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ABSTRACT: Efforts to elucidate the nature of the bimolecular interaction of parathyroid hormone (PTH)
with its cognate receptor, the PTH receptor type 1 (PTHR1), have relied heavily on benzoylphenylalanine-
(Bpa-) based photoaffinity cross-linking. However, given the flexibility, size, and shape of Bpa, the
resolution at the PTH—PTHRI1 interface appears to be reaching the limit of this technique. Here we employ
a disulfide-trapping approach developed by others primarily for use in screening compound libraries to
identify novel ligands. In this method, cysteine substitutions are introduced into a specific site within the
ligand and a region in the receptor predicted to interact with each other. Upon ligand binding, if these
cysteines are in close proximity, they form a disulfide bond. Since the geometry governing disulfide bond
formation is more constrained than Bpa cross-linking, this novel approach can be employed to generate
a more refined molecular model of the PTH—PTHR1 complex. Using a PTH analogue containing a cysteine
at position 1, we probed 24 sites and identified 4 in PTHR1 to which cross-linking occurred. Importantly,
previous photoaffinity cross-linking studies using a PTH analogue with Bpa at position 1 only identified
a single interaction site. The new sites identified by the disulfide-trapping procedure were used as constraints
in molecular dynamics simulations to generate an updated model of the PTH—PTHRI1 complex. Mapping
by disulfide trapping extends and complements photoaffinity cross-linking. It is applicable to other
peptide—receptor interfaces and should yield insights about yet unknown sites of ligand—receptor
interactions, allowing for generation of more refined models.

Class II G protein-coupled receptors (GPCRs)' interact
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with physiologically important peptides. There is intense
study of how these peptides associate with their cognate
receptors since elucidation of these interactions should
provide important insights for the rational design of ligands
with enhanced pharmacological properties for use in treating
an array of diseases (/, 2). Over the past decade, photoaffinity
cross-linking has been employed to study the interaction of
a number of peptide—GPCR interactions (3). This technique
involves systematically probing the receptor for regions of
interaction using a peptide that incorporates a photoreactive
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moiety that irreversibly cross-links to the receptor. We and
others have used this approach extensively to study the
interaction of parathyroid hormone (PTH) with its cognate
receptor, the PTH receptor type 1 (PTHR1) (4-12). This
hormone—receptor system plays an integral role in calcium
metabolism and bone biology.

Our research is focused on studying the bimolecular
interface of the PTH—PTHRI1 complex in order to gain
insights that will aid the design of ligands of PTHR1 for the
treatment of osteoporosis and other disorders. The extreme
N-terminus of PTH is essential for its activity (/3). Therefore,
elucidating the interaction between this region of the hormone
with the receptor should provide valuable information for
the future design of novel PTHRI agonists. Using ben-
zoylphenylalanine- (Bpa-) mediated photoaffinity cross-
linking, we previously reported that an analogue of PTH
incorporating a Bpa moiety at position 1 (Bpal-PTH) cross-
links to M425 of the receptor, close to the top of transmem-
brane (TM) 6 (6). However, based on recent findings that
Bpa exhibits a strong cross-linking preference for methionine,
the precision of this contact site is not well-defined (/4-19).
Given the methionine preference, coupled with the rotational
freedom of the Bpa moiety (encompassing a large radius for
cross-linking), further refinement of this PTH/PTHRI region
of interaction using a Bpa photoaffinity cross-linking ap-
proach is precluded.

