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ABSTRACT: Residue 19 of parathyroid hormone (PTH) plays a unique role in the interaction process with
the PTH1 receptor. A Glu19 f Arg19 substitution, based on the Arg19 of the PTH-related protein (PTHrP),
increases the binding affinity when incorporated into the N-terminus of PTH [i.e., PTH(1-20)] and has
no effect when introduced into the C-terminus of PTH [i.e., PTH(15-31)]. To explore Arg19 and the
midregion (residues 10-15), we designed the novel PTH scaffold peptide, PG5, which has the PTH(1-
9) domain linked to the PTH(15-31) segment via a pentaglycine spacer. Substitution of Glu19 with Arg19

in PG5 resulted in a 9-fold increase in binding affinity. Additionally, the substitution enhanced stimulated
cAMP formation in cells expressing PTH1-delNt, a PTH1 receptor construct lacking most of the N-terminus,
confirming that residue 19 is interacting with the juxtamembrane portion of PTH1. The binding and
signaling capacities of the PG5 analogues were diminished relative to those of PTH(1-34), indicating
that the residue 10-14 region of PTH provides more than just a simple linker function. To probe this
further, the structural consequences of the glycine linker and its interaction with PTH1 were examined by
circular dichroism,1H NMR, and extensive ligand/receptor molecular dynamics simulations. The structural
data clearly illustrate the helix-stabilizing effect of Arg19 substitution propagating N-terminally from position
19 to the pentaglycine linker. Overall, these studies suggest that anR-helix is the preferred conformation
for the residue 15-20 region of PTH and that residues 10-14 are also required for full affinity and
potency of the hormone.

Parathyroid hormone (PTH)1 is the major regulator of the
ionized calcium level in the human body. The 84 amino acid
peptide adjusts the calcium fluctuations in the blood caused
by bone remodeling, renal function, and dietary intake. PTH
functions through the activation of the cell surface receptor
type 1 (PTH1). This receptor belongs to the class 2 family
of the seven transmembrane G protein-coupled receptors
(GPCRs) and is mainly expressed in kidney and bone. All
functions of PTH are encoded within the first 34 amino acids
of the hormone (1-6); PTH(1-34) is capable of high-affinity

binding and activation of the PTH1 receptor. The PTH1 also
mediates the actions of the PTH-related peptide (PTHrP), a
key developmental protein that is also secreted by many
tumors resulting in the hypercalcemia of malignancy. As for
PTH, the PTHrP(1-34) peptide is fully potent on the PTH1,
and the two ligands share N-terminal homology with 8
identities in the first 13 residue positions. The shortened
analogue PTH(1-31) displays adenylyl cyclase stimulating
activity comparable to that of PTH(1-34), and both PTH-
(1-31) and PTH(1-34) mediate potent anabolic responses
in bone (7). Due to their anabolic effects on bone density,
PTH analogues may represent a new family of therapeutics
for the treatment of osteoporosis (8).

To understand the bioactive conformation of PTH and its
mechanism of interaction with PTH1, a large number of
truncated and modified PTH analogues have been studied.
High-resolution solution NMR studies have repeatedly shown
the presence of a shortR-helix, typically including the
N-terminal residues 3-11, and a well-definedR-helical
region, usually spanning through residues 17-30 (9, 10).
Experimental evidence demonstrates that the major deter-
minants for receptor activation are located in the N-terminal
domain (residues 1-9) of PTH(1-34) (6), while the C-
terminus (approximately residues 15-34) is responsible for
PTH1 binding affinity (2, 3). According to the current two-
domain hypothesis, the C-terminal portion of PTH(1-34)
interacts with the amino-terminal extracellular (“N”) domain
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of the PTH1 providing the majority of the binding energy,
and the N-terminus of the ligand interacts with the jux-
tamembrane (“J”) region of the PTH1 to induce receptor
activation (11). A bihelical structure for the ligand may
predominate in the receptor interaction process, as suggested
by the above NMR-based structural investigations. However,
the finding that a PTH(1-31) analogue containing three
lactam bridges (Lys13-Asp17, Lys18-Asp22, Lys26-Asp30)
enhancing helical structure behaves as a highly potent agonist
suggests that at least one bioactive form of the ligand contains
anR-helix spanning at least residues 13-30 (12). Addition-
ally, the X-ray crystal structure of PTH(1-34), in fact,
reveals a singleR-helix extending from residue 2 to residue
32 (13). Altogether, there is still a great deal of ambiguity
in our current view of the bioactive conformation of PTH
and the mechanism by which it interacts with the receptor.

