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ABSTRACT: Elucidating the bimolecular interface between parathyroid hormone (PTH) and its cognate G
protein-coupled receptor (PTHR1) should yield insights into the basis of molecular recognition and the
mechanism of ligand-mediated intracellular signaling for a system that is critically important in regulating
calcium levels in blood. We used photoaffinity scanning (PAS) to identify key ligaadeptor interactions

for residues from the unstructured mid-region domain of PTH34). Four PTH analogues, containing

a single photoreactive-benzoylphenylalanine (Bpa) residue in position 11, 15, 18, or 21, were found to
photo-cross-link within receptor regions [16576], [183-189], [190-298], and [165-176], respectively.
Addition of these mid-region contacts as constraints to our previously proposed model of the PTH
PTHR1 complex and extensive molecular simulation experiments enables substantial refinement of the
model. Specifically, (1) the overall receptor-bound conformation of the hormone is not extended, but
bent; (2) helix [169-176] of the N-terminal extracellular domain (N-ECD) of the receptor is redirected
toward the heptahelical bundle; and (3) the hormone traverses between the top of transmembrane (TM)
helices 1 and 2, rather than between TM-7 and TM-1. This significantly alters the model of both the
receptor-bound tertiary structure of the hormone and the topological orientation of the C-terminus of the
N-ECD in the hormonereceptor bimolecular complex. We propose that the mid-region of PT+34)

has a role in fixing, by extensive contacts with the receptor, the entry of the N-terminal helix of the
hormone into the heptahelical bundle between TM-1 and TM-2. This anchorage would orient the amino
terminus into position to activate the receptor.

Parathyroid hormone (PTHyegulates calcium levels in ily B). Insights into the molecular basis of ligand recognition
blood through its action on bone and kidnel).(These should advance understanding of the expression of PTH
activities are mediated through interaction with its cognate activity and aid the design of PTH-mimetics and antagonists
receptor, PTHR1a G protein-coupled seven transmembrane for treatment of diseases such as osteoporosis, hypercalcemia
(TM) domain-containing receptor (GPCR) of Class Il (Fam- of malignancy, and hyperparathyroidisi).(

Knowledge of structurefunction relations and the three-
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binding domain of PTH is extended away from the bundle, FUGENE 6 Transfection Reagent (Roche) in OPTI-MEM |
lying on the surface of the membrane, and interacting with Reduced Serum Medium (Gibco). The cells were harvested
residues in ECL-1 and the juxtamembrane portion of the after 18 h for the photoaffinity cross-linking experiment.
N-ECD (9). Here, we present photo-cross-linking data on  Radioiodination and Photoaffinity Cross-Linkingadio-
four new PTH-(1-34) analogues; each contains a photore- iodination of the Bpa-containing PTH analogues was carried
active Bpa residue in the mid-region of the hormone, i.e., out as previously describe@?). Photoaffinity cross-linking
positions 11, 15, 18, and 21. Identification of the receptor and isolation of liganetreceptor conjugates was carried out
contact sites for these analogues requires that the previouslyas describedld, 16).

reported model of the hormonreeceptor complex be PTHR1 Binding Binding affinity of Bpa-containing ana-

reexamined. logues was determined usiA$l-[Nle&8 Tyr34-bPTH-(1—
34)NH, as tracer 18). Assays were carried out using HEK-

EXPERIMENTAL PROCEDURES 293-C2 cells. Receptor mutants were tested for binding

affinity after transfection of COS-7 cells in 24 well-plates
using 0.2ug of DNA/well and 1uL of FUGENE 6/well in
OPTI-MEM.

Adenylyl Cyclase Actity. Activation of adenylyl cyclase
by PTH analogues was determined in HEK293-C21 cells
(18).

Luciferase Assay of Mutant Receptofigansfection of
COS-7 cells with either wild-type or mutant receptor was
performed by adding 0.kg/well of mutant Rc DNA, 0.1
ug/well of CRE-luc, 0.1ug/well of Renilla-luc, and JuL/
well of FUGENE 6 to OPTI-MEM I. The assay was carried
out after 18 h using the Dual-Glo Luciferase Assay System
(Promega). Plates were read on a Mithras LB940 multilabel
plate reader from Berthold Technologies.