In order to obtain a more detailed and accurate molecular
model of the PTH—PTHRI1 complex, we used a recently
developed approach for cross-linking peptides to receptor
in a novel manner. The disulfide bond-mediated approach
for cross-linking small molecules and peptides to GPCRs
has been used successfully (20, 27), primarily as a means
for screening thiol-containing compound libraries in order
to identify novel ligands. We now utilize this technique for
studying the interactions of PTH and PTHR1 and mapping
the interface of their biomolecular complex. After the original
submission of this paper, a report of a closely similar
approach applied to the C5a receptor appeared (22). This
technique monitors disulfide bond formation between a
peptide analogue containing a cysteine at a defined position
and mutant receptors that have individual cysteines intro-
duced at sites predicted to be close to the natural binding
site for the region of the peptide being studied. The rationale
is that if the cysteine of the ligand comes into close proximity
to an introduced cysteine in the receptor during ligand
binding, a disulfide bond will form. Using the disulfide-
trapping approach, we probed a total of 24 positions within
TMS5 and TM6 of PTHRI for interaction with Cysl. The
positions selected for study were based on the previous
finding that M425 in TM6 is the contact point for position
1 in PTH (6). Also, the TM5 domain was included in the
study based on recent related research from our laboratory
(unpublished data) indicating interactions between TM5 and
TMG6 upon ligand binding. A portion of extracellular loop 3
(EC3), namely, positions 427—429, was included. But the
lack of cross-linking confirmed our interest in focusing on
TMS and TM6. Although EC3 is involved in ligand binding,
it likely interacts with positions of PTH other than position
1. Application of the disulfide approach enabled us to identify
four residues of PTHRI, situated toward the extracellular
portions of TM5 and TM6, which form part of the binding
pocket for the extreme N-terminus of PTH. Importantly,
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although 24 positions were probed, only 4 cross-linked. This
contrasts to the observation of many cross-linking sites
detected due to the “methionine magnet effect” (/4 —19).
The novel sites of interaction identified by this study
generated a molecular model that exhibits important differ-
ences from our previous model based on Bpa photoaffinity
cross-linking data.

In this report, we demonstrate that the disulfide-trapping
approach, when guided by a model based on the widely
employed Bpa-mediated photoaffinity cross-linking meth-
odology, can provide higher resolving power than Bpa
photo-cross-linking alone. This method should have
important applications in mapping ligand—receptor inter-
faces and in the further refining of existing models, not
just for the PTH—PTHRI1 system but also for class II
GPCRs, in general.

EXPERIMENTAL PROCEDURES

Materials. lodine-125 was purchased from Amersham
Biosciences, and Iodo-Gen precoated tubes were obtained
from Pierce (Rockford, IL). DMEM, Opti-MEM serum-free
medium, penicillin, streptomycin, fetal bovine serum, and
phosphate-buffered saline (PBS) were obtained from Invit-
rogen (Carlsbad, CA). FuGENE6 was from Roche Diagnos-
tics (Indianapolis, IN). The Dual-Glo luciferase assay system
was from Promega (Madison, WI). Plasmid maxi- and mini-
prep kits were from Qiagen (Valencia, CA). All of the 5’-
phosphorylated oligonucleotides were purchased from Sigma-
Genosys (St. Louis, MO). Goat polyclonal anti-PTH/
PTHrP-R antibody (E-17) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA), and donkey anti-goat
phycoerythrin- (PE-) labeled secondary antibody was ob-
tained from Abcam (Cambridge, MA). Polyacrylamide
solution (30%) and molecular weight standards (Precision
Plus protein standards, dual color) were from Bio-Rad
(Richmond, CA). The GraphPad Prism software was from
GraphPad software (San Diego, CA). All other reagents and
plastic ware were obtained from Fisher Scientific (Pittsburgh,
PA).

Peptide Synthesis and Radioiodination. The Cysl-PTH
peptide ([Cys! Nle®!8, Arg!32627 2-Nal?*, Tyr**]bPTH-(1—34)-
NH,) was synthesized using Fmoc chemistry in our labora-
tory using a Symphony peptide synthesizer (Protein Tech-
nologies, Tucson, AZ) and purified using methods described
previously (/2). Cys was introduced as Fmoc-Cys (Trt) for
protection during synthesis. Deprotection at the end of
synthesis was achieved by exposure to 81.5% trifluoroacetic
acid, 5% thioanisole, 5% phenol, 5% water, 2.5% dithio-
threitol, and 1% trisisopropylsilane. The molecular mass of
the purified peptide was confirmed by mass spectroscopy.
Radioiodination was performed using a two-step (indirect)
procedure based on precoated iodination tubes according to
the manufacturer’s protocol (Pierce). Preactivation of '>5I was
performed to prevent the oxidation of the thiol group of
Cys1-PTH. Initially, 70 uL of NaH,PO, and 20 uL of '*I
were transferred to an Iodo-Gen precoated tube. After 6 min,
the activated iodine solution was transferred to a microcen-
trifuge tube containing the peptide in 10 mM AcOH (110
ug/11 uL). This was done to prevent direct contact of the
peptide with the free oxidizing agent. Dithiothreitol, as a
reducing agent, was added (20 uL, 5 mM) following
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iodination to both quench the reaction and ensure that the
peptide is reduced in 130 uL of water. Then the radiolabeled
ligand was purified from the excess iodine and reducing agent
using HPLC (35—42% acetonitrile gradient over 30 min).
The most radioactive samples (counted on y counter) were
analyzed by SDS—PAGE. A band corresponding to PTH
monomer was observed even after undergoing oxidation/
iodination. Continued protection was afforded by keeping
the peptide in a frozen solution until use.

