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High-resolution crystal structure of parathyroid
hormone 1 receptor in complex with a peptide
agonist

JanoschEhrenmann®'4, Jendrik Schoppe ©'4, Christoph Klenk ®'4*, Mathieu Rappas?, LutzKummer'3,
Andrew S.Doré? and Andreas Pliickthun®©™

Parathyroid hormone 1 receptor (PTH1R) is a class B multidomain G-protein-coupled receptor (GPCR) that controls calcium
homeostasis. Two endogenous peptide ligands, parathyroid hormone (PTH) and parathyroid hormone-related protein (PTHrP),
activate the receptor, and their analogs teriparatide and abaloparatide are used in the clinic to increase bone formation as an
effective yet costly treatment for osteoporosis. Activation of PTH1R involves binding of the peptide ligand to the receptor
extracellular domain (ECD) and transmembrane domain (TMD), a hallmark of class B GPCRs. Here, we present the crystal
structure of human PTH1R in complex with a peptide agonist at 2.5-A resolution, allowing us to delineate the agonist binding
mode for this receptor and revealing molecular details within conserved structural motifs that are critical for class B receptor
function. Thus, this study provides structural insight into the function of PTHIR and extends our understanding of this thera-

peutically important class of GPCRs.

eral ion homeostasis, skeletal development and bone metabo-
lism'. Both hormones mediate their effects through binding to
PTHIR, which is primarily expressed in the kidney and bone.

When secreted from the parathyroid glands, PTH increases
blood calcium levels by triggering reabsorption of calcium in the
kidney and release of calcium from the bone. However, intermit-
tently administered PTH was found to increase bone formation and
mineralization®. These opposing effects are both mediated through
activation of PTHIR, making this receptor a key target for the treat-
ment of osteoporosis and severe dysregulation of calcium homeo-
stasis’. Recently, teriparatide and abaloparatide, analogs of PTH
and PTHrP, respectively, have been approved for use in the clinic to
increase bone formation and mineralization, representing one of the
most effective treatments available for osteoporosis*®. Nonetheless,
this treatment is costly and requires daily injections.

Despite immense efforts to design and develop potent PTHIR
agonists, there are no efficient orally available drugs for the treat-
ment of osteoporosis to date, in part due to the lack of detailed
structural information on PTHI1R-ligand interactions. Therefore,
to gain insight into the molecular mechanism of ligand binding at
PTHIR, we have determined the high-resolution crystal structure
of a PTH1R-agonist complex.

P TH and the closely related PTHrP are critical regulators of min-

Results

Engineering of a stabilized receptor-peptide complex. To enable
crystallization, the TMD of PTHIR was engineered toward higher
expression yields and enhanced thermostability through employ-
ing a combined approach of directed evolution in yeast and alanine
scanning mutagenesis (Supplementary Fig. 1). The modified TMD
was then rejoined with the ECD for crystallization trials (details in
Methods). However, initial crystallization attempts of PTHIR in

complex with endogenous agonists did not yield crystals in lipidic
cubic phase. Therefore, we engineered a PTH mimetic agonist,
termed ePTH, which strongly stabilized the receptor at only slightly
reduced affinity and potency compared with wild-type (wt) PTH
(residues 1-34) (Supplementary Fig. 2). These combined efforts
of protein and peptide engineering allowed us to determine the
structure of PTHIR at a resolution of 2.50 A (Fig. 1a, Table 1, and
Supplementary Figs. 3 and 4).

Overall architecture of the PTHIR structure. Globally, the
PTH1R-ePTH structure displays the hallmarks of full-length class
B GPCRs, with the ePTH peptide ligand connecting the ECD to
the TMD of the receptor, burying a total surface area of 2,063 A2,
and thus providing further evidence for the two-domain peptide
ligand-binding model proposed for this receptor family (Fig. 1a).
The overall conformation of the PTHIR ECD is similar to that pre-
viously reported for the isolated ECD®, with the three-layer a-p-f-o
fold forming the central hydrophobic groove for ligand interac-
tion (PDB 3C4M, main chain atoms r.m.s. deviation = 0.64A)
(Supplementary Fig. 5a). The TMD exhibits the canonical bundle of
seven transmembrane helices (I-VII), with the orthosteric peptide-
binding cavity adopting a V-shaped open conformation character-
istic of class B GPCRs. Careful comparisons with other active and
inactive class B GPCR-peptide ligand complexes suggest that the
TMD of PTHIR is captured in a transitional state toward activation
at the extracellular portion of the receptor, but the cytosolic half of
the TMD remains in an inactive conformation.