Much effort has been devoted to the identification and
characterization of structural components in the ligand that
mediate the PTH/PTH1 interaction process. Residue 19 (Glu
in PTH and Arg in PTHrP) has been shown to be a key
determinant of bioactivity. We have recently shown that this
residue plays an important role in both binding to and
activation of PTH1; specifically, the substitution of Glu19

f Arg in both PTH(1-34) and PTH(1-20) analogues
enhances the capacities of the ligands to interact with the
PTH1 J domain, as represented by the mutant PTH1
construct, PTH1-delNt, which lacks most of the N domain
(14). We have previously shown (15) by CD and NMR
spectroscopy data that the Glu19 f Arg substitution in the
PTH(1-34) and PTH(1-20) peptides increases helical
content. The combined data, therefore, suggested that residue
19 must beR-helical for optimal interaction with the J
domain of the receptor. In addition, our in vitro data showed
that the Arg19 effect requires the presence of residues 1-14
of PTH, as the Glu19 f Arg substitution does not alter the
binding affinity of PTH(15-31). This finding suggested that
Arg19 positively contributes to the capacity of the N-terminal
(1-14) region of the ligand to interact with the juxtamem-
brane region of PTH1; however, the mechanism underlying
this effect remained to be determined.

To explore the pathways by which residue 19 influences
ligand action and its apparent effect on the N-terminal
signaling domain of PTH, we designed and synthesized two
new PTH(1-31) analogues in which the N- and C-terminal
domains are connected by a flexible, pentaglycine spacer.
We pharmacologically characterized the resulting analogues,
PTH(1-9)Gly5PTH(15-31) (PG5) and PTH(1-9)Gly5-
[Arg19]PTH(15-31) ([Arg19]PG5), in PTH1-transfected cell
systems; furthermore, we described in detail the structural

changes that may be responsible for the observed biological
activities using circular dichroism and solution-state NMR
spectroscopic techniques. Finally, we performed extensive
molecular dynamics simulations, carried out in a three-phase
(water/decane/water) membrane-mimicking environment, to
assess the docking of these ligands to the full-length PTH1
receptor. The overall results provide new insight into the
mechanism by which residue 19, as well as the residue 10-
15 region, of parathyroid hormone contributes to biological
activity.

EXPERIMENTAL PROCEDURES

Peptides.All peptides utilized in this study (Table 1)
contained a free amino terminus and a carboxamide at the
C-terminus. The control peptide used was [Tyr34]hPTH(1-
34)NH2 [PTH(1-34)]. The peptide [Nle8,18,Tyr34]bPTH(3-
34)NH2 [PTH(3-34)] was purchased from Bachem (Tor-
rance, CA). All other peptides were prepared on an Applied
Biosystems model 430A peptide synthesizer using Fmoc
main-chain protecting group chemistry, HBTU/HOBt/DIEA
(1:1:2 molar ratio) for coupling reactions, and TFA-mediated
cleavage/side chain deprotection (MGH Biopolymer Syn-
thesis Facility, Boston, MA). Crude peptides were desalted
by adsorption on a C18-containing cartridge and purified
further by HPLC. Peptides were dissolved in 10 mM acetic
acid and stored at-80 °C. The purity, identity, and stock
concentration of each peptide were secured by analytical
HPLC, matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry, and amino acid analysis. Radiolabeling
of PTH(3-34) was performed using125INa (2200 Ci/mmol;
NEN) and chloramine-T; the resultant125I-PTH(3-34) was
purified by HPLC.

Cell Culture.Cells were cultured at 37°C in T-75 flasks
(75 mM) in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with fetal bovine serum (10%), penicillin G
(20 units/mL), streptomycin sulfate (20µg/mL), and am-
photericin B (0.05µg/mL) in a humidified atmosphere
containing 5% CO2 (Hyclone Laboratories, Logan, UT);
stock solutions of trypsin/EGTA and antibiotics were from
GIBCO. Cells were subcultured in 24-well plates prior to
transfection and assay. COS-7 cells were transiently trans-
fected with pCDNA1-based plasmids encoding either the
intact wild-type human PTH-1 receptor (PTH1) or the
N-terminally truncated human PTH1 construct, PTH1-delNt,
using DEAE-dextran and 200 ng of cesium chloride-purified
plasmid DNA per well, as described previously (16). Four
days after transfection the cells were used for assay. The
HKRK-B28 cell line was derived from the porcine kidney
cell line LLC-PK1 by stable transfection with the pCDNA1-

