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The Gus variant F376V causes a novel disorder
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Context: The alpha-subunit of the stimulatory G-proteimugflinks numerous receptors to
adenylyl cyclase. s, encoded bENAS s expressed predominantly from the maternal aitele
certain tissues. Thus, maternal heterozygous Ibfgaction mutations cause hormonal
resistance, as in pseudohypoparathyroidism typeHde somatic gain-of-function mutations
cause hormone-independent endocrine stimulatioim, MsCune-Albright Syndrome

Objective: We here report two unrelated boys presenting aitlew combination of clinical
findings that suggest both gain and loss a$ @&nction.
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Design, Setting: Clinical features were studied and sequencin@MASwas performed.
Signaling capacities of wild-type and mutarmsGvere determined in the presence of different G
protein-coupled receptors (GPCRs) under basal godist-stimulated conditions.

Results: Both unrelated patients presented with unexplaimgubnatremia in infancy, followed
by severe early-onset gonadotrophin-independegbpieus puberty and skeletal abnormalities.
An identical heterozygouse novovariant (c.1136T>G; p.F376V) was found on the mmte
GNASallele, in both patients; this resulted in a dalphenotype that differ from knownoS-
related diseases and suggested gain-of-functitireakeceptors for vasopressin (V2R) and
lutropin (LHCGR), yet increased serum parathyradione (PTH) concentrations indicative of
impaired proximal tubular PTH1 receptor (PTH1R)diion. In vitro studies demonstrated that
Gas-F376V enhanced ligand-independent signalingeaPifH1R, LHCGR and V2R and, at the
same time, blunted ligand-dependent responsest@tallhomology modeling suggested
mutation-induced modifications at the C-terminathelix of Gus that are relevant for

interaction with GPCRs and signal transduction.

Conclusions: The Gus p.F376V mutation causes a previously unrecogmaeiti-system

disorder.

This study describes a multi-system disorder caused by a new heterozygous human Gas mutation that
induces both gain- and loss-of function effects in interplay with diverse G-protein coupled receptors.

I ntroduction

Heterotrimeric G-proteins, comprised of a speafha 1) subunit and associated befq &nd
gamma {) subunits, activate a variety of distinct intrdgkr signaling pathways (1,2). These
signaling events are normally initiated when therGtein heterotrimer interacts with the
cytoplasmic portion of an agonist-activated G-pretmupled receptor (GPCR) (3). Activating
mutations in either a GPCR or a G-protein thatease ligand-independent signaling are the
cause of several diseases (4,5).

Thea-subunit of the stimulatory G-protein ¢&), encoded bE6NASexons 1-13, links a
large number of different GPCRs to the adenylylaye/cAMP pathway. Through as-yet
unknown mechanisms,oS expression from the paterr@@NASallele is reduced in a tissue-
specific manner, such that cells of the renal pratitubule, thyroid, pituitary, and several other
tissues expressds predominantly from the maternal allele. Consetjy@mactivating Gis
mutations on the maternal allele, as in pseudohgabyroidism type la (PHP1A), lead to a
multi-system disorder characterized by parathyhamidnone (PTH)-resistant hypocalcemia,
impaired signaling at the thyrotropin receptor legdo reduced thyroid hormone production,
and several other endocrine and developmental atalbies (6).

Somatic gain-of-function mutations inu&that occur at either position R201 or R227 (@) ar
found in a variety of human cancers and benign ema® tumors (8). In addition, mosaic
expression of @ mutations at residue R201 give rise toMune-Albright Syndrome
Depending on the embryonic stage at which the somatleotide change occurred, these
patients present with a combination of differeimichl and laboratory findings that can include
gonadotropin-independent precocious puberty inyeafdncy that is resistant to treatment with
GnRH agonists, hyperthyroidism, café-au-lait spat&l variable skeletal findings (9,10). R201-
Gas mutations are not transmitted through the geenfmesumably because of early lethality
due to excessive cAMP signaling (11)

Previously, two male patients with gonadotropingpendent precocious puberty and PTH-
resistant hypocalcemia were shown to carry an id&n®Bas mutation, A366S, which was
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associated with agonist-independent activatioroofes GPCRS, yet hormonal resistance at
others (12). Thus, these patients presented witlinddpendent precocious puberty and
resistance at the receptors for PTH (PTH1R) andbtigpin (TSHR). These discrepant findings
were thought to be explained by instability of Ges mutant at body temperature, combined
with agonist-independent activation of the lutropoeptor (LHCGR) because of accelerated
release of GDP at the lower temperature of thesest

We now report two unrelated male patients, who weferred to us with an unexplained
combination of severe asymptomatic infantile hyperaia, skeletal and growth plate
abnormalities, early-onset pubertal developmentaamhrent PTH-resistance in the proximal,
but not in the distal renal tubules. The same n@eal mutation (p.F376V) was identified in
both boys andh vitro studies revealed GPCR-specific signaling abnorrealitvhich explained
the patients unusual phenotypes, i.e. symptomsstigggested both gain- and loss-of function.

