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The parathyroid hormone receptor-1 (PTHI1R) is a class B G protein—coupled receptor central
to calcium homeostasis and a therapeutic target for osteoporosis and hypoparathyroidism.
Here we report the cryo—electron microscopy structure of human PTHIR bound to a long-acting
PTH analog and the stimulatory G protein. The bound peptide adopts an extended helix with
its amino terminus inserted deeply into the receptor transmembrane domain (TMD), which
leads to partial unwinding of the carboxyl terminus of transmembrane helix 6 and induces

a sharp kink at the middle of this helix to allow the receptor to couple with G protein. In contrast
to a single TMD structure state, the extracellular domain adopts multiple conformations.
These results provide insights into the structural basis and dynamics of PTH binding and

receptor activation.

arathyroid hormone (PTH) and PTH-related
peptide (PTHrP) are two endogenous lig-
ands that play critical and distinct roles in
skeletal development, calcium homeosta-
sis, and bone turnover (). Analogs of both
PTH and PTHrP have been developed into ther-
apeutic agents for osteoporosis, and PTH is used
to treat hypoparathyroidism. In addition, tumor-
produced PTHrP is a key factor driving cancer-
associated hypercalcemia and cachexia (2), which
is associated with weight loss disorder and is
frequently the actual cause of death in cancer
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patients. Thus, modulating the PTH-PTHrP sig-
naling axis is important for the development of
treatments for a number of diseases, including
osteoporosis and cancer.

The pleiotropic functions of PTH and PTHrP
are mediated primarily through their binding
and activation of the PTH type 1receptor (PTHIR),
a member of the class B G protein-coupled recep-
tor (GPCR) subfamily, which also includes recep-
tors for glucagon, glucagon-like peptides (GLPs),
calcitonin, calcitonin gene-related peptide (CGRP),
and other therapeutically important peptide hor-
mones. The PTHIR couples primarily to stimu-
latory G protein (Gs), which is considered the
major mediator of bone turnover and calcium
homeostasis in response to PTH.

PTHIR contains two modular domains: a rela-
tively large N-terminal extracellular domain
(ECD) and a transmembrane domain (TMD).
Activation of PTHIR is initiated by a rapid bind-
ing of the C-terminal region of peptide hormones
to the receptor ECD, followed by a slow insertion
of the N-terminal region of the peptide into the
receptor’s TMD (3). Peptide hormone binding
triggers the conformational changes in the TMD
that mediate receptor activation. Previous crystal
structures of the isolated PTHIR ECD bound to
the C-terminal fragments of PTH and PTHrP
have revealed that the peptides dock as amphi-
pathic helices into a central groove formed by a
three-layer o-B-po fold in the ECD to resemble a
“hot dog in a bun” configuration (4, 5). However,
the structural basis by which the full-length PTHIR
interacts with a functional peptide hormone and
couples to downstream G protein remains un-

known, and this is an obstacle to the develop-
ment of clinically relevant PTH analogs and to
understanding the fundamental mechanisms of
GPCR signaling.

Recent technological advances in cryo-electron
microscopy (cryo-EM) have revolutionized the
progress in GPCR structural biology, resulting in
a series of breakthrough structures, including
several class A and class B GPCRs in complex
with G proteins (6-13). In particular, cryo-EM
structures of the glucagon-like peptide-1 recep-
tor (GLP-1R) bound to GLP-1 (10) or a G¢s-biased
peptide Exendin-P5 (13) demonstrate that both
peptides adopt a single continuous o helix, with
their N termini pointing toward TM6, which in-
duces a sharp kink at the middle of TM6 and an
opening of the receptor’s cytoplasmic face to ac-
commodate the o5 helix of the Ras-like domain
of Gag. The TM6 outward movement in Gg-bound
GLP-1R has been observed in all other available
class B GPCR-G; complex structures. Nevertheless,
the amino acid sequences of the class B GPCRs
and their peptide ligands diverge considerably
within the subfamily (3), such that the basis for
ligand-binding specificity remains unknown.

