21].
TMH4 was excluded from the study as there is no
known CAM in this particular structure. The selected
mutants and their relative location within the TMHs
are schematically shown in Figure 1. We generated
these single mutations and further created double
mutants with every possible combination to each
other. All mutations were characterized regarding cell
surface expression, basal and TSH-mediated cAMP
production, linear regression analyses of constitutive
activity and formation of IPs.

Desensitization and internalization are processes that
have an important impact on the down-regulation of
CAMs. Although our experiments were performed in
a heterologous cell system where TSHRs were highly
overexpressed and where the endogenous pool of
regulatory molecules was limited, we cannot com-
pletely exclude influences of internalized or desensi-
tized receptors in our study on cell surface expression
and signaling.
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Figure 1. Schematic representation of the transmembrane portion
and intracellular loops (ICLs) of the thyrotropin hormone receptor
(TSHR) with relative locations of investigated constitutively
activating mutations (CAMs).
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Figure 2. Determination of the constitutive activity independently
from the cell surface expression. As a representative example, the
combination between TMHG6/7 is shown. Slopes were calculated
using the GraphPad Prism 4 software for windows. The slope for
the wild-type (wt) TSHR was set at 1 and the slopes for the mutants
were calculated according to this. Slopes are presented as means +
standard deviation (SD) of at least three independent experiments
(n=3), each performed in duplicate.
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Cell surface expression. The single mutants exhibited
expression levels in a range of 46-106% compared
with the wt TSHR (set at 100%) (Table 1). Thereby,
L512°%Q and A623%*V revealed, with 106% and
101 %, respectively, the highest cell surface expression
of all characterized mutants followed by G431'*S
with 91% (Table 1). M452**T showed a reduced
expression of 67% and Y601>*N and N674"+D
exhibited, with 46 % and 48 %, the lowest levels of
receptor expression (Table 1). The best expressed
double mutant with 75% was the combination be-
tween L512*%Q and A623°*V of TMH3 and 6. The
other constructs were expressed between 12 % and
58% compared with the wt TSHR (Table 1). The
combination TMHS5/7 could not be further character-
ized as this double mutant showed no expression
leading to limitations regarding cAMP and IP meas-
urements.

Maximum of cAMP accumulation stimulated by TSH.
Measurement of cAMP accumulation after TSH
treatment revealed for the single mutants comparable
data as determined for the wt TSHR. Only mutant
Y601>N showed a significantly decreased cAMP
formation to 50% (Table 1). Half of the double
mutants responded well after ligand-induced activa-
tion, whereas the others showed a reduced increase in
cAMP accumulation compared with the wt TSHR
(Table 1).

Basal cAMP accumulation. All mutants were consti-
tutively active showing significantly increased basal
values when compared with the wt TSHR (Table 1).
To characterize the mutants’ constitutive activity
independently from their cell surface expression, we
performed linear regression analyses of basal activity.
As shown in Table 1, most of the single mutants
exhibited slopes of circa 5-fold, whereas N674”#D in
TMHY7 displayed a higher slope of 9.3-fold (wt TSHR
set at 1) (Fig. 2). Combining the single CAMs led to a
remarkable increase of constitutive activity when
compared to the values obtained for the single
mutations (Fig. 3A). The strongest effects were de-
termined for the four combinations with N674’#°D in
TMH?7 and the combination TMHS5/6 with slopes
between 27.4- and 39.8-fold including mutant
A623°**VIN6744D (TMHG6/7), which displayed the
highest slope of 39.8-fold of all characterized con-
structs. Also the mutants of TMH1/2, TMH2/5 and
TMH2/6 with 23.4-25.5-fold as well as TMH1/3,
TMH1/6 and TMH2/3 with slopes in a range of
16.3-20.2-fold showed an increase in constitutive
activity (Table 1 and Fig. 2).

However, two constructs gave different results. Dou-
ble mutants L512**Q/Y601°*N (TMH3/5) and
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Table 1. Functional characterization of thyrotropin hormone receptor (TSHR) single and double mutants.