Table 1: Peptide Primary Structures

peptide name sequencea

PTH(1-34) S-V-S-E-I-Q-L-M-H-N-L-G-K-H-L-N-S-M-E-R-V-E-W-L-R-K-K-L-Q-D-V-H-N-Y-amide
PTH(1-9)Gly5PTH(15-31) or PG5 A-V-S-E-I-Q-L-M-H-G-G-G-G-G-L-N-S-M-E-R-V-E-W-L-R-K-K-L-Q-D-V-amide
PTH(1-9)Gly5[Arg19]PTH(15-31) or

[Arg19]PG5
A-V-S-E-I-Q-L-M-H-G-G-G-G-G-L-N-S-M-R-R-V-E-W-L-R-K-K-L-Q-D-V-amide

PTH(15-31) L-N-S-M-E-R-V-E-W-L-R-K-K-L-Q-D-V-amide
[Arg19]PTH(15-31) L-N-S-M-R-R-V-E-W-L-R-K-K-L-Q-D-V-amide
tracer analogue bPTH(3-34) S-E-I-Q-F-Nle-H-N-L-G-K-H-L-S-S-Nle-E-R-V-E-W-L-R-K-K-L-Q-D-V-H-N-Y*-amide
a Peptide sequences are shown N-terminal to C-terminal with amino acids represented by the conventional one-letter code, with the exception of

norleucine (Nle). Peptides are derivatives of human PTH, with the exception of b (bovine) PTH(3-34). Each peptide contained a free amino
terminus and a carboxamide at the C-terminus. The asterisk on the Tyr of the tracer radioligand analogues indicates the position of the125I atom.
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based plasmid encoding the intact PTH1 and expresses
280000 PTH receptors per cell (17). HKRK-B28 cells were
used for assay 24-48 h after confluency was attained.

cAMP Stimulation and Competition Binding Assays.
Stimulation of cells with peptide analogues was performed
in 24-well plates. Binding reactions containing ca. 100000
cpm of 125I-PTH(3-34) (ca. 26 fmol; final volume) 300
µL) were incubated 4 h at 15°C. Cells were then placed on
ice, the binding medium was removed, and the monolayer
was rinsed three times with 0.5 mL of cold binding buffer.
The cells were subsequently lysed with 0.5 mL of 5 N NaOH
and counted for radioactivity. The nonspecific binding was
determined by competition with a 1µM dose of unlabeled
[Nle8,21,Tyr34]rPTH(1-34)NH2.

Data Calculation. Calculations were performed using
Microsoft Excel. The cAMP EC50 values and the corre-
sponding maximum response (Emax) values and IC50 values
were calculated using nonlinear regression using the four-
parameter equationyp ) min + [(max - min)/(1 + (IC50/
x)slope)] and the Excel Solver function for parameter optimi-
zation (18). The statistical significance between two data sets
was determined using a one-tailed Student’st-test, assuming
unequal variances for the two sets.

Circular Dichroism. Circular dichroism spectra were
recorded on a Jasco model 710 spectropolarimeter; peptides
were analyzed at a concentration of 50µM in 50 mM sodium
phosphate buffer, pH 7.4, containing 2,2,2-trifluoroethanol
(TFE) at 20% (v/v). Spectroscopic scans were performed at
20 °C and at wavelengths between 185 and 255 nm, with
data recorded at each 1 nm interval. Eight scans were
accumulated and averaged for each sample. At each wave-
length, the mean residue molar elipticity [θ] (in dimensions
of deg‚cm/dmol) was calculated by the equation [θ] ) θ ×
100/lCn, whereθ is the raw ellipticity value (in dimensions
of millidegree),l is the sample path length in centimeters,C
is the molar peptide concentration, andn is the number of
residues in the peptide (19). The helical content of each
peptide was estimated by dividing [θ] observed at 222 nm
for that peptide by-33100 (19, 20).

NMR Experiments.Solution samples were made by
dissolving 3.1 mg of solid peptide in 600µL of a 50 mM
phosphate buffer (pH) 6.5, uncorrected for isotope effect),
which contained 5% D2O and 180 mM dodecylphosphocho-
line-d38 (DPC; Cambridge Isotopes Laboratories).