Enzymatic and Chemical DigestioiE&zymatic digestions
with Endo-F were carried out in 25 mM Tris-HCI, pH 8.5/
0.01% SDS (w/v), at 37C for 2 h. BNPS-skatole digestions
were carried out with 2 mg/mL freshly prepared BNPS-
skatole in 70% acetic acid containing 0.1% SDS at’G7

Materials.Standard Boc-protected amino acid derivatives,
N-hydroxybenzotriazolé\,N'-dicyclohexylcarbodiimide, and
p-methylbenzhydrylamine resin were purchased from Ap-
plied Biosystems (Foster City, CA). Boc-Bpa-OH and Boc-
Asp(OcHx)-OH were from Advanced ChemTech (Louisville,
KY), and Boc-His(3-Bom)-OH was from Bachem (Buben-
dorf, Switzerland). Boc-Nle-OH was purchased from Chem-
Impex International (Wood Dale, IL), dissolved in NMP to
yield a 1 Msolution, and loaded as such on the synthesizer.
Boc-2-Nal-OH was from Peptides International (Louisville,
KY). lodogen and 2-(2nitrophenylsulfenyl)-3-methyl-3-
bromoindolenine (BNPS-skatole) were purchased from Pierce
(Rockford, IL). CNBr was from Aldrich (Milwaukee, WI).
Na'?9 was obtained from Amersham-Pharmacia (Arlington
Heights, IL). Endo-F was obtained from New England
BioLabs (Beverly, MA). 3H-labeled adenine was from
Perkin-Elmer Life Sciences (Boston, MA). All other chemical
reagents were purchased from Aldrich/Sigma/Fluka Group

(St. Lo_ws, MO). . o for 24—48 h in the dark. CNBr digestions were performed
Peptide SynthesiBpa-containing analogues of [NI¥, with 50 mg/mL freshly prepared CNBr in 70% formic acid
Arg'326272-Nal*, Tyr|PTH-(1-34)NH, were synthesized  .,ntaining 0.1% SDS at room temperature for 24 h in the
and purified as described previousl§g|. Purity of the o Glu-C digestions were carried out in acetate buffer,
peptides was confirmed by analytical RP-HPLC, and their n14 4 3 for 4 h. Electrophoretic analyses were performed

structural integrity was determined by amino acid analysis using 7.5% SDSPAGE or 16.5% Tricine/SDSPAGE. If
and electrospray ionization mass spectrometry {888).  needed, the radioactive bands were excised from the dried
[Bpall]-PTH MW, (calculated) 4321, (found) 4322: analytl— gels and extracted into 100 mM NHCO;, pH 7.5/0.01%
cal RP-HPLC{r = 14.91 min (26-60% B, 30 min); peptide  gpg (WV).
content, 72.6%. [Bpd-PTH: MW, (calculated) 4321, Molecular Modeling.The molecular model of the PTH
(found) 4321; analytical RP-HPLQg = 17.30 min (26- receptor was built as describe2Bf. The PTHR1 model was
60% B, 30 min); peptide content, 66.1%. [BffePTH: MW, template-forced using the Discover molecular mechanics
(calculated) 4321, (found) 4321; analytical RP-HPIL& - program and the X-ray structure of rhodops¥) The
16.72 min (26-60% B, 30 min); peptide content, 57.7%. gy ctural features of the fragment spanning the ectopic
[Bpa?]-PTH: MW, (calculated) 4335, (found) 4337; analyti-  orion of TM-1 and the juxtamembrane portion of the
cal RP-HPLCtr = 21.94 min (25‘45% B, 30 min); peptide N-ECD (PTHR1[168‘198]), ECL-1 (PTHR1[241-285]),
content, 69.9%. and ECL-3 (PTHR1[426450]) were incorporated into the
Cell Culture.COS-7, HEK-293, and HEK293-C21 cells  model using the experimentally determined distance restraints
stably overexpressing recombinant hPTHR1~a00 000 (7,9).
copies per cell were cultured as describ&€) ( The model of the receptor was refined using the GRO-
Receptor MutagenesiSingle-stranded phagemid DNA of  MACS program for the molecular dynamics (MD) simula-
PTHR1 was prepared by infecting the PTH1R-transformed tions 25). A water/decane/water simulation cell (120100
Escherichia colistrain CJ236 with helper phage M13K07 x 100 A) was used to mimic the hydrophilic/hydrophobic,
(20). The [N176M]- and [V183M]PTHRL1 site-directed biphasic nature of the cytoplasmic membrane in a compu-
mutants were constructed by oligonucleotide mutagenesis oftationally simple model§, 26). During the simulations, the
the single-stranded phagemid DNA1). Clones were  photoaffinity labeling-derived ligandreceptor interactions
selected, and the mutation was confirmed by DNA sequenc-were maintained by distance restraints. A target distance of
ing. 14 A betweena-carbons of the Bpa residue in the ligand
Transient Transfection of COS-7 Cells with Mutant Recep- and the site of cross-linking in the receptor was chosen to
tors. Six 15-cm dishes with COS-7 cells were transfected
by addition of 5.2ug/dish of DNA and 26uL/dish of 2Dale Mierke et al., unpublished results.
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Table 1: Biological Evaluation of Binding Affinity and Adenylyl
Cyclase Stimulatory Activity of Novel Bpa-Containing PTH
Analogued