Construct Localization  Cell surface cAMP accumulation IP accumulation
expression [IPs (%IP/IPs + PI)]
FACS % of basal 100 mU/ml TSH Constitutive basal 100 mU/ml TSH
wt TSHR activity
(slope)

wt TSHR - 100 1 13.3+£09 1 3.7+0.5 411 +1.7
pcDNA - 03 +0.1 0.4 +0.1 - 3.0+0.3 33+03

G431'48 TMH1 90 + 3¢ 43+0.6° 13.1£29 49+ 0.5* 2.7+0.2 453 +2.0
M453*8T TMH2 66 + 2° 5.7+ 0.5 112+14 524+0.8° 38+0.5 35.6 £1.7
S505%3°N TMH3 81 +£3° 5.0+ 0.8 145 +£22 45+03° 28+0.3 49.6 +7.1
L512**Q TMH3 106 £5 37407 115+ 1.0 45+0.7° 34+07 21.54+04°
Y60175N TMH5 48 +2° 4.8 4+0.9° 7.14+0.9° 59+0.1° 34+02 85+£0.2°
A623%3V TMHG6 101 £2 45 +0.3* 162 +2.7 5.0+0.7% 33+05 39.0 +£1.7
N674"“D TMH7 46 +2° 3.8+0.3% 13.5+22 93+ 1.7° 2.6 +£02 19.0 £+ 0.4°
G431'S/ M453*“T TMH1/TMH2 28 +2° 6.4+13° 10.0 £2.2 234459 120+ 1.0° 395+ 1.0
G431'S/L512*4Q  TMHI/TMH3 50 +1° 54408 73+ 1.0° 171 £23"  57£0.7° 234+ 1.7°
G431'S/Y601>*N  TMH1/TMHS 21 +1° 3.9 +0.6° 49+0.7° 14.7 £3.5¢ 25403 3.6 +0.1°
G431'S/A623%*V ~ TMH1/TMH6 55 +2° 504+ 1.0° 103 £ 1.7 16.3 £2.0° 3.7+£06 343+2.1
G431'S/N674"*D  TMH1/TMH7 23 +£2° 584+03° 141+1.6 30.1 + 6.5° 2.8+ 0.0 121+£04
M453*%T/L512*4Q TMH2/TMH3 49 +2° 6.0 £1.1° 7.7 £04° 20.2 +£2.6* 6.6 +0.5° 27.5+2.0°
M453*4T/ Y601°*N TMH2/TMHS 19+1° 5.6 £0.1° 6.7 +0.3° 25.5 +6.0° 33+0.1 35+0.1°
M453*4T/A623°%V  TMH2/TMH6 31 +2° 7.1+1.3* 7.7+13° 24.0 +5.6° 9.6 £0.5° 345+15
M453*T/N6747°D TMH2/TMH7 12+1° 7.0 £1.2° 8.1+ 1.6° 333 +3.6* 31+0.1 7.5+0.1°
S505°**N/Y601°*N  TMH3/TMHS 26 +1° 5.6 £03° 6.3 £0.5° 14.7 +£3.9° 5.8+ 0.2¢ 7.4+02°
S505°N/A623%*V  TMH3/TMH6 58 +2° 6.7+ 1.0° 10.1 4+ 1.1 142428 107403 431+12
L512*¥Q/Y601°%¥N  TMH3/TMHS 51 +4° 2.7 +0.2° 50+0.7° 44+03° 23+0.1 5.0+ 0.3

L512°4Q/A623%*V  TMH3/TMH6 75 +£5° 73 £1.6° 10.0 £2.7 7.8 +1.4° 33+03 171 £1.7°
L51238Q/N674"D  TMH3/TMH7 20 +£2° 594 04° 126+24 274 +7.7° 23402 31+0.5°