Patients and M ethods

The parents of both patients have consented teeffarted investigations. Two unrelated boys
presented first with unexplained hyponatremia fangy and subsequently with early-onset
gonadotrophin-independent precocious puberty, &devserum PTH concentrations and unique
skeletal abnormalities. This previously unreportethbination of symptoms and laboratory
findings was indicative of both gain- and loss-offiétion at different GPCRs that had not been
encountered in otherdS-related diseases (clinical data are summarizédlote 1, comparative
phenotypic information is provided in Table 2, atedailed patient information are available in
the supplementary material).

DNA sequence analyses

GNASexons 1-13 underwent direct nucleotide sequenakysia for patients 1 and 2; whole
exome sequencing was furthermore performed foepgafi. To determine the parental origin of
the mutation, a PCR fragment was amplified fromhlgtients and their parents that extends
from intron 6 to the 3’-non-coding region telomeoifcexon 13, i.e. the exon that comprises the
patient’s mutation. The PCR products from eactepatiere cloned into a TA cloning vector
(Life technologies, Darmstadt, Germany) and 10 petelent colonies underwent nucleotide
sequence analysis.

Construction of G-alphavariants

Wild-type (wt) human Gs (NM_000516) was cloned into the pcDps expresggmtor, as
described previously (13); investigated<Gvariants were introduced by standard mutagenesis
technique. To determine if G-protein expressiomalified in the presence of tested GPCRs, a
luciferase (NanoLuc) was introduced between amandsa324 and 325 of the wild-type and
mutant Gis.

Determination of WT-Gas and Gas-variant expression via lucifer ase activity

HEK?293 cells lacking @s (GSG-5 cells) were seeded in white 96-well plgtesx1diwell).

The following day, cells were co-transfected wtie NanoLuc-modified wild-type and mutant
Gas, in combination with the TSHR, LHCGR, MC4R, PTHAMRR, or empty vector using
Metafectene® (Biontex, Munich, Germany) accordimgnianufacturer’s protocol using Opti-
MEM without phenol red. 24h after transfection, #Bvell NanoLuc substrate Nano-Glo™ (50
pHM) was injected using Berthold Mithras LB 940. Theiferase activity was measured at 460
nm + 25nm in triplicates.

Determination of signaling properties of Gas-variants
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Functional characterization of wt and mutanisGvas performed using mouse fibroblast 2B2
cells that lackGnasexon 2 on both alleles (14) and GSG-5 cells, ddrivem the human
embryonic kidney cell line (HEK293), which had besmgineered by CRISPR-Cas9 to laaksG
the latter cells were stably transfected to expifessuciferase-based GloSensbcAMP
reporter. Cells were seeded in 96-well plates (Ixi€ll). Next day the different GPCRs (TSHR,
MC4R, PTH1R, LHCGR or V2R) were co-transfected withor mutant @s at a ratio 1:1 using
Metafektene (Biontex, Munich, Germany) for 2B2 sell Lipofectamine-2000 (Invitrogen
Promega) for GSG-5 cells according to the manufacsuprotocols. Two days later cAMP
accumulation assays were performed at 37°C asquglyidescribed (15). For GSG-5 cells,
intracellular cAMP was monitored by treating théceiith luciferin (5 mM) and measuring
changes in luminescence over time at room temperaging a PerkinElmer Envision plate
reader. Basal CAMP was measured for 14 minutes oiratedy following the addition of
luciferin, and ligand-stimulated cAMP responsesensrbsequently measured for 88 minutes
following the addition of PTH(1-34) (100 nM).

Data analysis

All data are given as raw data (mean + SEM) obthifnem four independent experiments
performed in triplicates. Bar graphs and dose-nespaurves as well as statistical analyses were
generated using GraphPad Prism Version 6.0 (GrapBBtware, San Diego, CA). Data
obtained with GSG-5 cells are reported as mearisM &8f six independent assays; for each
assay, data from replicate wells (twelve for basal two for each PTH concentration) were
averaged before combining the data to obtain trenmralues for the six independent
experiments.