Site-Directed Mutagenesis. wtPTHR1, previously cloned
into pcDNA3.1 (23), served as the template for the introduc-
tion of cysteines by site-directed mutagenesis using the
QuickChange II kit (Stratagene, La Jolla, CA); all reactions
were carried out according to the manufacturer’s instructions.
Cloning was confirmed by DNA sequence analysis (Tufts
University Core Facility, Boston, MA).

Cell Culture. Cos-7 cells were used since they do not
express endogenous PTHRI1. The cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% FBS and 1x penicillin and streptomycin in a
humidified 5% CO, atmosphere at 37 °C.

Adenylyl Cyclase Activity. Cos-7 cells were seeded onto
24-well collagen-coated plates (BD Biocoat cellware) at a
density of 60000 cells/well. The cells were transiently
transfected the next day with 100 ng/well PTHR1 DNA (wild
type or specific mutant receptors), 100 ng/well Cre-luciferase
DNA, and 10 ng/well Renilla luciferase DNA (internal
control for transfection efficiency). Posttransfection (18—24
h), the media were replaced with DMEM containing 5%
FBS. The luciferase assay for measuring hormone-stimulated
adenylyl cyclase activity was carried out as described (/2).
The ECsy was calculated by nonlinear regression analysis
using the GraphPad Prism software. The EC,, values are
expressed as “fold” increase in activity observed with 1 uM
PTH over basal activity.

Flow Cytometry. Cos-7 cells were seeded onto 100 mm
plates at a density of 1 x 10° cells/plate and transiently
transfected the following day with 1.7 ug of PTHR1 DNA
(wild type or specific mutant receptors). Posttransfection
(18—24 h), 1 x 10° cells were transferred to 5 mL
polypropylene round-bottom tubes and centrifuged at 250g
for 5 min. Cells were washed with PBS and subsequently
incubated on ice for 1 h with 1 ug of anti-PTHR E-17
antibody. Cells were washed three times with PBS prior to
addition of 1 mL of PE-labeled anti-goat secondary antibody
(1:200 dilution in PBS). Samples were incubated on ice in
the dark for 1 h and subsequently washed three times with
PBS. Cells were resuspended in 0.5% formaldehyde and
stored at 4 °C. Flow cytometry was performed at the Tufts
University Flow Cytometry Core Facility using a MoFlo
high-performance cell sorter (Dako, Carpinteria, CA), count-
ing 20000 cells per sample, in duplicate. Nontransfected
Cos-7 cells served as a negative control for PTHRI1
expression.

Disulfide Trapping. Cos-7 cells were seeded onto 24-well
collagen-coated plates (BD Biocoat cellware) at a density
of 60000 cells/well. The cells were transiently transfected
the next day with 200 ng/well wtPTHR1 or mutant receptor
DNA as described above. Posttransfection (18—24 h), the
media were replaced with DMEM containing 5% FBS, and
125[-Cys1-PTH was added at 100000 cpm/well. Plates were
incubated for 2 h at room temperature, followed by a PBS
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FIGURE 1: Activation of PTHR1 by Cys1-PTH. Cos-7 cells were
transiently transfected with wtPTHR1 DNA and assayed for Cys1-
PTH-stimulated adenylyl cyclase activity. The ECs value, calcu-
lated from the concentration curve using GraphPad Prism, was 3.2
nM. Bars show SEM of three or more replicates.

washing step. SDS—PAGE buffer [62.5 mM Tris (pH 6.8),
10% glycerol, 2% SDS, 0.1% bromophenol blue], with or
without 5% [-mercaptoethanol, was added to each well.
Following 45 min incubation, cells were scraped from the
wells and separated through a 7.5% SDS—polyacrylamide
gel. The gels were dried and exposed to film for 1—2 days
at —80 °C prior to developing.