PTHIR binding mode of ePTH. Within the ECD, ePTH residues
20-34 are bound as an amphipathic a-helix using W,;, L,,, K,,, Ly,
V., and Y, (subscript indicates ePTH residue number) to interact
with the hydrophobic surface (Fig. 2b; ePTH-PTHIR interactions
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N\ o
O\t -
» <l )/‘l\‘\.
)
05 4
" Yy |
T Y TMD

VI

Fig. 1| PTHIR-ePTH complex crystal structure. a, Overview of the
PTH1R-ePTH complex structure, viewed from the membrane plane

(TMD depicted in green, ECD in purple and ePTH in orange). Structurally
resolved glycosylations of the ECD and ePTH side chains are shown in
stick representation, with oxygen and nitrogen atoms in red and blue,
respectively. b, Superposition of the extracellular parts of PTHIR-ePTH
(color scheme same as in @) and GCGR-NNC1702 (yellow and blue,

PDB 5YQZ) complexes. Secondary structural elements of the stalk and
ECL1 only present in the GCGR structure are highlighted in black. The
difference in ECD orientation relative to the aligned TMDs is indicated by
an axis drawn through helix a1 of each ECD. ¢, Molecular details of specific
interactions between ePTH and the juxtamembrane part of the ECD. with
hydrogen bonds indicated by dashed blue lines. An ordered water molecule
coordinated between E22 and R25 is shown as a red sphere.

listed in Supplementary Table 1; electron density map of interacting
residues shown in Supplementary Fig. 4). ePTH adopts the same
interactions described for wt PTH bound to the isolated ECD®,
with the exception of Nle,; (M, in wt PTH), which faces away
from the ECD and is not involved in binding, and Y,, (F,, in wt
PTH), which is buried below a fucose moiety of a glycan resolved
at N161. However, in line with previous studies on PTHIR®/, no
effect of receptor glycosylation on ligand binding was observed
(Supplementary Fig. 5d,e), in contrast with recent findings for
the calcitonin receptor®’. The peptide agonist maintains a helical
conformation across the region that bridges the ECD and TMD
(Fig. 1a), and the binding pose and orientation of ePTH in PTHIR
are similar to those for other class B peptide agonists'*-'. However,
the PTH1R-ePTH complex does not exhibit secondary structural
elements previously defined as the stalk of the glucagon receptor
(GCGR)'*". More in line with the GLP1 receptor (GLP1R), where
this particular region has not been resolved, the PTHIR crystal
structure has relatively high B factors within this short stretch of
amino acids (T175-R179), suggesting a higher degree of conforma-
tional flexibility'®'"*-' (Fig. 1b and Supplementary Fig. 3g).
Previous structures of GLP1R and GCGR have indicated that the
ligand-bound ECD is stabilized by interactions with extracellular

PTH1R-ePTH (PDB 6FJ3)

Data collection
Space group

Cell dimensions

P1

a, b, c(A) 44.12,52.86,111.87

a, p,y(®) 80.63, 83.76, 79.16
Resolution (A) 49.39-2.50 (2.50-2.60)?
R R 0153 (1.662), 0103 (1.214)
I/a(D) 5.2(0.9)
CCyx 0.994 (0.501)
Completeness (%) 99.8 (99.3)
Redundancy 534.7)
Refinement
Resolution (A) 49.39-2.50
No. reflections 33,646 (1,658)
Ruor / Riceet 0.207 / 0.251
No. atoms 5,351

Protein 3,009

Fusion 1,536

Ligand 302

Waters, glycans, lipids 504
B factors 81.52

Protein 92.10

Fusion 51.66

Ligand 86.67

Waters, glycans, lipids 91.70
R.m.s. deviations

Bond lengths (A) 0.001

Bond angles (°) 0.484

X-ray diffraction data from 12 PTHIR-ePTH crystals were used to solve the structure. ?Values

in parentheses are for highest-resolution shell. °R,.;. = g X |1, - <I>|/=Z Z |, where |, is the
intensity of the it" observation, <I> is the mean intensity of the reflection, and the summations
extend over all unique reflections (hkl) and all equivalents (i), respectively. ‘R, =2, [n/(n - D12
2, [1ChkD) = <IChkD>|/Z,,, = 1,(hkl), where n is the multiplicity and all other variables are as defined
for Roerge: *Ruore = Zn |Fo = Fol/Zi Fo, Where F, and F_ are observed and calculated structure factors,
respectively. Ry..=Zr |F, - F|/Z; F,, where T is a test dataset of about 5% of the total reflections
randomly chosen and excluded from refinement.