Y6015%¥N/A623°3V  TMHS/TMHG6 23 +2° 334+ 0.2° 624+13° 30.0 +1.1° 2.7+0.7 4.0+0.3*

A623*V/N6747“D TMH6/TMH7 23 +2° 7.1+2.5% 11.1+£12 39.8+10.9* 33+0.0 9.7+0.5°

COS-7 cells were transfected with wild-type (wt) TSHR or various mutant TSHRs. The vector pcDNA3.1(-)/hygromycin was used as a
control. The TSHR is characterized by an elevated cAMP level compared to the control vector alone [59]. Therefore, cAMP accumulation
is expressed relative to wt TSHR basal level. TSH-mediated levels of cAMP and inositol phosphate (IP) accumulation were determined
after treatment of cells with 100 mU/ml bTSH. Expression of wt and mutant TSHRs were quantified on a FACS flow cytometer. Data are
given as mean + SD of at least three independent experiments (n=3), each carried out in duplicate. Constitutive activity by linear
regression analyses was determined for G,s and not for G,q signaling due to the fact that the wt TSHR do not show elevated G,q levels.

* p<0.001, ® p=0.001-0.01, © p=0.01-0.05.

L512*%Q/A623%*V (TMH3/6) revealed no significant
increase in constitutive activity compared to the
respective single mutants (Table 1 and Fig. 3A). To
test whether this finding depends on the position
mutated in TMH3, we searched for a new mutant in
this helix. We identified mutant S505°*N, which is
located two turns above residue L512**Q and fulfilled
the criteria regarding cell surface expression and basal
cAMP signaling mentioned above. Therefore, we
generated three new constructs (S505°*N, S505°*°N/
Y601>N and S505°*N/A623%**V). The single mutant
S505**N displayed a cell surface expression of 81 %, a
basal and TSH-mediated cAMP production compa-

rable with the other single mutants and a slope of 4.5-
fold (Table 1). The double mutations S505**N/
Y601>3N and S505°*N/A623%**V revealed expres-
sion levels of 26 % and 58 %, respectively. In contrast
to mutations L512**Q/Y601°**N and L512*%Q/
A623%**V, the newly generated double mutants with
S505**N instead of L512*#*Q displayed with 14.7- and
14.2-fold, respectively, a much higher slope (Table 1
and Fig.3A). This suggests that CAM L512*%Q
prevents the receptor becoming more active by the
introduction of a second mutation in TMHG6.
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Figure 3. (A) Pairs of transmembrane helices (TMHs) of combined CAMs. Green circles: Combinations with a constitutive activity (slope)
higher than 20-fold. TMHs with the highest impact on constitutive activity are highlighted. Magenta circles: Combinations with a slope
between 10- and 20-fold. Orange circles: Combinations with a slope lower than 10-fold. (B) Repression of synergistic signaling by double
mutation L512*Q/A623°**V and L512*#Q/Y601°**N is caused by new H-bond side chain interactions between L512*#Q with D633%* in

TMHS6 constraining interactions of TMH3 and TMH6.

IP formation. Determination of the IP formation
revealed no detectable constitutive activity for the
single mutants when compared with the wt TSHR.
Surprisingly, combinations including mutation
M452*5T of TMH2 (TMH1/2, TMH2/3 and TMH2/
6) led to an increase of ligand-independent IP
formation (Table 1), and combinations of TMH1/3
(G431'S/L.512°4Q), TMH3/5 (S505**°N/Y601°*N)
and TMH3/6 (S505°**N/A623%*V) exhibited elevated
basal values (Table 1 and Fig. 4B). The majority of
mutants responded well to stimulation with TSH
(Table 1 and Fig. 4A). Some mutants, L512*4Q and
N674"#D, showed reduced IP accumulation to 50 %,
and Y601°**N exhibited only 20% IP release com-
pared to the wt TSHR when activated by TSH.