Molecular Modeling. The results from the disulfide-
trapping experiments were utilized as distance restraints in
a molecular dynamics simulation, using the NAMD simula-
tion package, following published procedures (/4). In these
simulations, a restraint of 6.0 A was placed between the Cf3
atoms of the Serl of PTH and the appropriate residue of the
receptor: L368, Y421, F424, and M425. As with our previous
simulations (employing Bpa cross-linking data), the wild-
type ligand and receptor were utilized in order to define as
closely as possible the binding mode of the natural ligand.
The CS—Cp distance about a Cys—Cys disulfide bond ranges
from 3.8 to 4.6 A. We employed a slightly larger distance
restraint during the MD simulations to account for the
utilization of the wild-type sequences.

RESULTS

Activity of Cys1-PTH and PTHRI Cysteine Mutants. We
generated a PTH analogue by substituting position 1 (a serine
in the native peptide) with a cysteine (Cys1-PTH). Modifica-
tion of position 1 of PTH can produce profound effects on
hormonal bioactivity (/3). Therefore, assessing the bioactivity
of the Cys1-PTH ligand was prerequisite to initiating the
disulfide-trapping strategy. This modified ligand retained the
ability to activate wtPTHRI, as judged by a ligand-induced
luciferase-reporter assay which monitors the cAMP signaling
pathway (Figure 1). Cysteines were introduced individually
into 13 positions in the upper region of TM6 of PTHR1 by
site-directed mutagenesis. An identical bioassay, using
unmodified PTH, confirmed that each of the introduced
cysteines had no major detrimental effect on the ability of
the mutant receptors to bind hormone and elicit a signal
(Table 1). Analysis of cell surface expression of each of the
mutant receptors showed all of them to be present on the
cell surface (Figure 2).

Identification of Residues in TM6 in Close Proximity to
Position 1 of PTH. When cells transiently expressing mutant
PTHR1 constructs were incubated with '>I-labeled Cysl-
PTH, lysed, and analyzed by nonreducing SDS—PAGE,
three PTHR1 mutants were identified that cross-linked the
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Table 1: PTH-Stimulated Adenylyl Cyclase Activity of PTHR1 Mutants
Containing a Cysteine in TM6“

PTHR1 mutant ECso, nM ECh.x fold increase over basal
wtPTHR1 0.2 32.0
F417C 246 10.3
G418C 4.1 10.6
V419C 10.5 24.6
H420C 6.1 3.1
Y421C 0.5 7.2
1422C 2.3 1.2
V423C 0.1 5.0
F424C 1.2 8.2
M425C 0.2 54
A426C 0.2 5.1
T427C 0.3 2.3
P428C 52 11.9
Y429C 0.9 32

“Cos-7 cells were transiently transfected with constructs encoding
wtPTHR1 or mutant receptor and assayed for PTH-stimulated adenylyl
cyclase activity. All constructs were assayed in triplicate. The ECsg
values were calculated from concentration curves using GraphPad Prism.
ECnax values are expressed as the fold increase in activity observed with
1 uM PTH over basal activity.
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FIGURE 2: Cell surface expression of PTHR1 mutants with cysteines
introduced into TM6. Cos-7 cells were transiently transfected with
wtPTHR1 or mutant receptor DNA and analyzed by flow cytometry
using an antibody that recognizes the N-terminal extracellular
domain of PTHRI1 in conjunction with a PE-labeled secondary
antibody. The percentage expression levels for wtPTHR1 were set
to 100%, and the relative expression levels of all mutant receptors
were compared to this. Bars show SEM of two replicates.

labeled peptide (Figure 3, upper panel). The cross-linking
of the peptide to each of these mutant receptors was
abrogated when the samples were analyzed by SDS—PAGE
performed under reducing conditions, confirming that the
observed cross-linked product results from the formation of
a disulfide bond (Figure 3, lower panel). Specificity of the
binding was confirmed by performing the experiments in the
presence of competing unmodified PTH: no cross-linking of
Cys1-PTH to the mutant receptors was observed in the
presence on 1 uM PTH (Figure 4).