Structural homology modeling

A structural homology model ofdS in its inactive conformation was generated togthe
interactions of F376 in the context of the wild-eyprotein. We compared the inactive model
with the already known active and receptor-boung Gonformation (16). In brief, an inactive
state structure of & without the N-terminal helix is already availafiRDB entry 1AZT (17))

as well as for the trimeric Gi protein (PDB ent@R2 (18)). To build a completed inactivess
model, the available € crystal structure was superimposed ontaxthabunit of Gi and the N-
terminalal-helix (which has not yet been resolved for thes Gtructure) and was inserted by
substituting the N-terminal helix ofdbinto the incomplete &s structure. The mutant amino
acids were then introducéa silico into the chimeric template of wild-typeoS. The resulting
completed heterotrimericdd model was refined by geometry optimization anergy
minimization of the side chains until convergingagermination gradient of 0.2 kcal/mol*A

with constraint backbone atoms, which were finadlipased in a second minimization step until
converging at a termination gradient of 0.1 kcaltoThe Gos-variants (p.F376V, p.F376Y,
and p.F376M) were introduced into the inactive vijijde Gus model to unravel the potential
local impact of these side chain variations. Allstural modifications were performed using the
software SYBYL-X 2.0 (Certara, NJ, US). The AMBER%orce field was used for energy
minimization. Structure images were produced ugiegPyMOL Molecular Graphics System,
Version 1.5, Schrodinger, LLC.

Results

A previously unrecognized phenotypein two unrelated patients
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Both male patients, 7 and 3.5 years of age atddetv-up, respectively, were born at term after
uneventful pregnancies to unrelated parents witfamoly history of note. A more detailed
patient description and discussion is providedh&dupplemental material.

Nephrogenic syndrome of inappropriate anti-diurgdiSI1AD)

Both patients presented in the first few daysfefwith clinically asymptomatic hyponatremia in
the absence of hyperkalemia, which was detectedantally when analyzing blood glucose and
gases. Investigations revealed no evidence foictkeifie mineralocorticoid production
(hypoaldosteronism) or action (i.e. pseudohypod&tosism) and both patients were deemed
euvolemic. A mutation in vasopressin receptoA2RPR2 protein name V2R) causing NSIAD
was suspected in patient 1 but excluded by direcleotide sequence analysis; treatment with
sodium supplementation was started. In patieny@etiension induced by sodium supplements
and mineralocorticoids (fludrocortisone) was trdatgth amlodipine. Copeptin, a marker of
arginine vasopressin (AVP) secretion, also know@&gproAVP, was low (<3.6 pmol/l) on four
occasions when serum sodium was normal or lomieé osmolality remained persistently
elevated (>800 mosm/kg). A tolvaptan (V2R antagdmisallenge failed to increase urine output
and to decrease urine osmolality consistent withNBS Treatment with sodium alone or with
sodium and fludrocortisone were discontinued irhltients at 3 years of age.

PTH-resistance in the proximal, but not the distahal tubules

Both patients had persistently elevated PTH sermmeentrations in association with total
calcium concentrations that were within the normaalge, and serum phosphate levels that were
at the upper end of the normal range or slightyaied. 25(OH)D and 1,25(0OD)

concentrations were within the normal range. Batti & low urinary calcium/creatinine ratio
(patient 1: 0.05 mol/mol, patient 2: 0.09 mol/mad there was no evidence of
nephrocalcinosis. Treatment of patient 1 with ¢etdiand of patient 2 with 1-alpha calcidol at
relatively low doses reduced PTH serum concentratio

Evidence for increased PTH1R activity in bone armwgh plates
Both patients had enlarged and persistently opterianfontanelles beyond the age of one year,
rather short distal phalanges, and subtle wideaofribe growth plates, but neither had, until the

age of 3 yrs, clinical or radiographic feature\6éfO such as brachymetacarpy, and there was no

evidence for fibrous dysplasia. Patient 1 develogmatre deformities of the lower limbs and
suffered a spontaneous right tibial fracture atykars of age, which required surgery [Fig. 1].
At the age of 1.25 years, a skeletal survey oepa2 showed subperiosteal erosions,
particularly at the proximal radius, metacarpald amnddle phalanges, and evidence of acro-
osteolysis at the distal phalanges of hands and fee

Gonadotrophin-independent precocious puberty

Both patients were noted to have symmetrical telsticenlargement and signs of precocious
puberty at about 2 years of age that were assdorath accelerated growth and significantly
advanced bone age. Elevated serum testosteronertaatons were noted; yet there was no
increase in luteinizing hormone (LH) and follitragiFSH) secretion after challenge with
gonadotropin-releasing hormone (GnRH), i.e. findiognsistent with gonadotrophin-
independent precocious puberty [Tab 1]. Treatmattt an aromatase inhibitor (Anastrozole)
and initially cyproterone acetate (anti-androgea¥wherefore commenced in both patients; the
latter medication was subsequently substitutedibglBtamide. Based on the radiographic
findings at follow-up after 5 years of treatmenpitient 1 and after 1.5 years in patient 2, these
medications have had no significant effect on baye advancement. The gonadotrophin-