loop 1 (ECL1)"-'>", which, for GCGR, has been shown to be crucial
for receptor activation'*'*. In contrast, the exceptionally long ECLI
of PTHIR is not resolved in the structure, suggesting that the relative
orientation between the ECD and the TMD of PTHIR is primarily
defined by the peptide agonist itself. In line with this observation,
it was shown that ECL1 is not required for binding and activation
of PTHIR"*-*. Instead, the structure of PTHIR reveals an extended
network of interactions formed between the ligand and the juxta-
membrane part of the ECD. ePTH specifically interacts with the N-
and C-terminal ends of helices a1l and o2, respectively, and the loop
connecting 3 and p4 within the ECD. The backbone carbonyl of
M32 makes a bifurcated hydrogen bond with both N, and R,,. The
latter residue is held in position by an ionic interaction with D137 of
the ECD across an extended electronic network spanning 10 A, and
this interaction is essential for ligand binding and receptor activa-
tion”. The side chain of R, is poised to hydrogen-bond via a water
molecule to the side chain of E,, and to the main chain carbonyl
of L174 at the junction of the ECD «l helix and the linker region
of the receptor (Fig. 1¢c). ePTH is in a conformation similar to that of
the crystal structure of isolated wt PTH (PDB 1ET1; r.m.s. deviation
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Fig. 2 | Structural and functional details of PTH1R-ePTH interactions. a, Overview of the PTHIR-ePTH complex structure. Black boxes indicate positions
of close-up views shown in b-d. b, Close-up of specific interactions between ePTH and the ECD of PTH1R. ¢,d, Close-ups of specific ePTH interactions
within the orthosteric binding pocket of the PTHIR TMD. e, Ligand affinity profiles of selected mutants (wt PTH1R background) in comparison with wt
PTHIR. IC, values were derived from whole-cell ligand competition-binding experiments with wt PTH(1-34) (Supplementary Fig. 7 and Supplementary
Table 2). Bars represent the mean change +s.e.m. in calculated affinity (AplICs,) for each mutant compared with wt receptor. Numbers of independent
experiments performed in duplicate are listed in Supplementary Table 2. n.b., no binding.

= 1.02A), exhibiting a slight bend between residues 12-21 (ref. 2)
(Supplementary Fig. 5b,c). Interestingly, this conformation of the pep-
tide requires a tilt of the ECD by ~15° toward helix VII, in comparison
with the GCGR structure (Fig. 1b), which may be crucial for receptor
function, because the mid-region conformation of PTH peptides has
been shown to influence ligand potency**'. Therefore, the PTHIR-
ePTH complex structure reveals a potential additional mode of class
B GPCR complex stabilization in the absence of specific contacts that
wedge and position the peptide ligand in the more flexible region con-
necting the ECD to the TMD. At least for PTHIR, the orientation of
the two domains is thus mediated by the peptide ligand helical pro-
pensity and rigidity rather than by additional stabilizing interactions.
Within the orthosteric binding pocket of the TMD, residues 1-14
of ePTH run parallel to helix II, making contacts with residues in
helices I, II, III, VII and ECL2 and ECL3 (Fig. 2c). The extracellu-
lar boundary of the pocket is defined by W,, making hydrophobic
interactions with F184'* (superscript indicates Wootten num-
bering scheme for class B GPCRs*) and the aliphatic portion of
E180'** and R181'* at the extracellular tip of helix I. The ligand is
stacked against helices II, III and ECL2, with its orientation locked
by the homoarginine (Hrg) at position 11, intercalating between
helix I and II, similar to Y,, of the glucagon analog NNC1702
and the X2 moiety of the engineered GLPI1R agonist peptide 5
(refs. '»'7). Hrg,, occupies a hydrophobic cleft lined by residues
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F184'% and L244*"', with the polar head group hydrogen-bonding
to the hydroxyl group of Y245*7% The extended hydrophobic inter-
action between the aliphatic portion of Hrg,,, F184'% and L244*™
provides a structural rationale for the enhanced potency of L, sub-
stitutions in wt PTH, with amino acids more complementary to
this local environment®. One helical turn further into the binding
pocket, the aliphatic portion of Q; is found stacked against Y4295,
with L, and M, making hydrophobic interactions with helices I and
IT (Fig. 2d). W3525C12 wedges between the peptide main chain atoms,
linking M and H, and the conserved extracellular receptor disulfide
bridge formed between C281*%* and C351"2 with the side chain of
H, further stacked against the aliphatic portion of D353E<'* (Fig. 2¢).
Interestingly, in all other structures of peptide-bound class B GPCRs,
this conserved tryptophan in ECL2 is positioned between transmem-
brane helices III and IV (Supplementary Fig. 6a,b). ECL2 further
interacts with I; of ePTH, which is located in a hydrophobic sub-
pocket lined by M240*, V2853, W352512 and 1L.354"°'? and stacked
against F288%%. I, has previously been shown to be a key peptide resi-
due determinant for inducing a G-protein-independent high-affinity
conformation of PTH1R?"*, and, consequently, mutation of F288>
to alanine severely reduces ligand binding affinity (Fig. 2d,e).
Toward the bottom of the binding pocket, the N-terminal
1-aminocyclopentane-1-carboxylic acid (Ac5c,) and V, of ePTH
adopt a nonhelical conformation (N-cap), in agreement with
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Fig. 3 | Water-mediated extension and conformational changes upon
activation in the central polar network. a, Central polar network at the
base of the orthosteric pocket viewed from the membrane plane. Residues
of the central polar network of class B GPCRs are highlighted as purple
sticks; residues identified to further extend and stabilize the conformation
of this network are depicted as green sticks. Ordered water molecules are
shown as red spheres. b, Superposition of PTH1R and the G-protein-bound
GLP1R-GLP1 complex (blue, PDB 5VAI). Conserved residues involved in
ligand recognition and receptor activation are shown as sticks and labeled
according to the Wootten scheme?.