Molecular modeling of double mutant L512*%Q/
A623%%V (TMH3/6). The double mutants including
CAM L512°*#Q (TMH3) were characterized as the
mutations do not reveal any synergistic influence on
signaling capability compared to other double mu-
tants. The molecular model of the TSHR including the
double mutant L512*%Q/A623°%V (TMH3/6) was
designed to reveal insights in this experimental result.
As shown in Figure 3B, the side chain of the glutamine
at position 512** is oriented towards aspartate at
633%* in TMH6 and forms a hydrogen bond. This
aspartate in TMH6 (D633%*) is known to be impor-

tant for receptor activation by interactions with amino
acids at TMH?7 [21, 36]. Therefore, we suggest, based
on our molecular model, that this new H-bond
between the glutamine at position 512** in TMH3
and the aspartate at TMH6 (D633%*) is effective as a
constraint that ties up TMHG6 and thus avoids TSHR
activation via movement of TMHG6 relatively to
TMH3.

Discussion

For GPCRs, several studies with rhodopsin and the (3,-
adrenergic receptor suggest a change in the orienta-
tion and localization of the TMHs relative to each
other during receptor activation or rather signal
transduction [37-42]. However, these studies exam-
ined the impact of one or, in few cases, two helices by
biophysical approaches. In this work we systematically
investigated the impact on signal transduction of
nearly all helices of the TSHR regarding the primary
signaling pathway G,s and also via the second path-
way G,q by mutagenesis using CAMs.

Synergistic signaling by CAM combinations in the
TMHs of the TSHR is not limited to a subset of TMHs.
By systematic combination of single CAMs in differ-
ent TMHs to double mutations, our results suggest
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Figure 4. Functional characterization of the G,q pathway. Data are
presented as means £ SD of at least three independent experiments
(n=3), each performed in duplicate. (4) Shown are the basal and
thyroid-stimulating hormone (TSH)-mediated phenotypes for all
generated double mutants and (B) for the double mutants
displaying constitutive activity.

that simultaneous and cooperative signaling events at
the TSHR are not restricted to a special subset of
TMHs. Furthermore, our study shows that nearly all
TMHs seem to be involved in the signal transduction
process but vary in their efficacies (Table 1, Fig. 3A).
The results reveal also that a multiplex TSHR
activation and signal transduction complex seems to
be necessary for complete receptor-mediated signal-
ing. In a reverse interpretation this might explain why
single CAMs are mostly characterized by partial
receptor-mediated signaling.

Previous studies revealed synergistic increase of basal
activity by sporadically combining two or three CAMs
in one receptor. This was shown for CAMs in TMH3
and 6 of rhodopsin [43], for TMH2 and 3 of the
Kaposi’s sarcoma-associated herpes virus-GPCR
[44], and for CAMs located in TMH3 and 5 and in
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the transition of TMH6/ECL3 in the o,-adrenergic
receptor [45]. In addition to these previous reports of
synergism for limited combinations, our systematic
investigation revealed both a general amplifying
effect for nearly all TMH combinations and different
impacts of particular TMHs on ligand-independent
signaling intensities.

Different efficacies of the TMHs for signal mediation
at the TSHR. The strongest increases of ligand-
independent activity were measured for combinations
harboring mutations in TMH2, 6 and 7, respectively.
For these double mutants slopes greater than 20-fold
were determined, compared to the single CAMs,
suggesting that a rearrangement of these helices
mediate a higher contribution for the activation of
the G,s pathway than other helices. Besides our
studies on the TSHR, a fundamental role of helices 2,
6, and 7 in other GPCRs was previously suggested by
experimental studies. First, biophysical investigation
of structural changes during the activation of the
rhodopsin or the 3,-adrenergic receptor revealed that
TMHG6 through the N-terminal region undergoes
major displacement relative to TMH3 and that this
rearrangement of TMHG6 is similar, if not identical, in
both characterized receptors [37, 39-42, 46].
Secondly, further evidence for the importance of
TMHG6 for receptor activation was provided by studies
with glycoprotein hormone receptors. Mutagenesis
and computational approaches for the characteriza-
tion of potential helical interactions between TMH3/6
and TMH6/7 in TSHR and LHCGR revealed a
complex network of H-bonds to maintain the inactive
conformation. Disruption of these interactions by in
vitro mutations led to constitutive activation in many
cases, which is also reflected by a high number of
pathogenic CAMs in the TMHs 3,6 and 7 compared to
other helices in these receptors [20, 21, 47-49]. Also,
for the p,-adrenergic receptor, a change in the
structural orientation of TMH6 and 7 during receptor
activation was observed, which most likely represents
a universal feature of GPCR function [38].

