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Abstract

It was recently shown that the covalent tethering of the N-terminus of parathyroid hor(Rdh® to the seventh
helical bundle of the G-protein coupled PTH-recet®TH1R) leads to autoactivatiofShimizu et al., J. Biol. Chem.
275 (2000 19456-1946]D Here, we have developed molecular models for the interaction ofl PTH) tethered to
PTHIR and refined them with molecular dynamics simulations. The starting structure of the/tigzemtor complex
is based on experimental data from a series of spectroscopic structural studies (@B#Hand the extracellular
domains of PTH1R and intermolecular contact points derived from photoaffinity labeling. The resulting PTH1R
[Arg*]PTH(1-11 complex has the N-terminus of PTH interacting with residues of the third extracellular loop of
PTHL1R, as a possible mode for receptor activation. The hydrophobic residues leucine-5 and methionine-8, centrally
located in the N-terminak-helix of PTH(1-11), are located in deep, well-defined hydrophobic pockets in the central
core of the seventh helical bundle, consistent with the requirement of these amino acids for autoactivation. We
postulate that the improved signaling propertiedAfg*]PTH(1-11 over wild type PTH1-11) is due to a stable
hydrogen bond between Arfg and E444, at the beginning of TM7. The model provides atomic insight into currently
available biochemical data as well as numerous putative ligendptor interactions, and thereby may further the
rational design of reduced-size PTH agonists at the PTH1 recé&pt®@02 Elsevier Science B.V. All rights reserved.

Keywords: Parathyroid hormon€PTH); PTH receptor; G-protein coupled receptors; Coupling of G-proteins to PTH receptor;
Constitutively active receptors; Tethered-ligand