‘We have reported previously that class B GPCRs
vary widely in their requirement of the ECD for
activation. For example, the ECD is not required
for PTHIR activation when the peptide hormone
is fused directly to the N-terminal end of its TMD
(14, 15). In contrast, the ECD of GLP-1R is re-
quired for TMD activation even when the pep-
tide ligand is covalently linked to the TMD or the
receptor is activated by small molecules that in-
teract with the intracellular side of TM6 (14, 15).
To understand the specificity of peptide hor-
mone recognition and receptor activation, we
used single-particle cryo-EM to determine the
structure of human PTHIR in complex with a
long-acting PTH (LA-PTH) analog and G protein.

Structure determination of the
LA-PTH-PTHIR-Gs complex

To prepare a stable PTHIR-G; complex for cryo-
EM studies, we had to overcome several techni-
cal obstacles associated with low expression levels
of the human PTHIR and the instability of the
receptor-G; complex. The expression level of
PTHIR was increased by using a double tag of
maltose binding protein at the receptor C ter-
minus (fig. S1A). The stability of the receptor-Gg
complex was achieved through coexpression of
the receptor with a dominant negative form of
the heterotrimeric Gy protein (13) and the use
of the Ga- and GB-binding nanobody Nb35 (16)
(fig. S1, B to D). The activation of the receptor
was achieved, and the receptor-Gg complex was
further stabilized by LA-PTH (17), a modified
PTH/PTHrP chimera that activates the receptor
with 10- to 100-fold higher potency than endog-
enous PTH or PTHrP, in both G protein-free and
G protein-bound states (18, 19). The use of LA-
PTH was particularly important for the stabil-
ity of the receptor—-Gg complex because it has a
much longer residence time on the receptor
compared with PTH (fig. S2A). This peptide in-
duced sustained receptor signaling via adenosine
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3',5'-monophosphate (cAMP) (fig. S2B) derived
from stable PTHIR-G, complexes within endo-
somes (20). The PTHIR (residues 27 to 502) used
in this study can be bound and activated by both
PTH and LA-PTH almost equally as the full-length
receptor (residues 27 to 593) (fig. S1, E to H).

A large dataset of 1.4 million particles was
collected from vitrified samples of LA-PTH-bound
receptor-Gg complex. After 2D averaging analysis
and global 3D sorting on the whole complex,
about 40% of the particle projections out of the
semi-autopicked particle repertoire were sub-
jected to the reconstruction and yielded a high-
resolution cryo-EM density map at a nominal
resolution of 3.0 A. Further consecutive classifi-
cation on the peptide-receptor region resulted
in three distinct conformational states of the
PTH1R-G; signaling complex, designated state
1, state 2, and state 3, respectively (figs. S3 and
S4). The interaction analysis is based on state
1 unless noted otherwise. The overall structure
was built on the basis of the GLP-1R-G4 com-
plex (13), and the ECD region was fitted into the
map as a rigid body using the available PTHrP-
PTHIR ECD crystal structure (4). Apart from the
o-helical domain of Gog, which is poorly resolved
in most cryo-EM GPCR-G protein complex struc-
tures, the presence of the bound LA-PTH, the re-
ceptor, and Gg in the isolated complex was clearly
visible in the EM map (Fig. 1A and fig. S5). Side
chains of the majority of amino acid residues
are well defined in all protein components. The
final models contain 34 of the 36 LA-PTH resi-
dues, the GoBy subunits of G, and the PTHIR
residues from V315 to F483%™ (class B GPCR
numbering in superscript) (21), the very last resi-
due of helix 8, with a few missing residues in the
extracellular loop 1 (ECLI; residues 251 to 272)
and the intracellular loop 3 (ICL3; residues 394
to 398). Thus, the structure provides a detailed
model of intermolecular interactions of the re-
ceptor with LA-PTH and G..

The EM maps also show that the lipid-
modified moieties of Gog and GBy were inserted
into the disc-shaped detergent micelle (Fig. 1A
and fig. S3), which has a diameter of 12 nm as
indicated by the 2D class averages, mimicking
well the morphology of the lipid bilayer. We also
observed that the Gog alN helix is almost parallel
to the micelle (Fig. 1A). Unlike many GPCR cryo-
EM structures, an ordered annular lipid belt
wrapping the periphery of the receptor TMD
is clearly discernible in the cryo-EM map, among
which several cholesterol molecules were built
(Fig. 1B). These structural lipids possibly con-
strain the mobility of the TMD and thus con-
tribute to the stability of the receptor in its
active state.