8102 1840100 9| U0 Jasn uopuoT 868|100 ANSISAIUN/UNESH PIIUD JO 8InMIsul A 88€921G/0GZ10-8L0Z"0/0LZ L 0L/10P/A0BSE-0[ILE-80UBAPE/WSD(/W09" dNODlWapEsE//:SA)Y WO} PSPEOjUMOQ



THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

=
L
U
-
L
—l
S
—
oC
<
LL
O
Z
<
>
Qo
<

ENDOCRINE =
SOCETY Ema

The Journal of Clinical Endocrinology & Metabolis@opyright 2018 DOI: 10.1210/jc.2018-01250

independent precocious puberty resembles thatisd®mys with MAS or testotoxicosis due to
activating LHCGR mutations (19).

Other findings

In Patient 1, hypothyroidism was suspected becatiaesingle low fT4 concentration (0.75
ng/ml, reference range: 0.89 — 2.22) with a ser@h Berum concentration in the upper normal
range (4.08 mU/I, age related reference range:5809%). Thyroid hormone replacement (25
pg/day) was therefore started at the age of 1 yeaatient 2, TSH concentrations were normal
(2.79 mU/l) at 1.2 yrs (age related reference rahge4.0 mu/l).

Patient 2 has two small café-au-lait patches, bithar patient has additional cutaneous
features characteristic of MAS and neither had gdalp cutaneous ossifications as can be
observed in PHP1A. Both patients have delayed nu#eelopment and patient 2 also has
significantly delayed expressive language. Thermisvidence for abnormalities in the
GHRH/GH/IGF1 axis, as determined by IGF1 measurésnéiowever, an effect of excessive
GH production on growth may have been masked bglaated bone maturation due to severe
precocious puberty [Suppl. Fig. 1].

GNAS nucleotide sequence analyses

Direct nucleotide sequence analysissédASexons 1-13 revealed in both patients an identical
heterozygous missende novamutation (c.1126 T>G; p.F376V) in exon 13, whichswet
identified in the parents. Furthermore, whole ex@®guencing of patient 1 provided no obvious
additional candidate variants explaining the clh@nd metabolic phenotype. To determine
whether the identified mutation resides on the maleor the paterngbNASallele, genomic
DNA from both patients was amplified across aniimfative SNP irGNASintron 6 (rs919196)
and the ¢.1126T>G variant; note both patients @fe While both mothers are homozygous for
C, and both fathers are homozygous for T. Allefeasation was performed by cloning the PCR
products. Nucleotide sequence analysis of ten iexiggnt clones revealed that tBRIASexon

13 mutation always segregated together with themalt cytosine for SNP rs919196, thus
documenting that the 8 mutation resides on the maternal allele.

Functional characterization of & variants
The complex phenotype exhibited by both patienggested agonist-independent activation of
some GPCRs, yet hormonal resistance at othersGagd-376V mutant was therefore
functionally assessed in cultured cells by co-esgireg wild-type and mutantdS with the
GPCRs implicated in the different abnormalitiesnely V2R (water reabsorption), LHCGR
(gonadotrophic action/puberty), PTH1R (mineral lmmmeostasis, bone metabolism, and growth
plate development), TSHR (thyroid function) or rmeleortin-4 receptor (MC4R, weight
regulation) [Tab. 2].

To ensure that expression of the G proteins isniloienced by co-transfected receptors,
protein levels of wt-Gs and Gs-F376V were determined by measurement of luciéesasivity
in the presence of all tested receptors. Cellaghaels of wild-type and mutantoS were
indistinguishable in the presence of TSHR, V2R, IGFCand PTH1R; however, in the presence
of MC4R, expression of &-F376V was slightly increased [Suppl. Fig. 2].geon further
insights into how specific side chain propertiep@sdition 376 might affect signaling function
two additional @&s variants, p.F376M or p.F376Y were introduced famdtionally
characterized.

In 2B2 cells, basal cAMP levels were indistinguisleavhen co-expressing eithen$s
F376V or wt-Gis with the TSHR or MC4R [Fig. 2A,B]. However, wheo-expressed with
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V2R, LHCGR, or PTH1R, the €3-F376V variant revealed increased basal CAMP aatation
that was 1.6-, 1.5- and 2.3-fold, respectivelyhkigthan that observed with cells co-transfected
with wt-Gas [Fig. 2]. In contrast, agonist-dependent cAMPuatglation was 40-50% lower for
all receptors when co-transfected with the F376\{amt) as compared with wteS [Fig. 2-3].