1. Introduction the B family of G-protein coupled receptors, a
class which includes receptors for secretin, calci-
Parathyroid hormon€PTH) is vital in the reg-  tonin, glucagon and pituitary adenylate cyclase
ulation of extracellular calcium homeosta$is?l.  activating polypeptide. The receptor activates both
The receptor for PTHPTHIR) is a member of  G_(associated with adenylyl cyclaseyclic aden-
~ *Corresponding author. Tel.: 1-401-863-2139; fax:+ 1- osine monophosphatprotein kinase A pathway
401-863-1595. and G, (inositol triphosphatgcytosolic calciunt
E-mail address: dale_mierke@brown.ed@D.F. Mierke). protein kinase € [3—§. PTHI1R is also activated
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by parathyroid hormone-related proteiRTHrP), bound to the receptor. Utilizing ligarideceptor
a 141-residue protein, associated with skeletal contact points between PTH and PTH1R from
development and the formation of cartilafge10. photoaffinity labeling experiment$l5] and the
The N-terminal 13 residues of PTH and PTHrP structural features of PTH24], the topological
share 70% sequence homology. The report of PTH orientation of the tethered-ligand within the recep-
leading to increased bone density has suggestedor is further defined.
that the development of an agonist for PTH1IR  Here, we present results from our examination
may provide a treatment for osteoporogid]. An of the PTH1R [Arg*Y]PTH(1-11) tethered system
understanding of the molecular mechanism by by extensive computer simulations, providing
which the hormone is recognized and binds to its molecular insight into ligangreceptor interactions.
receptor should greatly facilitate these efforts. We show that our findings are in accordance with
By employing site-directed mutagenesis, recep- results from site-directed mutagenesis, receptor
tor chimera and photoaffinity labeling, insight into chimera and photoaffinity labeling carried out on
the ligand'receptor complex has been obtained the wild-type PTH-PTH1R system. Such details
[12-17. These data have clearly defined interac- should facilitate ongoing efforts to increase the
tions between the seven helix bundle of the recep- binding affinity of exogenous N-terminal frag-
tor and the N-terminus of the ligand. Similarly, ments of PTH[25,26 as a novel route for the
interactions between the N-terminus of PTH1R treatment of osteoporos[&1,27.
and the C-terminus of the ligand have been shown
to be a determinant for binding. Many of these 2. Methods
data have been incorporated into a molecular
model of the ligandreceptor compleX{18]. The The model of the PTH1RArg*]PTH(1-11
model was greatly enhanced by knowledge of the tethered receptor was generated using previously
structural preferences of the extracellular domains published method$18,28; new mutational data
of PTH1R as determined by high-resolution NMR were incorporated into the model, as were the
in a lipid environment19-21. Despite these in-  conformational features of three of the loops con-
roads, many questions regarding the ligand—recep-necting the transmembrarf@M) helices, recently
tor interactions, and certainly the mechanism of determined by NMR spectroscopy in our labora-
receptor activation, remain undefined. Too many tory [19,29. The arrangement of the TM helices
degrees of freedom remain, particularly within the was updated based on the X-ray structure of bovine
large N-terminus of the receptor, for which the rhodopsin[30Q].
structure is not known, and its role in facilitating The modeling of the tethered ligar(ghositions
the binding of PTH[22]. 1-11 of the mutant receptbutilized the structure
Recently, Gardella and co-workers have estab- of PTH(1-34), previously determined in a micel-
lished a tethered ligand system for PTH1R which lar-lipid environment in our laboratorj24]. The
is constitutively active[23]. In this system, resi- backbone dihedral angles of the connecting flexi-
dues 1-181 of PTH1R are replaced with the N- ble region 12—15, constituted by four consecutive
terminus of PTH, PTKL-9 or PTH(1-1D, glycines, were rotated manually until the helix of
connected by a linker of four consecutive glycine the ligand was above the putative binding site, at
residues. Additionally, in the PTH-11) tethered the extracellular surface, above the central core of
system, replacing Léd with Afg enhanced the the TM helical bundle. The conformation of the
autoactivation[23]. The tethered receptor lacks short N-terminal regior{segments 182—198wvas
most of the extracellular N-terminus of PTH1R assumed to be similar to that determined by NMR
[the first transmembranéTM) helix has been in a lipid environment for the fragment 168—198
shown to begin at residue 19Q9]]. Most impor- [19]: the region from 182 to 189 was awrhelix
tantly for characterization of the ligayiceceptor lying on the surface of the membrane and the
complex, the tethered ligand system greatly reduc- helix forming the extracellular end of TM1 was
es the possible orientations of the ligand while composed of residues 190-198. The resulting
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receptor was energy-minimized and subjected to a distance restraint between Ser and M425. During

short MD run (in vacug using the piscoveRr
program(Molecular Simulations Ing.in order to
remove initial strain. During this stage, the TM
helices were restrained to their initial positions
using template forcing.

Only one of the contact points generated from
the photo-affinity labeling studies involves resi-
dues in segments 1-11 of PT(d covalent attach-
ment between position 1 of the hormone and
position 425 of the receptofl5]). A distance

the final stage, the distance restraint was removed
and the system was allowed to evolve freely for 2
ns of MD at 300 K. The RMSD of the atomic
coordinates and of interatomic distances for the
backbone atoms was monitored during the simu-
lation. Representative structures were obtained for
each MD run by energy minimization of the
average coordinates over the last 500 ps of
simulation.

All simulations were carried out using periodic

restraint between these residues of 0.7 nm wasboundary conditions and neighbor lists for the
used in the subsequent stages of the refinement.calculation of non-bonded interactions, updated

The loose distance restraif0.7 nm is used,
although proton extraction of the photo-excited
species is limited to 0.31 nr{81], to compensate
for the replacement of the natural amino acid

every 10 steps. Only non-bonded interactions with-
in 1.0 nm were included, both for the calculation

of the Lennard—Jones and the electrostatic poten-
tial. Temperature and pressure bath coupling were

(Set replaced by the benzoyl phenylalanine used applied[34,34, with time constants of 0.02 and 1

for photoaffinity labeling.