Molecular recognition of LA-PTH
by PTHIR

The overall structure of the LA-PTH-bound PTHIR
in complex with Gg is organized into three layers:
the top layer is the receptor ECD, the middle layer
is the receptor TMD embedded in a large disc-
shaped micelle, and the bottom layer is the G

protein (Fig. 1A). In the complex, LA-PTH adopts
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Fig. 1. Cryo-EM structure of LA-PTH-bound human PTHIR in complex with Gs. (A) (Left)
Cut-through view of cryo-EM density map that illustrates the LA-PTH-PTHIR-Gs complex and
the disc-shaped micelle. The unsharpened cryo-EM density map at the 0.01 threshold shown

as light gray surface indicates a micelle diameter of 12 nm. The colored cryo-EM density map

is shown at 0.026 threshold. (Right) Cartoon representation of the LA-PTH-PTH1R-Gs complex
is shown with annular lipids in purple stick representation. Green, PTHIR; orange, LA-PTH; gold,
Gs Ras-like domain; light blue, GB; medium blue, Gy; gray, Nb35. (B) Cryo-EM density of the
ordered annular lipid layer around the receptor TMD shown in purple; numbers 1 through 7
represent TM1 to TM7; receptor ECD and G protein are omitted.

a single continuous helix that anchors the top
ECD layer with the middle TMD layer, with the
orientation of the LA-PTH helix and the ECD
nearly perpendicular to the horizontal mem-
brane (Figs. 1A and 2A). The structure of the
receptor ECD and the C-terminal half of LA-PTH
helix (hereafter referred to as LA-PTHC) closely
resembles the crystal structure of a PTHrP frag-
ment bound to the PTHIR ECD (4) (fig. S6),
which is expected given that LA-PTH is a PTH/
PTHrP chimera whose C-terminal fragment (res-
idues 16 to 34) corresponds to the PTHrP se-
quence (fig. S2C). The N-terminal half of the
LA-PTH helix (hereafter referred to as LA-PTH";
residues 1 to 16) adopts four helical turns and is
inserted deeply into the TMD core. It is directly
surrounded by TM1, TM2, TM3, TM5, TM6, and
TM?7. TM4 is the only transmembrane helix that
does not contact the LA-PTH helix (Figs. 1B and
2). The EM map is very clear for the LA-PTH
helix and the surrounding TM helices, allowing
unambiguous assignment of most side chains of
the bound LA-PTH and its binding pocket in the
TMD core (figs. S3 and S5).

The binding of LA-PTH to PTHIR buries a
total surface area of 3809 A2, with the interaction
of LA-PTHY with the TMD core contributing
>60% of the buried surface, suggesting that in-
teractions in this region provide the major bind-
ing energy for the formation of the complex. The
stability of the interface between LA-PTH and
the TMD is well supported by an extensive net-
work of complementary polar and nonpolar inter-
actions between the bound peptide ligand and
the TMD (table S1 and Fig. 2, B and C), with de-
tails described in the supplementary text.

Interactions between LA-PTH and PTH1R
help rationalize numerous studies on receptor

structure-activity relationship for PTH and PTHIR
that have been reviewed in (Z) and also point
toward residues that are possible determinants
for the mechanism of prolonged cAMP signal-
ing. Originally designed to place the optimal
signaling domain of PTH (residues 1 to 14) with
the optimal binding domain of PTHrP (residues
15 to 36) (22), LA-PTH displays markedly en-
hanced affinity for the PTHIR when coupled
to G proteins (7). This enhanced affinity is ac-
companied not only by prolonged endosomal
cAMP production in cells but also by prolonged
calcemic responses in mice and primates that
are independent of the ligand half-life in the
circulation (17). Specifically, LA-PTH has four
major amino acid changes at positions 10, 11,
12, and 14 from PTH (fig. S2C). These changes
make either additional hydrophobic contacts
[Gly®—Ala (G12A) and H14W] or additional
hydrogen bonds (N10Q and L11R) (table S1), thus
increasing the binding affinity of LA-PTH to the
receptor TMD and accounting for the long-acting
property of LA-PTH.