The NMR experiments were performed on a Bruker
Avance spectrometer operating at a magnetic field strength
of 14.09 T (proton resonance frequency of 600.1 MHz). The
reported chemical shift values for1H are expressed in parts
per million and internally referenced to proton resonance
from sodium 3-(trimethylsilyl)tetradeuteriopropionate (TSP)
at 0.0 ppm.

Data were collected at 298 and 308 K. In both peptides,
the amino acid sequence was identified using TOCSY
experiments (21), which employed the MLEV-17 pulse
sequence for Hartmann-Hahn transfer (22). Mixing times
ranged between 30 and 65 ms with a spin-lock field strength
of 10 kHz. The sequential assignment and proton-proton
distances were obtained from NOESY experiments employ-
ing mixing times of 100 and 200 ms (23, 24). The
WATERGATE sequence was used to achieve water sup-
pression (25).

All two-dimensional spectra were acquired using the time-
proportional phase incrementation method (26), collecting
640 FIDs of 2048 data points. Spectra were processed using
the NMRPipe software (27). The time domain data in both
dimensions were multiplied by Gaussian or shifted squared
sine-bell window functions, zero-filled to 2048× 1024 real
points, and Fourier transformed. The processed NMR spectra
were imported in Sparky software (28), where peaks were
assigned and integrated. The secondary shift values were
calculated relative to reported HR chemical shifts in random
coil conformations and were averaged over three consecutive
residues (29).

Distance Geometry.Integrated cross-peak volumes from
NOESY spectra were converted into distances using the
isolated two-spin approximation. During this conversion
cross-peak volumes of the resolved methyleneâ and/orγ
protons of Ser3, Ile5, Met8, Met18, Arg20, and Arg25 (1.78 Å)
and aromatic vicinal protons of Trp23 (2.48 Å) were used
for calibration. A matrix of experimental upper and lower
bounds was created by adding and subtracting 10% to the
experimental distance restraints. A pseudoatom correction
was applied to the upper bounds of all unresolved methyl
and methylene protons (30). To obtain the final bound matrix,
the experimental restraint matrix was merged with another
matrix representing the geometric distance bounds (holo-
nomic constraints). As a result, only NOEs that produce
distance restraints tighter than those generated from the
molecular constitution were utilized in structure calculations.
Using the random metrization algorithm (31), typically 100
structures were generated in a four-dimensional space. These
structures were optimized by minimizing the distance error
function initially in four and then in three dimensions using
the conjugate gradient minimization algorithm followed by
distance-driven dynamics (32, 33). Structures with NOE
violations greater that 0.3 Å were discarded, leaving more
than 80 structures fulfilling the experimental proton-proton
distances and the canonical (holonomic) constraints for each
studied peptide. Dihedral angle order parameters were
calculated following Havel (34). All calculations were
performed on SGI and Pentium III (Linux-based) processors
using home-written programs.

MD Simulations.One of the low-penalty function struc-
tures, obtained from the metric matrix DG calculations, was
chosen for each peptide as a starting structure for the MD
simulations. To remove initial strain, each structure was
energy minimized in vacuo using conjugate gradients and
the AMBER force field, ignoring charges. Minimization was
preformed in the DISCOVER (Molecular Simulations, Inc.)
program within the molecular modeling package Insight II.
Molecular dynamics simulations were performed with the
GROMACS program (35). To model the water-micelle
environment, initially a two-phase simulation box (x ) y )
z ) 60 Å), containing typically 5339 water and 305 decane
molecules, was constructed. The peptide was then placed at
the water/decane interface. Ionizable functional groups at pH
) 6.5 were treated as charged species without adding any
counterions. All atoms were treated in the GROMOS-87
force field including Lennard-Jones (1.2 nm cutoff), Coulomb
(1.2 nm cutoff), and standard bonded (bond stretching, angle
bending, improper, and proper dihedrals) interactions. The
complete system was energy minimized using the steepest
descent algorithm. To optimize solvent-peptide interactions,
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a 10 ps long MD simulation with 2 fs time step was
performed while the peptide conformation was constrained
(force constant was 1000 KJ mol-1 nm-2). The experimental
constraints were then introduced (force constant was 2000
KJ mol-1 nm-2), and the final MD simulations at 300 K
(with 0.02 ps temperature bath coupling) were performed
for 900 ps. During the simulation an integration time step
was 1 fs, and the applied constant pressure was 1 bar. All
simulations were performed on Pentium III processors using
GROMACS.