ps, respectively. All calculations were performed

The receptor was then soaked in a three-layer on an SGI Origin 2000 computer and on a 6-PC

(water/decangwaten simulation cell for further
refinement by MD simulations. The TM helices

were embedded in the decane layer while the

extra- and intracellular regions were placed in

water phases. The membrane environment was

mimicked by a layer of approximately 40 A of
decane moleculef32], with approximately 25 A
of water above and below, consisting of approxi-

cluster with Linux operating system.
3. Results and discussion

The starting point for the simulations of the
tethered-ligand receptor system include the topo-
logical orientation of the TM helices based on the

mately 900 decane and 15000 water molecules. X-ray structure of rhodopsif0], ligand/receptor
The solvent system sacrifices the charged naturecontact points derived from photo-affinity labeling

of the lipid/water interface for computational sim-
plicity while maintaining the overall biphasic,
hydrophobi¢hydrophilic character, as well as the

experimentd15], and the structural preferences of
the ligand and the extracellular domains of the
receptor as determined by NMR studigkd,24.

molecular motions of the long acyl-chains found The general applicability of the structural features
in membranes. The CH and GH groups of decane of the TM helices of rhodopsin as a template has
were treated as united atoms, the Ryckaert—Belle-been addressed in some detail in the literature
mans potentials were applied, and a minimum [36—42. We have previously shown that the rho-

distance of 2.3 A between water and decane dopsin model for the PTH1 receptor places R233

molecules was allowef2]. All solvated simula-

(TM2) and Q451(TM7) facing each other in the

tions and their analysis were carried out using the central TM core of the receptdd8]. Experimen-

GROMACS package, version 2.(B3].

tally, Gardella and co-workers have shown that an

The refinement consisted of three stages. In the interaction between these residues is important for

first stage, the solvent was allowed to equilibrate
during a 50-ps MD run at 300 K, while the heavy
atoms of the protein were constrained in their
initial positions, with a force constant of 1000 kJ
mol~!* nm~2. In the second stage, 300 ps of
restrained MD at 300 K were performed using the

binding of PTH and signaling43]. In our model,

both R233 and Q451 are located in the middle of
their respective TM helices, projecting towards
each other with an average distance of 0.25 nm
between the side chains during the MD simula-
tions. Additional evidence for rhodopsin as a
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template was provided by the incorporation of
zinc-binding pockets into the PTH1 recepidd].

The structural features of PTH have been exten-

sively examined over the yeafsee recent review
[27]). All of these studies agree that the N-
terminus of the ligand has a strong propensity to
form an a-helix. Our own studies of human
PTH(1-34) in the presence of lipidf24] showed

a well-defineda-helix between the residues Ser —
Asn'®. Structural studies of reduced-size PTH ana-
logs, PTH1-14), likewise display a large
percentage of-helix based on CD measurements
[26]. Therefore, the starting structure of the teth-
ered receptor contained anhelix for residues 3—
10 of the ligand. Likewise, from our NMR-based
structural studies of the proximal N-terminus of
the receptof19], an a-helix, lying on the surface
of the membrane environment, was incorporated
into the starting structure for residues 182—-189 of
the receptor. The TM1 helix was assumed to begin
just following this helix at residue 190, based on
the experimental findings of our previous study
[19].

The ligand was placed within the receptor to
account for the photo-affinity derived contact
points between M42%TM6) and residues 1 and
2 of the ligand[15,45. These interactions between
the N-terminus of the ligand and the extracellular
face of TM6 require the ligand to extend across
the seventh helical bundle of the recepbig. 1).
Utilizing this starting structure, extensive MD sim-
ulations were carried out using a watdecang
water simulation cell [19,46. No major
conformational changes take place during the MD
simulation(an average RMSD over the simulation
trajectory with the starting structure is 0.13 nm for
the heavy backbone atomsBelow, the results
from the simulations and the agreement with
experimental data are detailed starting with the N-
terminus of the ligand.