ligands in similar class B receptor structures'®''”-***, The N-cap
is positioned in proximity to helices V and VI, with Ac5¢, point-
ing toward helix V and V, facing toward the lower extremity of the
orthosteric pocket. The N terminus of PTH is implicated in receptor
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activation®*, and in our structure, the N-cap is poised to hydro-
gen-bond to the hydroxyl of Y4295<'*. The position of the peptide
N terminus is stabilized by a hydrogen bond between the peptide
backbone nitrogen of a-aminoisobutyric acid at position 3 (Aib,)
and E4447# of the receptor and, further, by the localization of the
geminal dimethyl group of Aib; in a hydrophobic cleft between
M4417% and M4457* (Fig. 2d). This subset of observed interac-
tions between Aib,, M4417%°, E44474? and M4457* rationalizes the
proposed critical role of the extracellular portion of helix VII for
PTH affinity and potency'**, which is further underlined by the
significant loss of peptide agonist affinity upon mutation of these
residues (Fig. 2e and Supplementary Fig. 7). At the base of the ligand
binding pocket, the side chain of E, of the ligand is pointing toward
helices I and VII and hydrogen-bonding to N4487, as well as to the
highly conserved Y195 and R233>; likewise, mutation of either
of these residues to alanine results in strongly impaired ligand bind-
ing (Fig. 2d.e).

Central polar network. At the base of the orthosteric binding
pocket R233%%°, N295°#, H420°** and Q4517* form the previously
defined central polar network (Fig. 3a), which is critically involved
in receptor activation®''. The high resolution of the PTHIR struc-
ture reveals several ordered waters within this network and thus
allows us to further delineate important water-mediated extensions
involving residues that are highly conserved across class B GPCRs
(Supplementary Fig. 6g). E, of the agonist interacts with R233%% (as
previously suggested for GLP1R and GCGR), which is in direct con-
tact with Q4517* via a hydrogen bond, thereby relaying peptide rec-
ognition deeper into the receptor core. A water molecule establishes
a central connection between helices II, III and VII by interacting
with residues R233*%, Y296°* and Q4517*° on the respective heli-
ces, providing a structural rationale for the critical role of R233*
and Q4517% for receptor activation®. The interaction of S229**
with N295*# and, furthermore, the water-mediated interaction of
the backbone oxygen of Y296 with S370°* and the conserved
N374°>%, stabilize the conformation of the interface between helices
I1, 111, IV and V, which remains rigid during receptor activation.

Comparison of agonist-bound PTHIR with agonist- and
G-protein-bound GLP1R" reveals several rearrangements within
the central polar network upon receptor activation (Fig. 3b): the
ligand-R*®-Q”# relay is broken due to a downward movement of
Q’* toward helix VI. This reorientation allows Q”* to stabilize
the pronounced kink in helix VI caused by the outward move-
ment of helix VI via hydrogen-bonding to the backbone oxygens
of both P* and G** within the conserved P*-x-x-G®* motif.
Furthermore, during activation, H%** swings in between helices
VI and VII and thus contributes to the stabilization of the kink of
helix VI via interaction with Q’*’ and the backbone oxygen of G**.
Interestingly, the stabilizing mutation 1458”°°A is facing toward
$409%! two helical turns below G**°. While small residues at this
position would likely support the inactive conformation of helix
VI, a sporadically occurring mutation to arginine leads to consti-
tutive receptor activation, which is one of the causes for Jansen’s
Metaphyseal Chondrodysplasia associated with short limb dwarf-
ism and hypercalcemia®. The proximity of both residues suggests
that R4587°¢ could destabilize the intracellular part of helix VI and
thus promote spontaneous receptor activation (Supplementary
Fig. 8). Helix VII is also linked to helix I by the previously described
hydrogen bond formed between the conserved S$*° and the back-
bone nitrogen of residues at position 7.51, located at the kink in
helix VII (ref. '*). This kink is further stabilized by a water molecule
coordinated between S”*” and G”*°.