To validate results obtained in the 2B2 cell systarsecond cell system, namely HEK293 cells
deficient in Gis (GSG-5), were used to test the PTHI1R in the poeser absence of PTH(1-34)
(20). Co-transfection of GSG-5 cells withu§F376V and the PTHILR resulted in approximately
2-fold higher rates of basal cAMP accumulation¢c@spared to cells co-transfected with wt-
Gas and the PTH1R. However, in comparison to celfgessing wt-Gs and the PTH1R, the
response to PTH(1-34) was blunted in cells co-feantied with Gis-F376V and the PTH1R
[Suppl. Fig. 2].

Additional F376 variants:

Substitution of phenylalanine at position 376 viitfosine (p.F376Y) resulted in strongly
diminished signaling after agonist stimulation wherexpressed with the different GPCRs [Fig.
2-3], which was similar to the findings with thex$§&F376V mutant. In the absence of agonist,
Gas-F376V revealed similarly enhanced cAMP signalitggn coexpressed with V2R, LHCGR
and PTHI1R [Fig. 2-3]. In contrasto&F376Y mutant displayed functional properties Ento
those of the patient’s mutation leading to the mion that the additional hydrophilic hydroxyl-
group of the tyrosine modifies the essential hydadpc core interactions observed with
phenylalanine present in wild-typex&at this position [Fig. 4].

Surprisingly, the @Gs-F376M substitution revealed more complex siggtiroperties. For
V2R and LHCGR, ligand-induced signaling was complr#o that observed with wild-typeosS
[Fig. 2-3], but was reduced for TSHR [Fig. 2-3].dontrast, maximal signaling response was
enhanced for the PTH1R and the MC4R (1.5- to 2}fotanpared to signaling with wild-type
Gas [Fig. 2-3]. Importantly, methionine at this pasit does not lead to a significant increase in
basal signaling.

Insights from structural homology models

Amino acid F376, located in the C-termin&k-helix, is highly conserved in the alpha-units of
different G proteins [Suppl. Fig. 3]. In the inaetiGas conformation, the F376 side chain is
embedded into a hydrophobic/aromatic cage formelddi3y M60, H64, F212, F219 and M221,
located in the31-, B2-, p3-strands and the N-terminal helix 1 [Fig. 4A1] €8k residues
rearrange considerably during the activation preteshereby modulate the GDP/GTP-binding
pocket. However, unlike disease caused by mutaabnssidue R201 (9,10), R227 or A366 (12),
F376 is not immediately proximal to the nucleotiieding site. Nevertheless, substitution with
valine at position 376 (p.F376V) is predicted tstdib the critical network of hydrophobic
interactions and to thus indirectly perturb theabaic site environment [Fig. 4A2]. In contrast,
substitution with methionine (p.F376M) largely mains the essential side chain interactions,
which is consistent with the near-normal signajimgperties observed for thex&F376M

mutant [Fig. 2-3]. The mutation in our patient$s3-376V, with a shorter and more branched
side chain compared to phenylalanine, most likeads to a loss of tight hydrophobic
interactions, which then can cause, in compariedhé wild-type protein, modifications in the
relative spatiab5-helix orientation. In addition, the p.F376Y mutarith functional properties
similar to that of the mutation identified in owatpents, strongly supports the conclusion that the

additional hydrophilic hydroxyl-group also intertsghe essential hydrophobic core interactions.

Discussion
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We here describe a previously unrecognized corgdniiman disorder caused by a novel,
maternal &s mutation, namely p.F376V, that is characterizgd hnique combination of
clinical and laboratory findings, including NSIAD@& GnRH-independent precocious puberty.
In addition, PTH was elevated because of resistamte proximal tubules whereoS is

derived predominantly from the mater@iNASallele, thus leading to secondary
hyperparathyroidism. However, due to bialleliesGxpression in most other tissues, including
osteoblasts, bone turnover was found to be incdelaseling to skeletal changes reminiscent of
hyperparathyroidism, i.e. changes that can be emieced in PHP1B (21). Furthermore, it
appears likely that elevated PTH concentration,lmoed with normal paternalds expression

in chondrocytes, resulted in growth plate changesmissent of rickets similar to those
encountered in a few young patients with PHP1B.(R&)spective of the underlying
mechanisms, the co-incidental identification of twwelated patients, who presented with
indistinguishable, unusual combinations of clinigatl metabolic features, strongly suggest that
the identifiedde novop.F376V mutation on the materr@NASallele accounts for this thus far
not described phenotypic profile of the disorder.

A novel feature of both patients was agonist-indeleait activation of the V2R-regulated
pathway leading to NSIAD with the p.F376V mutatiarGas. Activation of the V2R which is
caused by constitutively increased signaling hasaen described in MAS nor in any other
Gas-related disease reported to date. The resolafibgponatremia after early infancy was
likely due to adaptive mechanisms, such as changagtrition and self-regulation of thirst-
driven fluid intake, comparable to that encounterepatients with NSIAD due to gain-of-
function mutations i\VPR2(23). However, excessive free water intake mapénfuture again
lead to hyponatremia.