binding affinity adenylyl cyclase
PTH analogue I1Cs0 (NM) activity EGso (NM)
[Bpatl-PTH 9.0+ 25 7.0£25
[Bpa'9-PTH 6.6+ 1.4 1.1+1.4
[Bpag-PTH 10.0+ 2.6 22.0+£5.1
[Bpa?Y-PTH 14.0+ 3.2 2.2+1.6
PTH 3.8+£0.5 1.0+ 0.9

2The sequences are based on theJii& Argt3262"NaP3 Tyr3bPTH-
(1—34)NH; scaffold. 1Go and EGo values are expressed as mean values
from three independent experiments. Assays were carried out using
HEK293-C21 cells stably overexpressing hPTHR1 at 400 000 copies/
cell (19).

provide ample freedom for the receptor and ligand to adjust
and to optimize the ligandreceptor interactions. This
distance accounts for the incorporation of Bpa in the
photoaffinity labeling experiments, while the natural PTH
ligand was used for the simulations.

RESULTS

Design and Synthesis of Bpa-Containing PTH Analogues.
The four Bpa-containing PTH analogues were derived from
the sequence [N¥e8 Arg'326.27Nak3 Tyrf|loPTH-(1—-34)NH,

(16) and are referred to hereafter as [Bfpa [Bpald-,
[Bpal®-, and [Bp&']-PTH. The purity of the analogues
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Ficure 1: BNPS-skatole and CNBr digestions of the novel Bpa-
containing PTH-(+34) analogues. (A) Digestive pattern obtained
after BNPS-skatole digestion of th&3-[Bpa?]-PTH—PTHR1
photoconjugate as a representative example. (B) Radiolabeled
fragments obtained after CNBr digestion of ti&-[Bpa?l]-PTH—
PTHR1 photoconjugate as a representative example. The arrows
indicate the product bands discussed in Results. Similar results were
obtained in at least two additional experiments.

exceeded 97%, as assessed by analytical RP-HPLC; amino

acid analysis and ESIMS confirmed their structural integ-
rity.

Biological Characterization.The novel Bpa-containing
analogues showed binding affinities and adenylyl cyclase-
stimulating activities similar to or slightly reduced compared
to PTH-(1—34) (Table 1).

Photoaffinity Cross-Linking and Digestion'$3-[Bpa'l-
PTH, ?9-[Bpa'%-PTH, 1?4-[Bpa*®-PTH, and*?9-[Bpa?y]-
PTH cross-linked to hPTHR1 expressed in stably transfected
HEK293-C21 cells. Analysis by SDSPAGE of the cross-
linked photoconjugates showed a single diffuse band with
an apparent relative molecular weigt,] of ~87 kDa (data
not shown), in agreement with previously reporiédvalues
for PTH—hPTHR1 photoconjugate&4). Photo-cross-linking
to the parental HEK293 cells lacking the PTHRL1 or to
HEK293-C21 cells in the presence of excesgkl) of the
nonradioactive parent PTH-{134) or the respective Bpa-
containing PTH agonists did not yield the above-mentioned

and shifts to 19 kDa when deglycosylated with Endo-F (lane
3). Clearly, the BNPS-skatole cleavage product contains
glycosylation sites. The only fragment on the theoretical
BNPS-skatole digestion map of PTHR1 consistent with this
band is [165-298] (15.2 kDa, two glycosylation sites, Figure
2). Including the 4.3-kDa band contributed by the ligand,
the 19-kDa band (lane 3, Figure 1A) therefore accounts for
the deglycosylated produ&d-[Bpa?]PTH—PTHR1[165-
298]. The lower molecular weight band in lane 3 (Figure
1A) might be due to nonspecific cleavage at a cysteine or
methionine residue, attributed to impurities in BNPS-skatole
(27). We observed a similar two-band pattern for all four
PTH analogues. From the BNPS-skatole digestions, we
conclude that all four analogues cross-link within region
[165—298] of the PTHRL1.