Consequences of stabilizing mutations on receptor activation.
Although the TMD of the PTH1R-ePTH complex is in an inactive

conformation at the cytoplasmic side, the structure displays features
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Fig. 4 | Influence of bulky residues in helices | and Il on the activation of class B GPCRs. a, Extracellular view on superposed PTHIR-ePTH (color scheme
same as in Fig. 1), GCGR-NNC1702 (yellow) and GLP1R-ExP5 (blue, PDB 6B3J) complexes. Conserved bulky residues (highlighted as sticks) at positions
143 and 2.67 of class B GPCRs lead to a push of the peptide ligand toward the interface between helices V and VI (indicated by gray arrows). The
proposed movements of helices | and VIl upon receptor activation are indicated by curved black arrows. b,¢, Superposition of peptide ligand N termini in
side view (b) or intracellular view (c). d,e, Normalized concentration-response curves for cAMP (d) or IP1 (e) accumulation measured in HEK293T cells
expressing wt or mutant PTH1R. Data are shown as mean values + s.e.m. from five (d) or three (e) independent experiments performed in duplicates.

of an active-like conformation at the extracellular side. Helices I
and VII are rotated clockwise along the central axis of the recep-
tor, adopting an intermediate state when compared with the fully
active GLP1R-ExP5-Gs complex and the structure of GCGR bound
to a weak partial agonist'>'* (Fig. 4a). Helix VI likewise exhibits a
clockwise motion, but it remains in a position closer to the recep-
tor core, in contrast with the widening of the binding pocket medi-
ated through outward shifts of helices VI and VII in the active-state
structures of GLPIR. This finding might be explained by the addi-
tional hydrogen bond between helices VI and VII formed by the
stabilizing mutation Q4407*R, thereby constraining the outward
movement of helix VI and thus preventing full receptor activation"
(Supplementary Fig. 6¢c-f). While the binding pose and orienta-
tion of ePTH in PTHIR are similar to those of GLP1-ExP5 enter-
ing the binding pocket along helix II in GLP1R, ePTH is shifted
away from the central helix bundle axis toward helices II and I. This
shift is sterically enabled by the stabilizing mutations Y191'**C and
K240*¢M, replacing two bulky residues at the lower part of the
binding pocket and allowing L, and M, of ePTH to be accommo-
dated into a cleft formed by helices I, IT and VII (Fig. 4a—c). As a
consequence, the N terminus of ePTH is shifted away from heli-
ces V and VI and thus may not be able to displace helix VI at the
opposite side of the receptor into a signaling-active conformation.
This observation may structurally explain the significantly impaired
signaling activity conferred by each of the two mutations in the wt
receptor background (Fig. 4d,e), similar to the inhibitory effect of
N-terminal truncations on class B peptide agonists.

Discussion

PTHIR is a prototypical member of the class B family of GPCRs,
which have in common that their ligands are long helical peptides
contacting both the ECD and the TMD?, and that ligand binding
is believed to occur in a two-step mechanism™®. Because the pep-
tide ligands of class B receptors play central roles in the regulation
of fundamental physiological processes, such as the metabolism of
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glucose and control of mineral ion homeostasis, class B GPCRs are,
thus, important drug targets for a number of severe, chronic human
diseases. Yet, for a long time, structural information was limited
to the ECD alone (summarized in ref. *°) before structures of the
isolated TMD became available'****!. Only recently have the full-
length structures of class B receptors become available, and detailed
structural insight into peptide-receptor recognition has been eluci-
dated for CTR’, GLP1R'*'""” and GCGR'. These breakthroughs are
important steps on the path toward the rational development of new
drugs for indications such as diabetes and obesity.

With more than 200 million people affected, osteoporosis is one
of the most prevalent diseases worldwide, and osteoporosis-related
incidences are predicted to increase twofold in aging populations
within the next 20 years*’. Recombinant analogs of PTH and PTHrP
are currently the most effective drugs for the treatment of severe
osteoporosis, but as daily injectables with high costs, probably not
suitable for treatment of such a widespread disease. The crystal
structure of the human PTHIR in complex with a peptide agonist
presented here provides, for the first time, detailed insight into the
molecular architecture of this receptor, opening the opportunity to
use this structure as a base for designing new chemical entities in
the future.

The determination of the PTHIR structure has become possible
only by extensive engineering of the receptor. Remarkably, the sta-
bilizing effect of several mutations appears to be linked to interfer-
ence with conserved networks that are critical for propagation of
receptor activation through the transmembrane core. Furthermore,
because native ligands of PTHIR did not yield crystals, it was nec-
essary to use a modified PTH peptide agonist, which is similar to
a previously described ligand reported to induce prolonged signal-
ing responses on the PTHIR?. Therefore, it is tempting to speculate
that such modified peptides that are able to act as agonists with the
wt receptor also take on a similar orientation in the stabilized recep-
tor, because the binding interactions, probed by mutations, are fully
consistent between the wt and the stabilized receptors. The stabilized
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receptor, however, no longer induces GDP-GTP exchange in the
heterotrimeric G protein, and thus, the mutations that have been
introduced in the necessary stabilization must interfere with the
conformational change subsequent to agonist binding, allowing
some conclusions to be made about the mechanism of this confor-
mational change (last section of Results).

In PTHIR, our structure suggests that the relative orientation
between the ECD and the TMD of PTHIR is primarily defined by
the helical peptide agonist itself. This is in contrast with GCGR and
GLPIR, in which the ligand-bound ECD appears to be stabilized by
interactions with ECL1, and in the case of GCGR, ECLI has been
shown to be crucial for receptor activation'*'°. ECL1 of PTHIR, in
contrast, is exceptionally long and not resolved in the structure. This
finding suggests that there are some differences between the class B
receptors, and it will be necessary to determine the structures of fur-
ther family members to assess whether there are additional modes
of interactions in this family.