The structure further unveils the complex net-
work of interactions formed by the first four
residues of LA-PTH. Consistent with a critical
role for these residues in activating the receptor,
an N-terminally truncated LA-PTH 5 56, peptide isa
potent antagonist of PTHIR (fig. S7). Competition-
binding isotherms indicated that this truncated
peptide maintains most of the stabilizing inter-
actions used by LA-PTH (fig. S7A) and is thus only
missing the signaling interactions that permit Gq
coupling and activation (fig. S7, B to E). Together
with earlier studies on class B chimeric GPCRs
and hybrid peptides (23-25), these results sup-
port the model that peptide ligands of class B
GPCRs are composed of two independent domains,
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Fig. 2. Molecular recognition of LA-PTH by PTHIR. (A) The binding
mode of LA-PTH with PTHIR, showing that LA-PTH" (ribbon and stick
representation, orange) penetrates into a pocket formed by all TM
helices except TM4, and by ECL2 and ECL3 whereas its C-terminal half
is recognized by the ECD (ribbon in transparent surface, green). Single-

with the C-terminal residues contributing to
peptide binding selectivity, whereas N-terminal
residues switch on receptor activation.

Conformational dynamics of the
PTHI1R-Gs complex

The relatively weak density for the ECD in the
initial EM map suggests that multiple conforma-
tions are present simultaneously in the active
PTHIR-Gg complex. To address the dynamic
agonist recognition by the PTH1R, we employed
extensive particle classifications that yielded
three distinct subclasses and revealed the posi-
tion of the ECD in three different conformational
states relative to the TMD core, with nominal
global resolutions of 3.0, 3.5, and 4.0 A, respec-
tively. In contrast, a single homogeneous confor-
mation of the receptor TMD and TMD-bound
LA-PTH™ was evident throughout all three major
conformational states (Fig. 3 and figs. S4 and S8).

The first two conformational states are very
similar, with the ECD and LA-PTH® rotated about
15° against each other (Fig. 3 and fig. S8A). In the
third conformation, the LA-PTHC is bent, result-
ing in a loss of the interaction of LA-PTHS with
the ECD and, thereby, a largely unresolved ECD
density in the EM map compared with the other
two conformational states (Fig. 3 and fig. S8B).
However, the distinctive conformation of LA-PTH™
among all three conformational states implies
that stable interactions between LA-PTH™ and
the TMD core likely provide the driving energy
that induces receptor activation, an observation
consistent with previous studies (74). Molecular
dynamics (MD) simulation results corroborate
the EM structures, revealing that the LA-PTHY
and the TMD core are in a single dominant con-
formational state in the simulation, whereas the
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ECD can twist around the LA-PTH helix (Fig. 3
and movie S1). Flexibility of the ECD might be
required for initial binding of the peptide to the
receptor, which is the first step in the two-step/
two-domain model of ligand binding and recep-
tor activation (26, 27). The third conformational
state also implies that the separation of the LA-
PTHC from ECD is likely the first step of the
receptor-ligand dissociation process.

Basis of peptide hormone specificity

Peptide ligands of class B GPCRs vary greatly in
their amino acid sequences (Fig. 4), which con-
tribute to the specificity of ligand recognition
by each receptor. Comparison of the LA-PTH-
PTHIR-Gs complex with three other distinct
class B GPCR-G; complexes shows the under-
lying structural features that determine receptor-
ligand specificity. The major difference among
receptors lies in the position and orientation of
their ECDs (Fig. 4A), which hold the correspond-
ing peptide ligands in different conformations
and orientations. The specificity of interaction
between the ECD and the C-terminal half of the
peptide ligand resembles what has been observed
in the previously reported crystal structures of
ECD-peptide complexes (4, 5) (fig. S6). Here we
focus on differences in the N-terminal halves of
the peptide helices in the TMD cores. Figure 4B
illustrates shapes and sizes of the TMD pockets
and the N-terminal halves of their corresponding
peptide ligands. The TMD pockets of class B
GPCRs typically range in size from 3300 to
3700 A%, and only 32 to 61% of the pocket space
is occupied by a peptide ligand. Despite a com-
mon structural packing of TM helices that con-
struct the pocket, the pocket shape is unique for
each receptor, owing to low conservation of the
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letter abbreviations for the amino acid residues are as follows: A, Ala;
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met;
N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

(B and C) Detailed interactions of LA-PTH with the PTHIR TMD pocket
with hydrogen bonds shown as dotted lines.

side chains lining it (fig. S9); thus, each pocket is
capable of accommodating specific residues of a
particular peptide ligand. In addition, different
positions of the ECD among PTHIR, GLP-1R, and
CGRP receptors help tweak the peptide helices
differently into the TMD pocket (Fig. 4B), there-
by contributing additional specificity to ligand
binding.