PTHR1[165-189] Is a Common Conjugation Site for PTH
Analogues Containing Bpa in Position 11, 15, or 21.
Digestion of the [Bp#&]-, [Bpa'%-, and [Bp&]-PTH—

87 kDa-band (data not shown). These results indicate thatPTHR1 conjugates with CNBr resulted in a shift of th87-

photo-cross-linking is PTHR1-specific and that the ligands
bind competitively to the PTHR1. Treatment of the excised
and eluted 87-kDa band with Endo-F shifted it to a narrow
band of~60 kDa (not shown), representing the deglycosy-
lated'®3-[Bpa*|PTH—PTHRL1 photoconjugates. The purified
ligand—receptor conjugates were analyzed by chemical and

kDa band of the intact conjugate t650 kDa (Figure 1B,
lanes 1 and 2). Isolation of the 50-kDa band and subsequent
treatment with Endo-F generates a diffuse band 5 kDa
(Figure 1B, lane 3). Examining the theoretical CNBr diges-
tion map of PTHR1 identifies PTHR1[64189], containing

all four glycosylation sites, as the region of cross-linking.

enzymatic digestions to determine the sites of receptor cross-Combined with the results obtained from the BNPS-skatole

linking.

PTHR1[165-298] Is a Common Conjugation Site for All
Four PTH AnaloguesUpon treatment of thé?3-[Bpa*-
PTH-PTHR1 photoconjugates with BNPS-skatole, an iden-
tical pattern of bands was obtained for all four analogues.
Figure 1A shows a representative experiment with fpa
PTH. A band around 35 kDa (Figure 1A, lane 2) is obtained

digestions, the overlapping sequence containing the cross-
linking sites for [BpaY-, [Bpa'9-, and [Bp&']-PTH is [165—
189] located at the C-terminal portion of the N-ECD (Figure
2).

Position 15 in PTH-(334) Cross-Links within PTHR1-
[183—189]. The contact site for position 15 was further
refined by enzymatic digestion with endoproteinase Glu-C
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A. [Bpa''|-PTH B. [Bpa'S]-PTH
1652 BNPS-skatole (W) 298 165%* BNPS-skatole 298
¢4 CNBr " 189 ¢4 CNBr six s g0
CNBr (NI76M) 183 Glu-C__ 252
64 176 142405 LussC_ 249
165 -176 183 -189
C. [Bpa'®|]-PTH D. [Bpa*']-PTH
« « BNPS-skatole (WT)
165%* BNPS-skatole 298 165 298
189 NBr 232 312 64 LB ssk |89
8 24
o0 SNBr (NIT6M) | o
189 -224 232-298 -
165-176
1 was % 189 209 222 240 283
[hPTH1-Re]"
N-ECD TM-1 ICL-1 TM—-2 ECL-1 TM-3

Ficure 2: Schematics of the digestion pattern obtained from the different photoconjugates. The relevant receptor region is represented at
the bottom. Fragments identified from BNPS-skatole, CNBr, Glu-C,
(C), and [Bp&Y-PTH (D). The superposing region containing the cross-linking site for each analogue is shown as a thick line. Glycosylation

sites are marked with an asterisk.

A
Glu-C = wk
Endo-F  + - - +
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-
— 45
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30—
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6.5 — N
kDa -
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Ficure 3: Glu-C digestion of?3-[Bpa'¥-PTH—-PTHR1 (A) and
CNBr digestion oft23-[Bpal®-PTH—PTHRL1 (B). Arrows indicat-
ing the product bands are discussed in Results. Similar results wer
obtained in at least two additional experiments.