3.1. Residue Ala’
In the model, the N-terminal residue of PTH is

located on the top of TM6, very close to ECS3.
The positively charged, amino group of Ala is

L. Monticelli et al. / Biophysical Chemistry 95 (2002) 165-172

Fig. 1. Extracellular view of the PTHJRArg**]PTH(1-11
tethered receptor system. TMlower right and TM4-EC2-

TM5 (upper lefy are displayed in dark green. The
[Arg*]PTH(1-1D ligand is shown in gray with the side chains
depicted as sticks. The disulfide bond between EC2 and TM3
is illustrated in yellow.

final helical-turn of TM6. The interaction between
the positive charge and the macro-dipole of the
helix is very favorableg(positive charges are often
observed at the C-terminal ends afhelices in
protein structures The amino group of PTH -
34) was found to form similar interactions in the
previously published model of PTHYRTH(1-
34) [18]. Importantly, removal of the NH leads
to a great reduction of the activity of PTH-34)
[47]. Therefore, we conclude that this interaction
is determinant for receptor activation in both the
wild type and ligand-tethered receptors.

In the model, M425, which is found to crosslink
to position 1 of PTH1-34) [15], is located on
the extracellular end of TM6 projecting towards
the membrane, away from the core of the TM-
helix bundle and at an average distance of approx-
imately 0.65 nm away from Ser of PTH. We
postulate that the longer, much more hydrophobic
benzoyl phenylalanine utilized in photoaffinity

hydrogen-bonded to the backbone carbonyl groups labeling experiments projects further out, between

of residues M425, A426 and T427 found in the

TM5 and TM6, into the membrane environment,
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Fig. 2. Depiction of the hydrophobic binding pocket of ¥al of
[Arg*]PTH(1-1D. The residues contributing to the pocket
(see text are depicted as CPK spheres.

and therefore, comes quite close to M4@%oser
than the upper limit of 0.31 nm for proton extrac-
tion by the photo-excited species

3.2. Residue Val?

In the model, VA is located in a hydrophobic
pocket, as shown in Fig. 2, formed by four residues
in EC3: L436, W437, Q440 and M441. The
binding pocket is a direct result of the presence of
ana-helix in the third extracellular loop of PTH1R
as determined by NMR in our laboratory and of
the small size of the loofapprox. 12 residues
Previous mutations have probed this binding pock-
et. According to Lee et al., substitution of W437
(with A, L or E) or Q440 (with A or L) in
PTHIR leads to a loss in PTH-34) binding, an
effect much reduced with PT(3-34) [13]. The
results from the simulations provide molecular
insight into these mutations. W437 and Q440 are
located in the short-helical segment of EC3. In
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of the ligand. With truncation of the N-terminus
and the removal of VAl , i.e. PTI3-34), this
would not be an issue. From our model, substitu-
tion of Q440 with a positively charged arginine
would lead to a favorable Coulombic interaction
with Glu* of the N-terminus of PTH, while main-
taining the hydrophobic pocket for Val of the
ligand.

Within the tethered-ligand receptor system,
Val? is important for autoactivation; replacement
of Val? with Ala?, leads to a dramatic decrease in
cAMP production[23]. Based on our model, we
propose that the smaller alanine does not fill the
hydrophobic pocket, disrupting the interaction of
the N-terminus of the ligand with the EC3 of the
receptor, a step we hypothesize to be determinant
for receptor activation.

3.3. Residue Ser’

During the simulations carried out here, Ser is
found projecting away from the receptor, exposed
to the aqueous solution. The residue is in close
proximity to the central helix of EC3, which we
predict places limits on the size of residue side
chain at this position. An alanine scan of the
PTH1R/PTH(1-11 tethered system indicates
only a minor role for Sér with respect to autoac-
tivation [23]. In standard activity assays with
PTH(1-34), the Set/Ala® substitution produces
only small changes in the E¢ valu¢48]. For
the PTH1-14 system, only serine, glycine and
alanine preserved high affinity of the ligand for
PTH1R[49].