Identification of Residues in TMS in Close Proximity to
Position 1 of PTH. We initially focused our attention on
residues in the upper region of TM6 since our previous
finding, using Bpal-PTH, showed that M425 appeared to
be a contact point for position 1 of the peptide (6). While
investigating this region of TM6, ongoing work in our
laboratory suggested that, upon activation of the receptor,
the upper regions of TM5 and TM6 move closer together
(unpublished data). From our finding that the N-terminal
residue of PTH is positioned close to the top of TM®6, it was
presumed that it also comes close to the top of TMS5. We
tested this hypothesis by introducing cysteines individually
into 11 positions in the upper regions of TM5 of PTHR1
(Table 2 and Figure 5) and repeating the disulfide-trapping
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FIGURE 3: Disulfide trapping of Cys1-PTH to PTHR1 mutants with
introduced cysteines in TM6. Cells expressing the various mutant
receptors were incubated with '>I-labeled Cys1-PTH and subse-
quently analyzed by SDS—PAGE in the absence (upper panel) or
presence (lower panel) of reducing agent (3-mercaptoethanol). The
white arrow indicates Cys1-PTH cross-linked to receptors, and the
black arrow indicates the un-cross-linked peptide.
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FIGURE 4: Specificity of interaction of Cysl-PTH with mutant
receptors. The mutant PTHR1 forms that cross-linked Cys1-PTH
were exposed to ZI-labeled Cys1-PTH in the presence of increasing
concentrations of unmodified PTH, and the samples were then
analyzed by SDS—PAGE and autoradiography as detailed in
Experimental Procedures. Only the region of the gels corresponding
to the cross-linked product is shown. In the presence of the highest
concentration of PTH used (1 uM), the cross-linking of Cys1-PTH
to each receptor mutant was totally abrogated.

Table 2: PTH-Stimulated Adenylyl Cyclase Activity of PTHR1 Mutants
Containing a Cysteine in TM5¢

PTHRI1 mutant ECso, nM ECh.x fold increase over basal
V365C 11.9 16.6
P366C 1.9 10.6
1367C 6.9 26.4
L368C 124 31.3
A369C 13.6 31.7
S370C 13.1 56.0
1371C 13.6 41.6
V372C 7.5 72.6
L373C 17.4 52.7
N374C 24.2 50.2
F375C 22.9 62.6

“Cos-7 cells were transiently transfected with constructs encoding
wtPTHR1 or mutant receptor and assayed for PTH-stimulated adenylyl
cyclase activity. All constructs were assayed in triplicate. The ECsg
values were calculated from concentration curves using GraphPad Prism.
ECpax values are expressed as the fold increase in activity observed with
1 uM PTH over basal activity.

procedure with Cys1-PTH. Analysis of the data obtained
reveals that only a single mutant, L368C, cross-links to the
peptide (Figure 6, upper panel). Once again, this cross-linking
was abrogated when the sample was analyzed by SDS—PAGE
performed under reducing conditions (Figure 6, lower panel).
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FIGURE 5: Cell surface expression of PTHR1 mutants with cysteines
introduced into TMS5. Analysis was performed exactly as described
for Figure 2. The percentage expression levels for wtPTHR1 were
set to 100%, and the relative expression levels of all mutant
receptors were compared to this. Bars show SEM of two replicates.
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FIGURE 6: Disulfide trapping of Cys1-PTH to PTHR1 mutants with
introduced cysteines in TMS. Cells expressing the various mutant
receptors were incubated with 2I-labeled Cys1-PTH and subse-
quently analyzed by SDS—PAGE in the absence (upper panel) or
presence (lower panel) of reducing agent (3-mercaptoethanol). The
white arrow indicates Cys1-PTH cross-linked to receptors, and the
black arrow indicates the un-cross-linked peptide.