(Glu-C). The major band obtained upon cleavage of the
glycosylated*?3-[Bpa'’]|—PTHR1 conjugate with Glu-C is
~12 kDa (Figure 3A, lane 3). [Bpg-PTH contains glutamic
acid residues in positions 4, 19, and 22. Cleavage at°Glu
or GIu?? separates the photo-cross-linking site (Bp&rom

the site carrying th&?d tracer (TyF?) in the ligand, releasing
low molecular weight ligand fragments. When the exposure

and Lys-C digestions are shown 18- [@pa[Bpald- (B), [Bpalf-

or partially overlap the segment [16389] deduced from
CNBr and BNPS-skatole digestions. The region [£137]
contains one glycosylation site; [18252] contains none.
Consequently, treatment of the isolated 12-kDa band with
Endo-F allows unambiguous identification. As shown in
Figure 3A, lane 4, the Glu-C cleavage product is not
glycosylated. Thus, the [18352] receptor segment is the
fragment obtained from Glu-C digestion (Figure 2B). En-
zymatic digestion of the [Bg&-PTH—receptor conjugate
with endoproteinase Lys-C identified receptor region [£42
240] as containing the cross-linking site (Lys-C, Figure 2B,
data not shown). Taken together, the contact site for position
15 lies within the CNBr/Glu-C-restricted heptapeptide se-
guence [183189] of the N-ECD, close to the start of
TM-1.

Position 18 in PTH-(334) Cross-Links within PTHR1-
[190—224] or PTHR1[232-298]. For [Bpa®-PTH, a~9
kDa band was obtained after treatment of the intact 87 kDa
ligand—receptor conjugate with CNBr (Figure 3B, lane 1).
Isolation and digestion with Endo-F did not alter its elec-
trophoretic mobility (lane 2), indicating that the fragment is
not glycosylated. The theoretical CNBr digestion map of the
PTHR1 contains two fragments that are both lacking in
glycosylation sites and consistent in size with the observed
band: PTHR1[196224] at the top of TM-1 (8.3 kDa) and

®THR1[232-312] comprising the top of TM-2, ECL-1, and

TM-3 (13.2 kDa). Together with the results from BNPS-
skatole digestion, the site of cross-linking of position 18 must
therefore lie within [196-298]. We tend to assign the CNBr-
generated band to the conjugated fragment {12®4] that

is closer in size to the observed® kDa band. In the absence
of further validation, we have not used the contact site of
[Bpal®-PTH as a restraint in the MD simulations.

Positions 11 and 21 in PTH-(234) Cross-Link within

times to the enzyme were decreased and the digestion wa$THR1[165-176]. For further refinement of the contact sites
carried out in acetate buffer at pH 4.3, ligand cleavage could of positions 11 and 21 of PTH, we prepared receptor mutants

be largely avoided (Figure 3A, lane 3). Thel2 kDa Glu-
C-generated fragment could correspond to either {1707]
(13 kDa with ligand) or [183-252] (12.3 kDa with ligand)

[V183M]PTHR1 and [N176M]PTHR1, which contain an
additional CNBr cleavage site within the [16%89] se-
guence. The mutant receptors showed binding affinities and

on the theoretical Glu-C cleavage map. These regions lie in cAMP/luciferase activities similar to wild-type receptor when
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A fragment obtained from CNBr digestion of both the [Ba

100- * WT and the [Bp&]-PTH—[V183M]PTHRL1 conjugates.
2 [N176M]PTHR1 Treatment of the ligand[N176M]PTHR1 conjugates with
o [V183M]PTHR1 CNBr theoretically can generate three different receptor
fragments: [176] (4.4 kDa), [64176] (40.7 and 16.7 kDa
when Endo-F-treated), or [17789] (5.7 kDa, before and
after Endo-F treatment). Experimentally, a band centered at
~40 kDa is obtained after CNBr digestion of the intact
conjugates (Figure 5, lanes 4 and 11) and shifts1@ kDa
when deglycosylated (lanes 5 and 12). This identifies receptor
fragment [64-176] as the one observed. In addition, a 4.5-
kDa band is seen in the case of [BjePTH (lanes 4 and
5). This could correspond to released ligati@H;SCN as a

80| ¥

% Response
(2]
o
1

20 ;

A3 42 11 10 9 8 -7 6 5
log[PTH] (M)

B " o )
result of an additional cross-linking reaction to the methyl
100+ = WT group of Met-176. It suggests that the cross-linking site of
80, ¥ + [N176M]PTHR1 125.[Bpaly]-PTH may lie close to position [176] of the
2 * [V183M]PTHR1 receptor. All results combined, the site of cross-linking for
2 601 both124-[Bpall]- and'?4-[Bpa?Y]-PTH lies within PTHR1-
Q4o [165—-176].
& 20 Molecular Modeling. The model obtained after MD
: simulations incorporating the newly identified contact sites
0+ as distant restraints shows significant changes compared to