In conclusion, the crystal structure of the PTH1R-ePTH complex
provides, for the first time, insight into the intricate details of pep-
tide agonist recognition and binding at this physiologically impor-
tant receptor, pointing out similarities and differences to other class
B receptors, as far as their structures are currently known. The high
resolution achieved here allows an exact description of conserved
activation motifs, including ordered waters, and thus increases the
general understanding of class B receptor activation. We anticipate
that our findings will support and facilitate the development of
novel therapeutics, not only for PTHIR but for all class B GPCRs as
important therapeutic targets for a variety of diseases.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
§41594-018-0151-4.
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Methods

Generation of well-expressing and thermostabilized PTHIR. To improve
expression levels and stability of PTHIR, the predicted transmembrane region of
the receptor (residues 178-480) was subjected to a directed evolution approach

in S. cerevisiae, as previously described” using [Ac5c;, Aibs, Q,, Hrg,;, Ay, W]
PTH(1-14) (ref. **) that was labeled with HiLyte Fluor 647 at K, (Anaspec) as

a ligand for FACS-based selections. In total, two randomization steps with 4 or

5 selection rounds each were conducted. The mutant PTH1R(Y191C K240M
M312K V3341 K359N Q440R) (denoted PTHIR-SaBRE), displaying the highest
functional expression levels in Spodoptera frugiperda (Sf9) insect cells, was further
thermostabilized in an agonist-bound state by substituting selected amino acids
within the transmembrane helical bundle with either alanine or leucine (if the
amino acid was an alanine) and evaluating the resulting mutants based on their
gain in thermostability, as evidenced by an increase in T, in the CPM assay™.
Positions that displayed the highest gain in thermostability (L300A, L407A, A426L,
1458A) were subsequently combined, yielding the stabilized transmembrane
domain of PTHIR, termed PTHIR used in this study (Supplementary Fig. 1b).

Cloning and expression of PTHIR crystallization construct. Prior to rejoining
the ECD with the thermostabilized PTH1R, transmembrane domain, the ECD
was modified as follows: the native signal peptide M1-Y23 and the unstructured
residues S61-R104 (ref. ©) were removed to prevent potential proteolytic cleavage™.
The ECD (residues 24-177) was then joined with the transmembrane domain
(residues 178-480), and in the same construct, the previously reported PGS
domain® was fused into the third intracellular loop (ICL3) between residues

K388 and D398. To further reduce flexibility for crystallization, the construct was
C-terminally truncated at residue A480, yielding the final crystallization construct
PTHI1Ry,, (Supplementary Fig. 1a).

The gene was cloned into a modified pFL vector (MultiBac system, Geneva
Biotech) resulting in a final expression construct with a melittin signal sequence
followed by a FLAG-tag, His,,-tag and a human rhinovirus 3 C protease cleavage
site N terminal to the receptor gene. For expression, Sf9 cells in Sf-9001I SFM
medium (Thermo Fisher Scientific) were infected with baculovirus at a density of
3% 10° cells/ml, and expression was performed for 72h at 27°C under
constant shaking.

Peptide design of ePTH. Because initial crystallization attempts employing
commercially available native or modified PTH peptide ligands failed, ePTH was
designed to improve the stability of the PTH1R-peptide complex. ePTH constitutes
a chimera of the N-terminal 14 amino acid PTH mimetic optimized for high
binding affinity at the isolated transmembrane domain* and the native 20 amino
acid PTH peptide C terminus. Within this C terminus, two additional mutations,
M,Nle and F,,Y, including a C-terminal amide were introduced, which had been
previously reported to increase stability and potency****. This modified peptide
had only slightly reduced affinity and was found to be a partial agonist.

Purification of PTHIR-ePTH complex. Insect cells expressing PTH1R,; were
lysed, and receptor-containing membranes were isolated by repeated Dounce
homogenization in hypotonic (10mM HEPES pH 7.5, 20mM KCI, 10 mM

MgCl,, 50 pg/ml Pefabloc SC (Roth), 1 ug/ml Pepstatin A (Roth)) and hypertonic
buffer (10 mM HEPES pH 7.5, 20 mM KCl, 10 mM MgCl,, 1.0 M NaCl, 50 ug/ml
Pefabloc SC, 1 pg/ml Pepstatin A). Purified membranes were resuspended in 30 ml
hypotonic buffer supplemented with 10 uM ePTH, frozen in liquid nitrogen and
stored at —80 °C until further use.