Gonadotrophin-independent precocious puberty carabsed by mosaic ofds mutated at
residue R201, as observed in MAS (10) , or by atitig somatic or germline LHCGR mutations
(19). In the latter case, the disorder presents kapid symmetrical growth of testes associated
with premature testosterone production. This isicdlly similar to the findings in our two
patients, but distinct from the frequently, but abways, observed asymmetrical testicular
volume encountered with somatic expression of bmoemal Gis-R201 alleles (24).

Serum PTH concentrations were elevated, yet sehosghate concentrations were at the
upper end of normal or slightly elevated, but reatuced. This is consistent with reduced PTH-
responsiveness of the PTH1RASF376V complex in the proximal tubule cells whéxes is
expressed predominantly from the mate@BalASallele. As a consequence of increased serum
PTH concentrations, augmented PTH1R signalingeadipted to occur when this GPCR is
coupled to wt-Gs derived from the paternal allele, i.e. in tisswéh biallelic Gas expression.
The urinary calcium-to-creatinine ratio was lowbioth patients indicating that calcium
reabsorption is fully functional in the distal tués, where @s is expressed from both parental
alleles. Thus, either PTH can stimulate efficiemilg complex comprising the PTH1R and
paternal wt-Gs, as is observed in PHP1B and PHP1A, and/or ligatejpendent calcium
reabsorption occurs due to the complex betweeRPT¢LR and the maternabG&-F376V
mutant.

The skeletal changes leading to bowing of weiglaring bones as well as the subperiosteal
erosions and acro-osteolysis, particularly of tistadl phalanges [Fig. 1], were in keeping with
enhanced activation of the PTH1R expressed in bktsis. These changes might be caused by
agonist-independent signaling mediated by compléx@sed between the unoccupied PTH1R
and Gus-F376V in osteoblasts which could lead to incrdaages of bone turnover and
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resorption. However, the agonist-independent effentosteoblasts, and chondrocytes as
outlined above, could be augmented also by elevsgadn PTH concentrations and thus
sustained activation of the PTH1R coupled to wis@Gvhich is reminiscent of secondary
hyperparathyroidism in children with PHP1B or chookidney disease (21,22).

To better understand the mechanisms responsibtaifopreviously unreported human
disorder, we co-expressedi$variants with a sub-set of GPCRs that are expdasstissues,
which are known to be associated with the symptobsgrved in our patients [Tab. 2]. In fact,
ligand-independent signaling was induced when the- 376V mutant was co-expressed with
the V2R, PTH1R and LHCGR in concordance with theichl symptoms of the two patients,
but not with the TSHR and MC4R [Fig. 2-3]. Also etstent within vivoevidence for PTH-
resistance in proximal tubules darvitro experiments revealed a blunted response to PTHY1-34
when the PTH1R was co-expressed with ths-6376V mutant [Fig. 3 and Suppl. Fig. 3]. The
p.F376V mutation resides in both patients on theemal allele, which contributes in some
tissues, such as the proximal renal tubules, nroatt Gos proteinlin vitro, the response to PTH
was blunted at the PTHL1R in the presence of tie rGutant, which is likely responsible for the
PTH elevation caused by PTHI1R resistance in thigquoof the kidney. It thus appears
plausible that the presence of the p.F376V mutaiiothe paternabNASallele could lead only
to NSIAD and gonadotrophin-independent precociausepy without PTH resistance. The fact
that the maternal p.F376V mutation facilitates fidandependent cAMP formation in a
receptor-specific manner is consistent with theicdil findings observed in both boys. Three
different mechanisms are likely to explain the wal€ombination of findings in our patients,
which include features of both loss- and gain-afefiion of Gus: (i) loss-of-function effects that
are caused by impaired activity of thesGmutant and thus hormonal resistance in thosettarg
tissues that rely predominantly or exclusively oatennal &s expression(ji) GPCR-dependent
gain-of-function effects that are agonist-indeperidand(iii) effects that are caused by the
elevated PTH concentrations and activation of the R when coupled to the wteG
transcribed from the patern@aNASallele.