11 10 -5 5 i previous models of the PTHPTHR1 complex (Figure 6).
loalPTHT (M Most significantly, the ligand must adopt a loop structure in
og[PTH] (M) the mid-region in order to bring both LEwand Vafin close

Ficure 4: Biological characterization of mutant receptors [N176M]- - proximity to PTHR1[165-176]. The N-terminab-helix of

and [V183M]PTHRL1. Both assays were carried out with COS-7 : . P . . .
cells transiently expressing the mutant or wild-type receptors. (A) P11 (résidues 210) is maintained during the simulation;

'
&

Luciferase reporter assay; (B) competition binding assay.

Bpa 11 Bpa 21
WT 176M  183M WT 176M  183M
CNBr - + + + + + + - + + + + + +
EndoF - - + - + +

- - 4 + -+
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¥ . —45
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45— . .

30—
201— . ‘ ‘ . ‘ —20.1
143— — 143
65— . — 65
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- -
kDa 1 23 456 7 8 910 1112 13 14 kDa
Ficure 5: CNBr digestion of?4-[Bpal]-PTH (left panel) and?3-

there is a slight translation (approximatel A relative to
the starting structure) of the N-terminal helix of PTH toward
the N-ECD of the receptor. Despite this translation, the
contacts between the N-terminus of the ligand (particularly
Lew® and Met of PTH) with the PTHR129) are maintained
in the revised model: both L&and Met remain positioned
within the hydrophobic core of the heptahelical bundle of
the PTHR1 29). Particularly important, the contact point
between Sérin PTH and Met-425 of the receptor, crucial
for receptor activation, is maintainedZ).

Another change involves the-helical region [169-176]
in the N-ECD of the PTHR1. During the MD simulations,
this a-helix is found to fold underneath the C-terminal helix
of the ligand. The driving force for this arrangement is a
contact between this region of the receptor and residue 11

[Bpa?Y-PTH (right panel) conjugated to receptor mutants [N176M]-
PTHR1 or [V183M]PTHR1. Similar results were obtained in at
least two additional experiments.

of PTH. These findings suggest a broad role for the N-ECD
in determining ligand binding, involving interactions with
not only the C-terminus of PTH, but also with the mid-region

transiently expressed in COS-7 cells (see Figure 4). of the ligand.

Theoretically, three radiolabeled fragments can be obtained Puring the MD simulations, an almost 9®end of the
by treatment of the ligane[V183M]PTHR1 conjugates with two a-hehges of PTH is observed. This arrangement is the
CNBr. If cross-linking occurs to the methyl group of the result of S|mu_ltaneous contacts between the hormqne gnd
Met-183 side chain, a low molecular weight band of 4.4 kDa POth the proximal N-ECD of the PTHR1, described in this
corresponding to ligandCHsSCN should be obtaine@§). report, and Leu-261 in the center of ECL-14].
Cross-linking to [64-183] should give rise to a 59-kDa band
when glycosylated and to a 17.5-kDa band when deglyco-
sylated. Cross-linking within [184189] should yield a Current understanding of the PTH/PTHRL interaction has
5-kDa band both for the Endo-F-treated and nontreated emphasized the critical roles of the N- and C-terminal helices
sample. The experimentally obtained patterns are shown inof PTH-(1—34) in expression of hormonal bioactivity. The
Figure 5, lanes 67 and 13-14, for Bpd'- and Bp&-~PTH, major contribution to hormone binding results from interac-
respectively. A diffuse band similar in size to wild-type is tions of the C-terminal helix of PTH-@34) with the N-ECD
obtained after CNBr digestion of the intact conjugates (lanes of the receptor. The N-terminal helix of PTH-(B4) is
6 and 13). The band shifts tel7 kDa when deglycosylated  essential for receptor activatiodq, 30). In previous pho-
(lanes 7 and 14), identifying [64183] as the receptor toaffinity cross-linking studies, the first two N-terminal

DISCUSSION
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Ficure 6: Model of the PTH-(3+34)—-PTHR1 complex as obtained

after MD simulations. (A) Extracellular view of the receptor (green)
illustrating the interactions with the hormone (orange), including
the N-terminal activation domain, the mid-region, and the C-
terminal binding domain. Side-chains (yellow) are displayed for

Wittelsberger et al.

study, [Bp&%-PTH cross-links within PTHR1[183189], a
domain that includes the cross-linking site for PTH position
13. [Bp&Y-PTH cross-links within [165-176], farther away
from TM-1 along the N-ECD. These contact points are
accommodated by the previously proposed model of the
ligand—receptor complex that consists of a ligand in extended
conformation with the C-terminal helix of PTH projecting
away from the seven-TM bundle, antiparallel to both the
juxtamembrane portion of the N-ECD and thehelix of
ECL-1 (9, 29).