Frozen membranes were thawed on ice, and ePTH was added to 20 uM and
incubated for 30 min. 2 mg/ml iodoacetamide (Sigma Aldrich) was added to
the solution, which was then incubated for 30 min, Subsequently, the receptor
was solubilized in 30 mM HEPES, pH 7.5, 500 mM NaCl, 10 mM KCI, 5mM
MgCl,, 50 ug/ml Pefabloc SC, 1 ug/ml Pepstatin A, 1% (w/v) n-dodecyl-p-D-
maltopyranoside (DDM, Anatrace) and 0.2% (w/v) cholesteryl hemisuccinate
(CHS, Sigma Aldrich) at 4°C for 2.5h. Insoluble material was removed by
ultracentrifugation, and the supernatant was incubated with TALON resin (GE
Healthcare) at 4°C, overnight.

The receptor-bound TALON resin was washed with 33 column volumes (CV)
of Wash Buffer I (50 mM HEPES, pH 7.5, 500 mM NaCl, 10 mM MgCl,, 5mM
imidazole, 10% (v/v) glycerol, 1.0% (w/v) DDM, 0.2% (w/v) CHS, 8 mM ATP, 5pM
ePTH), then 33 CV of Wash Buffer IT (50 mM HEPES, pH 7.5, 500 mM NaCl,
15mM imidazole, 10% (v/v) glycerol, 0.05% (w/v) DDM, 0.01% (w/v) CHS, 5uM
ePTH). The PTH1R-ePTH complex was eluted stepwise with four CV of Elution
Buffer (50 mM HEPES, pH 7.5, 500 mM NaCl, 250 mM imidazole, 10% (v/v)
glycerol, 0.05% (w/v) DDM, 0.01% (w/v) CHS, 20 uM ePTH). Protein-containing
fractions were concentrated to 0.5ml using a Vivaspin 2 concentrator (100kDa
molecular weight cutoff, Sartorius) and added to a PD MiniTrap G-25 column
(GE Healthcare) equilibrated with G25 Buffer (50 mM HEPES pH 7.5, 500 mM
NaCl, 10% (v/v) glycerol, 0.03% (w/v) DDM, 0.006% (w/v) CHS, 20 uM ePTH) to
remove imidazole. The complex was treated for 6 h with His-tagged 3C protease
and PNGaseF (both prepared in-house) to remove the N-terminal affinity tags and
deglycosylate the receptor. After incubation with Ni-NTA resin overnight, cleaved
receptor was collected as the flow-through and then concentrated to ~50 mg/ml
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using a Vivaspin 2 concentrator (100 kDa molecular weight cut-off). Protein
concentrations were determined by absorbance at 280 nm on a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific). Protein purity and monodispersity
were assessed by SDS-PAGE and analytical size-exclusion chromatography
(Supplementary Fig. 3b,c).

Crystallization in lipidic cubic phase. The PTH1R-ePTH complex was
crystallized using the in meso method at 20 °C. Concentrated receptor was mixed
with molten lipid (90% (w/w) 9.9 MAG (Sigma Aldrich), 10% (w/w) cholesterol
(Sigma Aldrich) at a ratio of 2:3 (v/v) using the twin-syringe method*’. 40 nl boli
were dispensed on 96-well glass bases (Swissci), overlaid with 800 nl precipitant
solution using a Gryphon LCP crystallization robot (Art Robbins Instruments) and
sealed with a coverglass. Optimized crystals used for data collection were grown
in a precipitant condition consisting of 100 mM sodium citrate pH 6.0, 31% (v/v)
PEG400, 300 mM sodium acetate and 20 uM ePTH. Single crystals were mounted
with MiTeGen Dual-Thickness MicroMounts for data collection and cryo-cooled
in liquid nitrogen without the addition of further cryoprotectant.

Data collection, structure determination and refinement. X-ray diffraction
data were measured on an EIGER 16 M detector at the X06SA beamline at the
Swiss Light Source (SLS) of the Paul Scherrer Institute (PSI) using a beam size

of 10X 10 pm. Datasets of PTH1R complexed with ePTH were collected using a
beam attenuated to 25%, 0.1° of oscillation and 0.05 s exposure time. Data from
12 individual crystals were integrated using XDS"'. Data merging and scaling was
carried out using the program AIMLESS from the CCP4 suite®>*. Data collection
statistics are reported in Table 1.

The structure of the PTHIR-ePTH complex was solved by molecular
replacement (MR) with the program Phaser’, using the transmembrane domain
of the truncated human glucagon receptor (PDB 5EE7) with the fusion protein
T4 lysozyme removed, the ECD of PTHIR (PDB 3C4M) and Pyrococcus abyssi
glycogen synthase™ (PDB 2BFW) as search models looking for one copy each.
Manual model building was performed in COOT"* using sigma-A weighted
2m|F,|-|DF,|, m|F,|-D|F.| maps using Buster (Global Phasing) and Phenix”’. Initial
refinement was carried out with REFMACS5 (ref. **) using maximum-likelihood
restrained refinement in combination with the jelly-body protocol. Further and
final stages of refinement were performed with Buster and Phenix.refine®, with
positional, individual isotropic B-factor and TLS refinement. The final refinement
statistics are presented in Table 1.