At the protein structural level phenylalanine 33@ocated near the C-terminus of thesG
a5-helix and a phenylalanine at this position ishlygconserved among all G-protein subtypes
[Suppl. Fig. 4]. In the inactive conformation, #smatic side chain is embedded into a
hydrophobic core that is formed by side chainsewtijg from several different portions of the
Gas scaffold [Fig. 4A1]. This localization enables/B3o act as a key transducer of the
conformational forces that propagate from the @iteal portion of thex5-helix as it engages an
activated receptor (25,26) [Fig. 4B] to the inte@omponents of the G-protein that directly
participate in the GDP/GTP exchange mechanism &valine mutation at F376 likely causes a
marked perturbation of the hydrophobic core comfigjon and consequentip-helix changes
that differ from those of the wild-type protein §F4B1]. This hypothesis fords is supported
by in vitro studies at Gi, where mutations at the correspanplirenylalanine lead to rotation of
the a5-helix (28). Moreoverin vitro studies at the corresponding phenylalaninesodf(20) or
Gai (30) revealed constitutive G-protein activatioithwrespect to an increased GDP/GTP
exchange, but they are (partially) resistant tmskation by agonist-occupied GPCRs. Amino
acid F376 in @s corresponds to F341 i@l where the p.F341L mutation causes autosomal
dominant hypocalcemia (31).

Our experimental data indicate that the p.F376Vatnu, combined with the proposed
spatial displacement of thé-helix, decreases ligand-induced down-stream Bignat the
investigated receptor/ligand complexes [Fig. 2&3] already known from a crystallized
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GPCR/Gs complex (16) [Fig. 4B],os undergoes major global and local structural m@rém
during activation (25,27,28,32). This general fimglhas recently been confirmed at the
structural level also for GPCRs complexed with GGo, as elucidated by cryo-electron
microscopy (33-35). In the active state, F376 witiie GPCR/@s complex (16) is located
spatially close to the intracellular loop 2 (IIZ)the receptors, but a direct contact was not
observed in these GPCR/G-protein complexes withouhd nucleotides. Therefore it can only
be speculated that F376 may play a crucial roleafpotential pre-coupled state, the transition
between the inactive and fully-active state, ordissociation of the G-protein from the GPCRs.
In addition, our findings based on side chain & at position 376 support two hypotheses:
(1) The receptors are different in their fine-tunearattion process withds, which would be

in accordance with the differences in basal agtiwtiserved for the tested GPCRs in complex
with the Gus-F376V mutant(2) Maintenance of the hydrophobic side-chain at tbsitpn is
essential to facilitate signaling and a methiorgae maintain these properties in contrast to a
valine.

In summary, thén vivoandin vitro findings suggest that NSIAD is caused by a rectirren
maternal &s mutation (p.F376V), which also leads to precogipuberty and skeletal dysplasia
[Tab. 2]. It can therefore be expected that otherentommon diseases, such as precocious
puberty or skeletal dysplasia or NSIAD of unknowigim, can be caused byoS mutations
similar to p.F376V, if these reside on the patefidASallele thus enhancing GPCR-
independent signaling. The knowledge gained frolquenligand-independent and ligand-
dependent consequences caused by thssv@riant will be helpful in the future developmeit
targeted therapies, and for the clinical manageroktitese patients, for example, restricted fluid
intake in view of the predisposition to hyponatrami
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Figure 1. Radiographic studies of skeletal featuresin the patients. Radiographs of patient 1
showing the skeletal abnormalities such as antetura of the left distal tibia, bowing of both
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upper legs, enlargement of the metaphyag¢fadiographic study of patient 1, at 1 year 8
months and 7 yearB) Radiographic study of patient 2 at 1 year and &t

Figure 2: Functional characterization of wt Gas and variants co-expressed with several

different GPCRs. 2B2 cells were co-transfected with GPCRs, anceeithld-type or mutant
Gas, as indicated. After two days, CAMP accumulati@s determined in the absence or
presence of maximal concentration of indicatedndgaby alpha screen technology. Results of
four independent experiments performed in tripedatvere shown as mean + SEM. Statistical
analysis was performed with one-way ANOVA with KkaksWallis test, indicated receptors +
Gas were tested against receptors in the preserdifferent Gus variants; * p< 0.05, ** p<
0.01, ***p < 0.001, ****p < 0.0001.

Figure 3: Functional characterization of wt Gas and variants co-expressed with different
GPCRs. 2B2 cells were co-transfected with GPCRs, and wjifte or mutant @s, as indicated.
After two days, CAMP accumulation was determinethm presence of decadic increasing
concentration of indicated ligands by alpha scteehnology. Results of four independent
experiments performed in triplicates were showmaan = SEM.