Most importantly, [Bp&'-PTH cross-links to the same
receptor region as [BB4-PTH, namely, [165-176]. This
adds significant constraints to the conformational features
of the ligand while bound. In the evolving model (Figure
6), the mid-region of the ligand must adopt a loop conforma-
tion.

The structure of PTH-(%34) has been a point of conten-
tion for some time. A range of structures have been proposed,
from an extended rod with 100% helix conteftl), to a
U-shaped tertiary structure with intramolecular helhelix
interactions 82), to an essentially nonstructured fori@).(
These conformations may be accessible to the ligand in
different solvents (water, aqueous buffer, and water
trifluoroethanol mixtures), in the presence of micelles or in
the crystalline state. One theory calls for the GPCR to adopt
a number of conformational states, varying in activity
(accounting for constitutive active receptors and inverse
agonists), and proposes that ligand binding stabilizes the
receptor in an active conformation. In such a model, ligands
with slightly different conformations may bind and activate
the receptor. Incorporating the new restraints for mid-region
residues into the MD simulations results in a model in which
the ligand, beginning at L&Yy forms a rather large loop.
This is the only way to accommodate the photoaffinity
labeling results for [Bpd]- and [Bp&Y-PTH.

In a similar fashion, we propose a change in receptor

positions along the hormone sequence for which cross-linking sites conformation. PTHR1[165176] contains one of two am-

were identified. The far N-terminus of the receptor, PTHR1[1
162], is shown for reference; no structural features are implied.
(B) Expanded view of the PTH/PTHR1 complex, showing interac-
tions within the mid-region of the hormone. TM-1 and TM-2 of

phipatica-helices (i.e., [169-176] and [186-189]), located
in the proximal end of the N-ECD, and suggested to lie on
the surface of the membrang) (Previous molecular model-

the receptor are displayed as ribbons (dark green). The proximaling efforts positioned the twa-helices projecting away from

N-terminus, PTHR1[165189], is shown as sticks, with the
identified cross-linking regions PTHR1[16876] and PTHR1-
[183—189] color-coded blue and green, respectively. The hormone
is gray, with oxygen atoms in red and nitrogen atoms in blue.

residues of PTH were found to contact Met-425 in TM-6 of
the PTHR1 {2). Photoaffinity labeling studies of the
C-terminus of PTH-(334) indicate that all interactions of
this region are located in the N-ECD or ECL-12(-15) of

the seven-TM bundle of the PTHR1. With the requirement
of Leu'! to be in close proximity to PTHR1[165176], the
second helix [169-176] shifts toward the seven-TM bundle,
moving slightly underneath the C-terminal helix of the ligand.

These conformational changes take place during the
simulation to account for the new contact points. We have
used very generous distance restraints of 14 A farCo.
during the simulations for each of these new contact points.

the receptor. Molecular models developed from these dataThis allows for complete freedom of the side chains of the
describe interactions involved in ligand binding and receptor ligand and receptor (the native sequence of PTH is used in
activation. However, the topological arrangement of the two the simulations) to adopt the most favorable conformation.
functional domains in PTH-(234) and their interaction with ~ The Bpa-containing ligands could conceivably capture the
receptor remain to be determined. ligand/receptor complex at different stages of binding, and

Using photoaffinity labeling, we targeted the mid-region therefore, all contact points should not necessarily be applied
of PTH, aiming to establish the arrangement between the simultaneously. However, on the basis of the transferred
N- and C-terminal domains when interacting with the NOE results for PACAP33), indicating very small confor-

receptor. The contact sites identified for [Bfig [Bpa'9-,
and [Bp&Y-PTH all lie within the membrane proximal region
of the N-ECD. The only reported contact point here is
between Arg-186 and position 13 of the ligardd); In this

mational changes upon binding to this Class || GPCR, the
large distance should certainly account for any conforma-
tional changes the ligand may undergo during the binding
process.
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