Thirdly, Urizar and co-workers [49] recently provided
mutational data that the release of the interaction
between D633%* (TMH6) and N674™* (TMH?7) in the
TSHR is a necessary step for receptor activation and
that N674"% forms a new H-bond interaction with
D460*° of TMH2 in the activated conformation.
Structural displacement of TMH?2 and 7 during light-
induced activation of rhodopsin was also demonstrat-
ed by electron paramagnetic resonance spectroscopy
[50-52]. The finding of a participation of TMH2 in the
activation process is further supported by earlier
studies with the gonadotropin-releasing hormone
receptor, the 5-HT,, receptor and the angiotensin II
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type 1 receptor [53-55]. Altogether, despite the
diversity of the natural ligands and their different
relative binding sites on the membrane-associated
GPCRs, it seems that similar intramolecular mecha-
nisms for activation and/or signal transduction are
conserved. Interestingly, concerning the functional-
structural importance of helices 3, 6 and 7, an evolu-
tionary study using orthologs of a P2Y-like receptor
(GPR34) showed that these three helices are more
conserved over 450 million years of evolution com-
pared to other TMHs [56].

Constitutive activation of the G,q pathway by double
mutations in the TMHs of the TSHR. The TSHR also
signals via the G,q pathway with physiological rele-
vance, as well as via the G,s pathway [6, 57]. To date
only 6 out of 44 in vivo mutants are known to
constitutively activate the TSHR for the G,q signaling
cascade (www.fmp-berlin.de/ssfa, http://innere.uni
klinikum-leipzig.de/tsh, [7]). Our functional charac-
terization of the generated constructs revealed no
constitutive G,q activity for the single mutations
(Table 1 and Fig. 4A). However, most surprisingly, 6
of 16 double mutations showed increased basal G,q
activity (Table 1 and Fig. 4B). These 6 constructs
represent further striking examples for synergism in
signal amplification and, therefore, also for the
cooperation of TMHs. Moreover, only combinations
including mutations in TMH1, 2, 3 and 6 were able to
induce basal Gq signaling. In particular, the impact of
TMH3 was much more pronounced for basal IP
formation than for basal cAMP accumulation. Strik-
ingly, compared with the G,s pathway, TMH7 showed
no direct influence on basal G,q signaling. The
different preferences of TMHs to influence G,s or
G,q signaling suggest that, after ligand binding and
activation of the receptor, different conformational
states exist that contribute to G protein selectivity and
activation. In the rare cases of constitutive activity for
the G,q pathway induced by single mutations, the
change in conformation seems to be more pronounced
in the case for G,q activation as compared to other
substitutions leading only to G,s activation. These
differences most likely depend on the nature of the
substituted amino acid. Interestingly, these constitu-
tively IP active mutations also exhibit exceptionally
high basal cAMP activities (www.fmp-berlin.de/ssfa,
http://innere.uniklinik um-leipzig.de/tsh).

However, the single mutants selected for our study
showed moderately increased basal signaling and no
constitutive activity for G,q, suggesting that the
structural changes induced by these side chain
alterations were not effective enough to induce
constitutive activity for both pathways. It is difficult
to extract molecular explanations for the constitutive
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activation of the G,q pathway for the double
mutations due to the complexity of the intramolec-
ular network between the TMHs. Based on our
receptor model, the side chain of G431'* in TMH1
points towards residue P675”" of the conserved
NPXXY motif in TMH?7. Substitution of the native
G431'* with serine leads to a repulsion event by van
der Waals forces and consequently to a displacement
of THM1 and 7 relative to each other. A similar result
can be observed for mutant M452**T in TMH2. The
methionine is also orientated to the NPXXY motif
but opposite to Y678”*. Substitution of the methio-
nine at residue 452>* to the branched amino acid
threonine very likely leads to van der Waals contacts
with Y6787 and therefore to a repulsion of the two
helices.