Molecular Modeling.The receptor-ligand modeling uti-
lized the NMR-derived structures of PTH(1-9)Gly5PTH-
(15-31) and PTH(1-9)Gly5[Arg19]PTH(15-31) analogues.
Two molecular models of receptor-ligand complexes, PTH-
(1-9)Gly5PTH(15-31)/PTH1 and PTH(1-9)Gly5[Arg19]-
PTH(15-31)/PTH1, were constructed on the basis of PTH1
models reported by Ro¨lz et al. (36). The PTH analogues
examined here were docked to the PTH1, so that the starting
structures satisfied previously published contact points from
photoaffinity cross-linking studies between the ligand and
the receptor. Namely, Val2/M425 (37) Lys13/R186 (38)
ligand/receptor pairs were placed within 12 Å (between their
R carbons). The N-terminal parts of PTH(1-9)Gly5PTH-
(15-31)/PTH1 and PTH(1-9)Gly5[Arg19]PTH(15-31)/
PTH1 analogues were placed at the extracellular surface of
PTH1, above the central core of the 7 TM helical bundle.
Backbone dihedral angles of the pentaglycine linkers (flexible
region) were rotated manually until the C-terminal helix was
in close proximity to the putative PTH1(168-176) helical
domain of the N-terminus of the receptor. The resulting
receptor-ligand complexes were soaked in a three-layer
(water/decane/water) simulation cell to mimic the membrane
environment. The TM helices were positioned in a 45 Å thick
decane layer, while extra- and intracellular regions were
placed in approximately 40 Å thick layers of water above
and below. Even though this solvent system does not take
into account the charged nature of the lipid/water environ-
ment, it provides the essential hydrophilic/hydrophobic
interface for MD simulations. Initially, the system in the
three-layer box was energy minimized (1000 steps, 300 K).
Then, a short MD (10 ps, 300 K) was performed with
position restraints applied to the heavy atoms of the receptor
and ligand. Finally, distance restraints were introduced with
(target value of 12 Å between Val2/M425 and Lys13/R186
pairs) the force constant 5000 kJ mol-1 nm-2, and 100 ps
long MD runs (1 fs time step) were performed at 300 K.
Then, restraints between the receptor and the ligand were
removed, and the system was allowed to evolve freely for
the next 500 ps.R-Helices (seven TM helices) within PTH1
were maintained by dihedral angle restraints; the experi-
mental distance restraints (NMR-derived helical NOEs) for
the ligands were introduced during MD simulations with the
force constant 5000 kJ mol-1 nm-2.

RESULTS

Biological ActiVity. Previously, we showed that the Glu19

f Arg modification improved the binding affinity of PTH-
(1-20) and PTH(1-34) analogues to PTH1 in HKRK-B28
cells but did not affect the affinity of PTH(15-31) (14). To
test for possible cooperativity between Arg19 and the N-
terminus of the ligand, we synthesized PTH(1-9)Gly5PTH-
(15-31)NH2 (PG5) and PTH(1-9)Gly5[Arg19]PTH(15-

31)NH2 ([Arg19]PG5) (Table 1) and functionally compared
these analogues in HKRK-B28 cells (Figure 1, Table 2). In
competition assays performed with125I-bPTH(3-34), the
apparent affinity observed for [Arg19]PG5 was 9-fold greater
than that observed for PG5 (IC50s ) 11 ( 1 and 100( 30
µM, P ) 0.03), while in cAMP stimulation assays [Arg19]-
PG5 was 13-fold more potent than PG5 (EC50s ) 180( 40
and 2300( 400 nM,P ) 0.006).

In pilot studies, we synthesized such peptides having
various lengths of N-terminal PTH sequences [PTH(1-5),
PTH(1-6), PTH(1-7), PTH(1-8), and PTH(1-9)] joined
to the PTH(15-31) domain via glycine linkers of lengths
that preserved the overall chain length of 31 amino acids,
and we tested these for cAMP signaling capacity. We found
(data not shown) that only the PG5 analogue described here
and containing PTH(1-9) connected by a pentaglycine linker
to the PTH(15-31) domain was active. We also examined
peptides with various lengths of glycine linker (two to eight
glycines) between the PTH(1-9) and PTH(15-31) domains
and found that the pentaglycine linker, as in PG5, resulted
in optimal signaling activity; however, both shorter and