Whole-cell ligand binding assay. HEK293T/17 cells (ATCC) were cultivated in
Dulbecco’s modified medium (Sigma) supplemented with 100 units/ml penicillin,
100 ug/ml streptomycin (Sigma) and 10 % (v/v) foetal calf serum (BioConcept).
Cells were maintained at 37 °C in a humidified atmosphere of 5 % CO,, 95% air.
Transient transfections were performed with TransIT-293 (Mirus Bio) according to
the manufacturer’s instructions.

Ligand competition binding experiments were performed on whole HEK293T
cells for comparison of affinities for wild-type and receptor mutants using a
modified HTRF assay®’. Receptor mutants were generated by site-directed
mutagenesis and cloned into an expression vector containing an N-terminal SNAP-
tag®' (Cisbio). HEK293T cells were transiently transfected with receptor constructs
and were seeded at 40,000 cells per well in poly-L-lysine-coated 384-well plates
(Greiner). 48 h after transfection, cells were labeled with 50 nM SNAP-Lumi4-Tb
(Cisbio) in assay buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 3mM MgCl, and
0.2% (w/v) non-fat milk) for 1.5h at 37°C. Cells were washed four times with assay
buffer and were then incubated for 4h at 4°C in assay buffer containing 30nM
fluorescently labeled tracer peptide PTH-HLy,, (human [Nle, ;q, Y;,, C,s]JPTH(1-34)
labeled with HiLyte Fluor 647 at C;; (Anaspec)) © and a concentration range
of unlabelled wt PTH(1-34) (Bachem) as competitor. Fluorescence intensities
were measured on an Infinite M1000 fluorescence plate reader (Tecan) with an
excitation wavelength of 340 nm and emission wavelengths of 620 nm and 665nm
for Tb** and the fluorophore HiLyte Fluor 647, respectively. The ratio of FRET-
donor and FRET-acceptor fluorescence intensities (Fegs m/Fezonm) Was calculated.
Total binding was defined by 30nM PTH-HL,,, alone, and nonspecific binding was
determined in the presence of 10 uM human wt PTH(1-34). Data were normalized
to the specific binding for each individual experiment. To obtain IC,, values, data
were analyzed by global fitting to a one-site heterologous competition equation
with the GraphPad Prism software (version 6.07, GraphPad).

Signaling assays. Ligand-induced cAMP and IP, (a metabolite of IP,)
accumulation was measured in transiently transfected HEK293T cells. 24 h after
transfection, cells were washed with PBS, detached and resuspended in assay buffer
(10mM HEPES, pH 7.4, 1 mM CaCl,, 0.5mM MgCl,, 4.2 mM KCl, 146 mM NaCl,
5.5mM glucose, 0.1% (w/v) BSA). For cAMP accumulation measurements, cells
were seeded at 5,000 cells per well in white 384-well plates (Greiner) and incubated
for 30 min at 25°C with a concentration range of human wt PTH(1-34) (Bachem)
diluted in assay buffer supplemented with 1 mM 3-isobutyl-1-methylxanthin.
cAMP accumulation was measured using the HTRF cAMP Dynamic2 kit (Cisbio)
according to the manufacturer’s protocol. For IP, measurements, cells were seeded
at 20,000 cells per well in white 384-well plates (Greiner) and incubated for 2h at
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37°C with a concentration range of human wt PTH(1-34) (Bachem) diluted in
assay buffer supplemented with 50 mM LiCl. IP, accumulation was measured using
the HTRF IP-One kit (Cisbio) according to the manufacturer’s protocol. Data were
normalised to the response of wt PTHIR at maximal ligand concentration and
were analysed by a non-linear curve fit in GraphPad Prism.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Coordinates and structure factors have been deposited in Protein Data Bank (PDB
6FJ3). All other data are available from the corresponding authors upon
reasonable request.
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)

[

Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection All software used in structure determination is mentioned in the text.

Data analysis All software used in data analysis is mentioned in the text.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Coordinates and structure factors have been deposited in the Protein Data Bank (PDB ID: 6FJ3).
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Field-specific reporting

Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size n/a, the study reports a crystal structure and biochemical assays, which have been done in the number of replicates indicated in the text.
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Data exclusions  No data were excluded.
Replication The biochemical assays were carried out in the number of replicates indicated in the text.
Randomization  n/a

Blinding n/a

Reporting for specific materials, systems and methods

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Unique biological materials |:| ChiIP-seq
|:| Antibodies |:| Flow cytometry
Eukaryotic cell lines |:| MRI-based neuroimaging

|:| Palaeontology
|:| Animals and other organisms
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|:| Human research participants

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Only HEK293T/17 cells were used, obtained from ATCC.
Authentication No authentication was used, as the experiments depend only on transient transfection of a recombinant protein.
Mycoplasma contamination Since the cells were freshly obtained from ATCC, no mycoplasma testing was used.

Commonly misidentified lines /3
(See ICLAC register)
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