Both described actions of the single mutants were not
able to induce a constitutive activation of the G.q
pathway. However, combination of these single
substitutions could overcome the threshold for
ligand-independent G,q activation, most likely by
the addition of the repulsion effects leading to a
higher basal G,s and also to constitutive G,q signal-
ing. The phenotype of a mutation in a particular
transmembrane helix may be due to a direct effect on
the function of the helix carrying the mutation.
However, we cannot exclude that the observed
synergistic effects are also mediated by indirect
influences on neighboring helices, e.g. displacement
of TMH2 and 7 relative to each other could also
result in a conformational change in the two helices
connecting ICL1.

We suggest that the TSHR mediates its G protein
selectivity by different conformations, which can be
partially overlapping for G.s and G,q. Further experi-
ments must clarify which particular intracellular
receptor structures are necessary for the recognition
of the different G protein a subunits.

Suppression of synergism by new H-bond interactions
between TMH3 and TMH6. Remarkably, only two
particular double mutants L512**Q/Y601°*N
(TMH3/5) and L512**Q/A623%*V (TMH3/6) did
not show synergistic signaling effects regarding
cAMP accumulation. Their constitutive activity re-
mained at the level of the respective single mutants
(Table 1 and Fig. 3A). We concluded that the pheno-
types of these constructs might be related to a
position-dependent event mediated by the L512**Q
substitution. To understand the molecular mechanism
of this particular absence of cooperativity caused by
L512*#Q, we performed molecular modeling studies.
We showed that instead of leucine, the substituted
hydrophilic side chain glutamine formed a new H-
bond interaction directly with D633%* in an opposite
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location at TMH6 and led to a fixation of TMH3 and 6
in a partially active conformation (Fig.3B). This
suggests that the new H-bond formation of D633%#
very likely leads to an immediate abrogation of the
native H-bond interaction between D633%* (TMHG6)
and N674’* (TMH7) known to be sensitive for
constitutive receptor activation [20, 21, 49]. Relating
to the double mutation L512>%Q/A623%**V, the
introduction of the second mutation A623°**V near
the cytoplasmic site of TMH6 cannot overcome the
constraint caused by L512*#Q since the interaction of
L512*4Q with D633%* prevents further displacement
of TMHG6 during the activation process. Therefore, we
generated further double mutants, which contained
S505**N instead of L512***Q. S505**N cannot inter-
fere with D633%* since it is located two turns above
L5124 in TMH3. Indeed, combinations S505**°N/
Y601>N and S505**°N/A623°*V displayed syner-
gism for signal amplification of basal ligand-inde-
pendent Ggs signaling (Table 1 and Fig. 3A). These
data indicate the intramolecular mechanisms by which
the constitutively activating in vivo mutation
L512°4Q leads to hyperthyroidism. Furthermore,
they emphasize the role for the intramolecular H-
bond network between the TMHs for maintaining the
receptor in the inactive state.

Taken together, our results show that several double
mutants in the transmembrane region cause syner-
gistic effects regarding ligand-independent G s-medi-
ated signaling at the TSHR. More important, for the
first time also for the G,q pathway, synergistic signal-
ing effects were determined for double mutations in
the TSHR. Surprisingly, in contrast to previous
observations for other GPCRs, our approach of
double mutant design by combining single CAMs in
the helices with each other, reveals that synergistic
signaling effects at the TSHR are not restricted to a
focused and limited subset of TMHs. In agreement
with observations for other GPCRs, like the very
recent data about the opioid receptor [58], we
conclude that multiple conformational changes in
the structural arrangement of the TMHs are necessary
for receptor activation and signal transduction. In
addition, our results suggest that conformational
changes caused at TMH2, 6 and 7 have a higher
impact on G, s-mediated signaling, whereas TMHI, 2,
3 and 6 are essential for G,q activation.
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