The ECD of class B GPCRs displays a broad
spectrum of relative stability, ranging from the
poorly resolved calcitonin receptor (CTR) ECD
to the resolved CTR ECD to the CGRP receptor
(CGRPR) ECD whose mobility is restricted by
interactions with RAMP1 (11, 12). Of the class B
GPCR complex structures resolved to date, the
orientation of the ECDs of PTHIR and GLP-1R
is partially limited by the extended peptide o
helix that extends from the ECD to the receptor
TMD. One notable difference between the active-
state structures of PTHIR and GLP-1R is in the
ECLI region, which is unstructured in PTHIR but
has a helical extension in GLP-1R (left and middle
panels in Fig. 4A) that forms several additional
direct contacts with the C-terminal portion of
the bound GLP-1 helix. The ECL1 in both rat and
human GLP-1R is in a position close enough to
form van der Waals interactions with the first two
helical turns of the N-terminal helix of the ECD,
whereas there is no interaction between PTHIR
ECD and its TMD. The differences mentioned
above likely contribute to the greater mobility
of the PTHIR ECD compared with that of GLP-1R,
resulting in the unwinding of LA-PTH from the
active state of the PTHIR complex. In contrast,
the occupancy of the LA-PTH™ ligand in the TMD
pocket is much higher than that of GLP-1 (63
versus 38%), suggesting substantially tighter bind-
ing and thus providing the potential structural
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state 1

Fig. 3. Conformational dynamics of the LA-PTH-PTHI1R complex. (A) Three confor-
mational states of the LA-PTH-PTHIR complex. (B and C) The relative movement of
the Ca positions of LA-PTH (B) and the PTHIR ECD and TMD in four independent MD
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2(u)
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|
|
|
[ —1(r)
|
|
|
|

ECD

—2(n

TMD

10 20 30
Residue

simulations (C). The u and r in parentheses indicate that the Gs-binding interface is
unrestrained or restrained, respectively, during simulation. RMSF, root mean square

fluctuation; RMSD, root mean square deviation.

basis for the high potency of LA-PTH that
sustains cAMP responses after receptor internal-
ization to endosomes. PTH .14, peptide analogs
that contain the same or a very similar set of six
substitutions that are incorporated into the N-
terminal portion of LA-PTH exhibit much greater
potency on a PTHIR TMD construct than the un-
modified PTHy.4) peptide (28). Together, these
observations provide a rationale for the fact that
ECD is required for GLP-1IR activation but dis-
pensable for PTHIR activation (14, 26).

Toward a common mechanism of class B
GPCR activation and G coupling

Despite the different conformations and orienta-
tions of LA-PTH, GLP-1, and CGRP, the first resi-
due at the N-terminal helical end of each peptide
is located at the same relative position near TM6
in the TMD pocket of the cognate receptor (Fig. 4,
A and B). Both LA-PTH and GLP-1 have one ad-
ditional N-terminal residue before the N-terminal
helical end. CGRP has five additional N-terminal
residues, which structurally turn away from the
bottom of the agonist-binding pocket (12) (Fig.
4C). These extra residues also point toward TM6,
pushing the C-terminal half of TM6 outward and
partially unwinding this portion of the TM6 helix.
There is also a similar outward movement of this
region in TM7 (Figs. 4A and 5A). A near-80° sharp
Kkink is seen between P415%4” and G4185°°° in the
middle of TM6, which is stabilized by H42055%°,
Q451" and N374°°% that form capping inter-
actions with the three backbone carbonyls from
the broken helix residues 415 to 417 at the kink
(Fig. 5B). N374%°%, P41554™ (G418%°P, H4205°%,
and Q4517*°* (NPGHQ motif) are conserved
across the class B GPCRs, with the only excep-
tion being H™*" (fig. S9). Thus, despite differ-
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ent shapes and sizes of the TM pockets and the
different peptide sequences, class B GPCRs
share a common mechanism of ligand-mediated
receptor activation through key conserved resi-
dues that stabilize the sharp kink at the middle
of TM6.