Molecular Modeling of the Site of Interaction of Position
1 of PTH with PTHRI. The new interaction sites identified
by disulfide trapping were introduced as distance restraints
in molecular dynamics (MD) simulations. All of the simula-
tions were carried out using the wild-type receptor and ligand.
The distance restraints were placed onto the Cf atoms of
Serl (the native residue at position 1 of PTH) and the
appropriate residue of PTHR1 (L368, Y421, F424, or M425).
Importantly, each of these MD simulations resulted in
essentially identical binding modes, indicating that all of the
interactions identified by disulfide trapping are consistent.
The resulting model from the F424 simulation is illustrated
in Figure 7. The resulting C3—Cp distances between Serl
and L368, Y421, and F424 are 6.1, 6.3, and 4.1 A,
respectively, for this simulation. The result from the M425
simulation led to a very similar binding mode, but with the
N-terminus of the ligand less displaced toward the cytosol,
producing a longer distance to L368 (ca. 7.3 A). In
comparison with our previous PTH/PTHR1 model, we
observe that the far N-terminus of PTH (Serl-Val2) shifts
more downward (more cytosolic in orientation), with no
change in the interactions of the remainder of the ligand.
This movement of the PTH N-terminus toward the cytosolic
portion of the receptor is led by the interaction with L368
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FIGURE 7: Model of the interaction of position 1 of PTH with
PTHRI1 obtained by molecular dynamics simulations. The four sites
in PTHRI1 that formed disulfide bonds with Cys1-PTH are shown
in green; the backbone of the ligand is shown in yellow (nitrogen
= blue; oxygen = red). The side chains of Ile5 and Met8 of the
peptide are displayed for orientation. The top panel depicts a view
from above the receptor; the lower panel depicts a side view.

and Y421. The Serl residue used in the simulations adopts
a position equidistant between the extracellular portion of
TMS5 and TM6, consistent with the general mode of GPCR
activation by ligand.

DISCUSSION

Photoaffinity cross-linking has traditionally been used to
investigate sites of interaction between peptide hormones and
GPCRs (reviewed in ref 3). We have used this technique
extensively in our study of the interaction of PTH with
PTHRI (4-6, 8, 9, 12). By combining data collected from
extensive photoaffinity cross-linking studies with molecular
modeling, a model of the PTH—PTHRI1 bimolecular complex
has been generated that identifies regions of contact at the
interface between the hormone and the receptor. But further
iterations of this approach are now yielding diminishing
returns. We believe that we are reaching the limit of the
resolving power of this technique, making the generation of
newer, more detailed models of the PTH—PTHRI1 interaction
increasingly difficult. Also, we have recently explored an
important caveat associated with the commonly employed
photoreactive Bpa moiety: we delineated the “methionine
magnet effect” over a range of at least 11 amino acid residues
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in the PTHRI1 (74, 19). Although highly useful for surveying
a hormone—receptor in order to derive a first-generation map
of the bindecular interface, the properties of Bpa have
important implications that compromise its utility in photo-
affinity cross-linking to delineate contact sites for use in
creating high-resolution models of the PTH—PTHRI interac-
tion and peptide—receptor interactions in general.

A novel cross-linking strategy, mediated through thiol-
reactive groups, has been used to investigate the interactions
of small molecules and short peptides with GPCRs (20, 21).
This disulfide-trapping approach previously utilized princi-
pally for screening of compound libraries has now been
successfully applied by us to mapping the PTH—PTHRI1
bimolecular interface. After the original submission of this
paper, a closely similar approach applied to the C5a receptor
was reported (22). Unlike Bpa-mediated photoaffinity cross-
linking, the disulfide-trapping procedure allows for the
identification of numerous residues within the receptor that
are in close proximity to a defined position in the peptide
being investigated: in this case, position 1 of PTH. Our
previous work with Bpal-PTH identified only a single
residue, M425, of TM6 in PTHRI1 that was proximal to the
N-terminus of the peptide (6). With the Bpa methodology,
a single ligand can be used to ask only a single experimental
question. In contrast, the disulfide-trapping methodology
amplifies the utility of each ligand probe: each probe can be
used in a series of experiments to map the surface of
interaction along the receptor (although the method is limited
to Cys substitutions in both receptor and ligand that are
tolerated in terms of biological function). For example, in
the investigations reported herein, we interrogated a total of
24 potential contact sites within TMS and TM6 of PTHRI1
with the Cysl-PTH peptide. The probing yields specific
results: 20 of 24 sites displayed no cross-linking. On the basis
of this 24 position scan, we are now able to define three
additional points of interaction between position 1 of PTH
and PTHRI1. Further delineation of the binding pocket for
the extreme N-terminus of PTH using our Bpal-PTH
analogue would have required at best a labor-intensive
approach. More likely, further refinement would not be
possible using Bpa methodology.