3.4. Residue Glu*

During the simulations, Gfu is found projecting

the absence of a ligand, we hypothesize that thesetowards EC3 and the extracellular end of TM7, in
residues, certainly the tryptophan, are projecting a binding pocket formed by the aromatic residues,
towards the membrane. Upon ligand binding, we Y443 and F447. During the simulations, the neg-
observe that W437 and Q440 contribute to a atively charged side chain is found to form a
hydrophobic pocket for VAl . This change is hydrogen bond with Q440. Replacement of Glu
brought about by a slight rotation of the central with Ala* leads to a significant drop in the autoac-
helix of EC3 and rotamer transition of thg side tivation of the PTH1-11) tethered ligand[23].
chain dihedral angle of W437. Replacing these Similarly, Glu* is found to be imperative in
residues with smaller or more polar amino acid PTH(1-14) in standard activity assaygl9]. As
would disrupt the favorable interaction with ¥al —mentioned above, the Q440 has been shown to
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Fig. 3. Depiction of the hydrophobic binding pocket of’lle of
[Arg*]PTH(1-11D. The residues contributing to the pocket
(see text are depicted as CPK spheres.

play an important role in the activation of PTH1R,
replacement with Leu or Ala producing a precipi-
tous drop in ligand binding.

3.5. Residue Ile’

In the model, the side chain of Ale is accom-
modated by a hydrophobic pocket made up of the
extracellular ends of TM3(F287, V283, TM7
(F447, F450 and EC2(1362), which forms the
bottom of the pocket, as illustrated in Fig. 3. The
binding cavity extends deep into TM3, TM4, TM5
and TM6, in a very similar fashion to that previ-
ously observed in the PTHPTH1R model[18].

The results from the alanine scan confirm the
importance of the interactions involving this resi-
due for autoactivation: substitution of fle with an
alanine markedly reduces cAMP production. Pre-
vious functional studies on PTH-14 [25,49,
PTH(1-34) and PTHrR1-36) [48,50 have also
illustrated a vital role for the residue at this
position.

3.5.1. Residue GIn®
The hydrophilic amino acid is projecting away

from the receptor, exposed to water. Replacement

with an alanine does not significantly alter autoac-
tivation [23], which is in contrast to the results of
mutation of this residue in wild-type receptor
activation assays with PTH-14) and PTH1-
34).

L. Monticelli et al. / Biophysical Chemistry 95 (2002) 165-172

3.6. Residue Leu’

This residue is projecting towards the extracel-
lular end of TM7. A hydrophobic pocket is formed
at the beginning of TM7 by the aromatic residues
H442, Y443 and F447. Such a binding pocket of
aromatic residues is consistent with the findings
that the replacement of Léu with Phe in PO+
14) increases cAMP production in wild-type recep-
tor-bases assay49]. Within the tethered PTH —
11) system, replacement of Leu with an alanine
leads to a 50% reduction in cAMP production
[23].

3.7. Binding pocket for residue Met®

The side chain of Mét is found on the same
face of the N-terminal helix as Re, in a deep
hydrophobic pocket made up of the extracellular
termini of TM2, TM3 and TM7, involving residues
K238, F287, V283 and F447. The finding of a
hydrophobic pocket is consistent with the obser-
vation that, in PTH1-34), oxidation of Me#
results in a decrease in the biological response
[51], and that replacement of this Met with norleu-
cine is well tolerated, producing no loss of binding
affinity [52]. In the tethered ligand receptor sys-
tem, Met is strictly required for autoactivation
[23].