This sharp kink results in a pronounced out-
ward movement of the cytoplasmic end of the
TMG6 helix. This outward movement is also ac-
companied by a 90° rotation of the helical wheel
at the T410%4? position (fig. S10), which normal-
ly forms a conserved polar core with residues in
TM2, TM3, and TM7 in the inactive GLP-1R
structure (fig. S9). Rearrangement of this polar
core has been proposed as a conserved mecha-
nism for constitutively active class B GPCR mu-
tants (29, 30), and it is consistent with the
constitutively active PTHIR mutant H223R>%°",
which causes Jansen-type metaphyseal chondro-
dysplasia (31). Thus, the structure and sequence
analyses indicate that the key residues that keep
the receptors in an inactive state and the key
residues that are involved in receptor activation
are highly conserved among class B GPCRs.

The outward movement of TM6 leads to a
large opening of the cytoplasmic cavity for cou-
pling Gs. Compared with typical class A GPCRs,
which undergo rapid deactivation (32, 33), PTHIR
can remain activated long after peptide dissocia-
tion (34), a phenomenon that was considered as a
possible “molecular memory” of the active PTHIR
state. Given the large degree of conformational
changes between the active and inactive states
of TM6, and prolonged signaling of PTHIR, we
reason that the transition between these two
states is separated by a high-energy barrier,
which may explain slow Kinetics of receptor ac-
tivation and deactivation. A similar phenomenon

ao3s

ant

600 800

400
Time (ns)

of molecular memory and mechanism remains to
be seen for other class B GPCRs.

The overall assembly of the receptor-G com-
plex is remarkably similar among class B GPCR
structures solved to date (10-13). This outward
movement of TM6 and the resulting cavity
formed on the cytoplasmic surface were not
present in the recent crystal structure of an
engineered PTHIR in complex with a PTH pep-
tide, likely because of the TMD mutations that
were introduced for thermal stability, as these
mutations prevented activation and signaling
(35). In the current structure, the main PTHIR-
G complex is anchored by the o5 helix of Gas,
which fits snugly into the cytoplasmic cavity of
the TMD (Fig. 5, C and D). Additional contacts
are observed between the extended helix 8 of the
receptor and the G subunit (Figs. 1 and 5F). The
PTHIR residues that interface with the G pro-
tein are highly conserved across class B GPCRs
(fig. S9). Structure comparison of PTHIR-G com-
plexes with other class B GPCR-Gg complexes
reveals substantial similarity in the G protein-
binding interface, consistent with a common
mechanism of G protein engagement (36). The
only major difference is in the ICL2 conforma-
tion, in which PTHIR and GLP-1R are most
similar to each other but different from CTR and
CGRPR. In this conformation, the CGRPR F246
from ICL2 and corresponding F253 residue in
CTR make much closer contacts with the oN
helix and o5 helix of the Gog than the corre-
sponding residue in PTHIR and GLP-1R.

Outlook

We used cryo-EM to solve the near-atomic reso-
lution structure of the LA-PTH-bound PTHIR
in complex with Gs. This structure provides a
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GLP-1R