Figure 4: Phenylalanine 376 in different Gas conformations and activity states. A-A1) In the
inactive state conformation of the heterotrimerics@mino acid F376 is cage-like embedded by
several hydrophobic and/or aromatic amino acidewshas green sticks). F376 is not directly
located at the GDP/GTP (shown as orange sphenmsingipocket unlike known pathogenic
Gas mutationse.g.residues A366, R201 or Q227 (7) (magenta stig®). Mutational variants
such as p.F376V, p.F376Y and p.F376M lead to spetdifainges in the tight
hydrophobic/aromatic environment at position 37@tihonine is aliphatic in contrast to
phenylalanine, but is hydrophobic and interactaromatic ring systems. Valine is
characterized by a shorter and more branched bala compared to phenylalanine. The patient
mutant F376V therefore most likely leads to a loisthe tight interactions, which finally can
cause structural modifications in the relative spab-helix orientation compared to wild-type.
B) From the crystal structuredS/B-2AR complex (PDB entry 3SN6 (16)) it is known thiad:
Gas-protein undergoes structural re-organizationnduimteraction with the receptar,g.a

global movement of the helical domain (arrow), dedliy ligand-induced conformational
changes in the receptd®@l) The superimposition between the active and theiveGs crystal
structure shows that F376 changes the spatialifat@n during G-protein activation related to
local movements of the C-termires-helix.

Table 1: Clinical and metabolic findings in the two patients. Clinical and biochemical findings

in the patients witlp.F376V compared to patients with pseudohypoparaitiigm and

precocious puberty (p.A366S) caused by proteirabikty (12) or found in McCune Albright
Syndrome (p.R201H) (10). Characteristic findingshef three different diseases are highlighted.
“+” present, “-“ not present, “+/- “ unilateral tes enlargement

Patient 1 thisstudy | Patient 2thisstudy | Precociouspuberty McCune
and PTH resistance Albright
Syndrome
F376V germline F376V germline A366S germline R201H
postzygotic
Serum sodium (mmol/l, normal range 12| 117- 123 118-142 not reported normal
— 145)
Serum PTH (pg/ml, normal range 15-57 66 — 454 90-215 570 normal
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Serum alkaline phosphatase (U/l, norma] 350 — 853 217-262 550 — 830 normal

range:125-380)

Serum calcium (mmol/l, normal range 2.2- 24-28 2.16-2.4 14-2.2 normal

2.6))

Serum phosphate (mmol/l, normal range] 1.4-1.8 1.75-2.15 20-3.1 normal

1.1-2.15)

Serum Testosterone ( at 3 - 6 years ) 510 - 990 314 - 609 47 - 692 normal or elevated

(ng/ml, normal range 10-65)

LH (U/L) (30 min after GnRH) <0.1 <0.1 <1 <0.1

FSH (U/L) (30 min after GhnRH) <0.1 <0.1 <2 <0,1

Enlarged testes + + + +/-

Serum fT4 (ng/L, normal range 9.6 -17.7 8.4 11-13 3.1-6.9 (T4) normal or high{

or T4 (pg/dl, 5.0 -12.0)

Serum TSH (mU/L, normal range 0.7 — 06-41 2-2.3 1-2.6 mu/l normal or

5.9) suppressed

Copeptin (pmol/L) n.d. 2.4-3.6 not reported n@aeed

Plasma Osmolality (mOsm/kg) 241 - 271 282-290 aported not reported

Urine Osmolality (mOsm/kg) n.d. 769-1006 not repdrt not reported

BMI (SDS) at 3 years +3.21 +3.89 weight 3'95 normal weight-
percentile

Osteopenia - - + not reported

Brachydactyly - - + -

Resorptive osteolytic cysts - - + +

Café au lait spots - (+) - +

Table 2: Review of inherited human diseases caused by impaired GPCR function. Human
diseases caused by variants of GPCR as @& either loss- or gain-of-function consequences
including the novel phenotypes caused by vap&B76V studied in this report. Receptor 445
+ = gain-of-function variants, Receptor -/RecepterLoss-of-function variants

Spaltel Receptor - Phenotypes \ Receptor + Phenotypes Gs - Phenotypes Gs+ Phenotypes
loss-of-function mutation gain-of-function mutation . Ioss-of-functhlon A gain-of-function mutation +
mutation/mater nal imprinting
LHCGR . . : precocious puberty (Mc Curfe
Leydig cell hypoplasia (malg) precocious puberty (male) unknown Albright), male + female
hypergonadotrophic
hypogonadism (male and| Leydig cell adenoma (male
female)
TSHR . . 4 non-autoimmune - ’ hyperthyroidism (Mc Cune
congenital hypothyroidism hyperthyroidism hyperthryotropinemia Albright)
hyperthyrotropinemia thyroid adenoma hypothyrsidali thyroid adenoma
PTH1R Bloomstrand Jansen metaphyseal Albright Herediatry o
chondrodysplasia chondrodysplasia osteodystrophy izt Wil el (FEUE
- Fibrous dysplasia (Mc Cune
Pseudohypoparathyroidism Albright)
V2R X-linked nephrogenic new: NSIAD thisreport
diabetes insipidus NSIAD unknown (F376V)
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