3.8. His®, Asn'®

During the MD simulations both of these resi-
dues interact with the receptor only minimally. In
the tethered PTHL—-11) system examined here,
replacement of HiS with an alanine, leads to only
a slight reduction of the production of cAMP
levels, which may be indicative of this position
exposed to the aqueous environment and therefore
favoring histidine. These findings are in accor-
dance with the mutational results observed for
Asn'® of PTH1-14), which indicate that most
hydrophilic amino acids are well tolerated at this
position [49].

3.9. Interactions of Arg"!

The model also provides an explanation for the
increased basal cAMP levels upon the substitution
of Leut* (naturally found in PTH with Arg*™. The
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results of the MD simulations show that Atg is
between Y191 and E444 located at the extracel-
lular ends of TM1 and TM7, respectively. A
hydrogen bond between Arfy and E444 is prom-
inent during the MD simulationgobserved for
86% of the simulation with an average distance of
0.26 nm. Given the high intrinsic flexibility of
the N-terminus of the receptddue to the four
consecutive glycines in position 12-)15this
hydrogen bond may be critical for stabilizing the
activated conformation of the molecule. In fact,
this interaction provides an anchoring point for the
tethered ligand, keeping the ligand centrally locat-
ed in the seventh helical bundle. This anchoring
point is not necessary for the binding of PTH-
34) to the wild type receptor, in which a large
number of interactions between the C-terminus of
the ligand and N-terminus of the receptor are
present. In the previously published model of the
PTH1R/PTH(1-34) complex[18], the side chain
of Leut! of the ligand is found in almost the same
position, between residues E444, 1190 and Y191.
It should be noted that PTHrP contains Eys |,
indicating that this hydrogen bond may be active
in the binding of this related hormone to PTH1R.

3.10. Interactions of F184, L187 of PTHIR

In the resulting structures from the simulations,
these two hydrophobic residues, just proximal to
the beginning of TM1, are projecting into the
decane, serving to anchor the polyGly-ligand close
to the membrane surfacéFig. 4). During the
NMR-study of PTH1R168-198, the intensity of
the signals of both F184 and L187 were greatly
reduced upon the addition of a nitroxide-radical to
the lipid micelles [19], providing experimental

171

Fig. 4. Side view of the ligand tethered to TM1. The ligand is
parallel to thea-helix in the center of EC3, which lies along
the membrane surface. Both F184 and L187 are shown as ball-
and-stick models, projecting towards the hydrophobic environ-
ment of the membrane, serving to anchor the ligand in the
correct orientation to bind to the receptor.

4. Conclusions

The tethering of the PTH to its G-protein cou-
pled receptor has provided a unique vehicle to
examine the determinants required for receptor
activation. The deletion of a majority of the large
N-terminus(residues 1-18)1 leaving only the TM
helical bundle, greatly simplifies our efforts to
structurally probe the ligand—receptor interactions.
Likewise, employing only the N-terminus of PTH
(residues 1-1), which forms a stable, well-deter-
mined a-helix [24], and removes points of flexi-
bility or regions which are structurally undefined.
These simplifications of the ligafideceptor sys-
tem coupled with the experimentally determined
conformations of the extracellular domains of
PTH1R [19,21] and photoaffinity labeling data
provide for a very well determined starting point
for MD simulations. The resulting structures from
the simulations suggest a number of ligaretep-

evidence for the interaction with the alkyl-chains tor interactions. Some of the sites of the receptor
of the lipids. Indeed, Gardella and co-workers have identified here have been previously examined by
found that both of these positions can be replaced site-directed mutagenesis and are shown to play a

with hydrophobic amino acidée.g. lle, Met, Lel
without loss of biological function, while hydro-
philic amino acids(e.g. Asp, Glu, Lys, Ary are

role in receptor function. Our results suggest how
and where these receptor residues interact with the
ligand. Based on these results, we aim to design

not tolerated53]. These experimental findings are  more conformational constrained reduced size ana-
in full accordance with the structures developed logs of PTH, an important target for the treatment
here. of osteoporosig11].
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