PTH1R

B
C clucagon-like {
PTH ..... SVSEIOLMANL CKHLNSMERVEWLRKKLODVEN
PTHIP .. ... AVSEHOLLHDKGKS|IQDLRRRFFLHELIAEIHT a b
LA-PTH . .... AVAEIQLMHQRAKWIQDARRRAFLHKLIAEIHT PTHIR GLP1R® GLP1R> CGRPR
GLPL ...... HAEGTFTSDVSSYLEGQAAKEF IAW o io
GLP2 . ..... HAD|GSFSDEMNT|ILDNLAARDF INW Receptor-peptide interface (A%) 3545 3465 2876 3841
Glucagon . .. ... HSQGTFTSDYSKYLDSRRAQDFVIQW .
Secretin ... ... HSDGTFTSELSRLREGARLORLLQG ECD-peptide interface (A?) 1240 1170 884 1495
GIP . ..... YAEGTFISDYSTAMDK[I[HQODFVINW
PACAP27 . ..... HSDGIFTDSYSRYRKQMAVKKYLAA o -
VIP .. HSDAVFTDNYTRLRKQMAVKKYLNS TMD-peptide interface (A%) 2305 2295 1983 2417
TIP39 . ..SLALADDAAFRERARLLAALERRHWLNSY) .
e Pocket Volume (A) 3581 3693 3663 3527
Calcitonin-like _ }
calcitonin CGNL SEMMLGTY T|QDENKFHTFPQTATGVGAP.[]. . . . ' . 23
CGRP AHDTAEVTHE%GLHSRSGGVVKNN%VPT@VGHKAF. Peptide Occupied Volume (A%) 1839 174 1188 1511
Amylin KCNTAREATQRLANFLVHSSNNFGAILSSTNVGSNTY . ) o
Adrenomedullin GCRFGHETVOKLAHQIYQF TDKDKDNVAPRISKISPOGY Peptide Pocket Occupancy (%) 51 32 32 42

Fig. 4. Basis of peptide hormone specificity. (A) Pairwise
comparison of the LA-PTH bound to PTHIR with GLP-1, Exendin-P5
(ExP5), and CGRP in complex with their corresponding receptors,
showing the relative positions of peptide ligands and their receptor
ECDs. The RAMP1 component was omitted from the CGRPR

figure for clarity. (B) Pairwise comparison of the PTHIR structure

comprehensive understanding of how PTHIR
interacts with an agonist peptide ligand and
couples to G and further reveals the prolonged
active state of PTHIR that sustains endosomal
cAMP signaling. Structural comparison with other
class B GPCRs provides the basis of peptide binding

Zhao et al., Science 364, 148-153 (2019) 12 April 2019

GLP-1R structure.

specificity as well as the common mechanism of
ligand-induced receptor activation and coupling
to downstream Gg protein. Given the relatively
conserved complex assembly and key structural
components, the principles derived from these
structural observations should be applicable to

with GLP-1R bound to GLP-1, ExP5, and CGRPR, showing the pocket
shapes accommodating respective peptide ligands. (C) Sequence
alignment of class B GPCR peptide ligands. (D) Pocket size and
occupancy of peptide ligands in class B GPCR structures. GLP-1R?
is a GLP-1-bound GLP-IR structure, and GLP-1R is an ExP5-bound

the entire family of class B GPCRs. Moreover,
PTH is a classic endocrine hormone identified
more than 80 years ago, with a rich history of
physiological and pharmacological studies. The
structure reported in this paper provides a founda-
tion to systematically rationalize the extensive
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Fig. 5. Common mechanism of class B GPCR activation and G coupling. (A) The relative
position of the LA-PTH N terminus (orange) toward the sharp kink of TM6 (green). (B) The kink and
helix capping at TM6 are stabilized by conserved interactions with residues from TM5 (N374550P)
and TM7 (Q45174°"). (€ to F) The PTHIR-Gs interface, including Gas a5-PTHIR helix 8 interface (C);
Gas a5-PTHIR TM3/TM5 interface (D); PTHIR ICL2-Gas oN helix interface (E); and helix 8-Gp
interface (F). PTHIR, green; Gos, yellow; and GB, cyan.

body of biochemical and mutational data devel-
oped for the PTHIR and from which to move
toward new treatments of bone and mineral dis-
eases, such as osteoporosis and cancer cachexia.
In addition, the extensive ordered lipids around
the PTHIR TMD provide a structural template for
studying membrane protein-lipid interactions.
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Bone-cell regulation, fleshed out
One of many medically relevant G protein—coupled receptors, parathyroid hormone receptor-1 (PTH1R) functions
in the control of calcium homeostasis and bone physiology. Zhao et al. used cryc-election microscopy to observe the
structure of PTHI1R in a complex with a modified form of parathyroid hormone and stimulatory G protein. The structural
model helps explain how parathyroid hormone interacts with its receptor and the molecular basis for receptor activation.
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