SDS—PAGE analysis consistently showed that the Y421C,
F424C, and L368C mutant receptors cross-link the peptide
more effectively than the M425C PTHR1 (corresponding to
the original site identified by Bpa photoaffinity cross-linking),
as judged by the intensity of the cross-linked bands following
autoradiography (Figure 4). This suggests that, in the natural
binding state, position 1 of the ligand comes closer to Y421,
F424, and L368 (or spends more time in their vicinity) than
it does to M425. Our previous report of the predominance
of Bpal-PTH interacting with M425 (6) no doubt reflects
the preference of the Bpa moiety for methionine residues.
The new findings highlight the advantageous properties
of the disulfide-trapping approach over Bpa-mediated pho-
toaffinity cross-linking.

The observation that Bpal-PTH cross-linked to M425 was
viewed as somewhat problematic from the outset. M425 is
on the extracellular surface of the receptor, but in all models
of PTHR1, M425 projects away from the core of the 7TM
helices, interacting with the lipophilic alkyl chains of the
membrane. We hypothesize that the covalent bond formed
with Bpal was the result of the preference for methionine
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coupled with a slight shifting of the bound ligand, such that
the Bpa projected into the membrane environment, between
TMS5 and TM6. This slight alteration in binding can largely
be accommodated by rotation about y1 of Bpa and therefore
does not alter the affinity for PTHR1 (as this is largely driven
by the C-terminus of the ligand) or its activation profile.

The results obtained from the disulfide-trapping experi-
ments identify a number of residues within the core of the
TM bundle forming the interface between TMS and TM6.
The current mode of GPCR activation postulates a translation
and rotation of TM6 relative to TM3 (24). The association
of Serl (of the native ligand) with L368 (TM5) and Y421/
F424 (TMO6) of the receptor would be expected to initiate
conformational changes of the TMs, leading to signaling.
The reduced reactive radius of cysteine compared to Bpa in
this disulfide-trapping method provides higher resolution in
defining important contacts between PTH and PTHR1.

We envision that further work using PTHR1 mutants with
cysteines introduced into other TMs, in conjunction with the
Cys1-PTH peptide reported here, Cys2-PTH, or other Cys-
containing analogues, should enable complete delineation of
the binding pocket for the N-terminus of the ligand. Such
structural insight should facilitate the design of peptide
analogues with improved pharmacological profiles or, ideally,
small molecule agonists of PTHR1 that may have utility as
the next generation of osteoporosis therapies. Along similar
lines, PTHR1 antagonists have potential therapeutic applica-
tions in disorders of calcium metabolism, such as hyperpar-
athyroidism and malignancy-associated hypercalcemia. In-
deed, the utility of the information obtained from cross-
linking approaches has recently been shown in a report
describing a small molecule antagonist of PTHR1 (25). Using
knowledge gleaned from previous Bpa-mediated cross-
linking of PTH to PTHRI, the authors used molecular
modeling to manually dock this small molecule into a pocket
between the tops of TMs 3, 4, 5, and 6. This structure-based
approach to drug design will be aided by future disulfide-
trapping experiments to further resolve the nature of the
PTH—PTHRI bimolecular interface.

This disulfide-trapping cross-linking strategy is readily
applicable to mapping the interface of other peptide—receptor
bimolecular complexes. It is most effectively applied when
a first generation experimentally derived model of the
hormone—receptor complex, such as can be derived by
photoaffinity cross-linking, is available as a structural
platform. Knowledge of key putative contact regions between
the hormone and receptor obtained from Bpa-mediated
photoaffinity cross-linking can be used to efficiently guide
the placement of cysteines across the interface in order to
resolve the structure. This approach holds promise for
providing novel insights useful not only for the design of
pharmacological agents but also for elucidating the general
principles of hormone—receptor molecular recognition that
operate for class II GPCRs.
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