FIGURE 1: Binding and cAMP properties of Gly-linked PTH
analogues in HKRK-B28 cells. Two PTH analogues having the
(1-9) signaling domain linked via a pentaglycine segment to the
PTH(15-31) binding domain containing either Glu (native PTH
residue) or Arg at position 19 and the PTH(1-34) control were
evaluated in HKRK-B28 cells for the capacity to inhibit the binding
of the125I-[Nle8,18,Tyr34]bPTH(3-34)NH2 tracer radioligand (panel
A) or to stimulate cAMP formation (panel B). Data (mean( sem)
shown in (A) were combined from five (5Gly-linked analogues)
or four [PTH(1-34) peptide] separate experiments, each performed
in duplicate, and those shown in (B) were combined from four
(5Gly-linked analogues) or three [PTH(1-34) peptide] separate
experiments, each performed in duplicate.
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longer length linkers were tolerated and yielded potencies
(EC50s ) 1-100 µM) similar to that of PG5, with only the
diglycine linker failing to restore activity (the rank order of
potency was 5Gly> 4Gly > 3Gly > 6Gly ) 7Gly > 8Gly).
These findings are generally consistent with the starting
hypothesis stated above and confirm that the PTH(1-9)
domain constitutes a minimum-length activation domain (39).
They also suggest that the relative positioning of the
N-terminal (1-9) signaling domain and the C-terminal (15-
31) binding domain of the receptor-occupied PTH ligand is
not fixed but somewhat flexible.

In COS-7 cells expressing wild-type PTH1, the response
achieved by [Arg19]PG5 was slightly greater than that
achieved by the same concentration (30µM) of PG5 [77%
and 64%, respectively, of the maximum response attained
by PTH(1-34); Figure 2A]. This result is consistent with
those obtained for these peptides in HKRK-B28 cells (Figure
1). In COS-7 cells expressing PTH1-delNt (Figure 2B),
[Arg19]PG5 stimulated a 4-fold greater accumulation of
cAMP than did the same concentration (30µM) of PG5 (P
) 0.0001), for which only a small (∼2-fold, P ) 0.007)
increase in cAMP was observed. The control fragment
peptides, PTH(1-9), PTH(15-31), and [Arg19]PTH(15-31),
elicited little or no increase in cAMP accumulation (<2-
fold, relative to basal) in cells expressing either PTH1 or

PTH1-delNt. The Glu19 f Arg substitution therefore en-
hances the affinity and potency of these Gly-linked peptides,
and the effects are mediated via the J domain of the PTH1.

Circular Dichroism Spectroscopy.We used CD spectros-
copy to assess the effect of the Glu19 f Arg substitution on
overall secondary structures of PG5 and [Arg19]PG5. The
two analogues, along with the control peptides, PTH(1-34)
and PTH(15-31), each consisting of a Glu19 versus Arg19

pairing, were analyzed in a solution of 50 mM phosphate
containing 20% TFE. As indicated by the greater positive
deflection at∼190 nm and the greater negative absorption
at∼208 and 222 nm in the CD spectra of Figure 3, [Arg19]-
PG5 was more helical than the Glu19-containing analogue,
PG5. On the basis of the elipticity measured at 222 nm, the
overall helical content of [Arg19]PG5 was calculated to be
5% greater than that of PG5 (Table 3). As expected, the Glu19

f Arg substitution also increased the helicity of the control
PTH(1-34), whereas, in contrast, itdecreasedthe helicity
of PTH(15-31) (Figure 3 and Table 3).

NMR Spectroscopy.All proton resonances of the PG5 and
[Arg19]PG5 in the presence of DPC micelles were assigned
using standard procedures. The fingerprint regions of TOCSY
and NOESY spectra for two studied PTH analogues are
shown in Figure 4. A large number of medium-range NOEs
are depicted on NOESY spectra (Figure 4B,D). The differ-

Table 2: Binding and cAMP Responses in HKRK-B28 Cells

cAMPb

bindingc

peptidea EC50 (nM)
Emax(obsd)
(pmol/well) n IC50 (µM) n

PTH(1-34) 0.97( 0.12 190( 8 3 0.0027( 0.0003 4
PTH(1-9)Gly5PTH(15-31) 2300( 400 139( 12 4 100( 34 5
PTH(1-9)Gly5[Arg19]PTH(15-31) 180( 40 179( 14 4 11( 1 5

a Peptides are described in Table 1.b EC50 and IC50 values were calculated using nonlinear regression analysis. The observed maximum cAMP
responses [Emax(obsd)] were recorded at peptide concentrations of 10000 nM; the basal cAMP levels were 3.2( 0.2 pmol/well.c Competition
binding studies utilized125I-bPTH(3-34) as a tracer radioligand. Values are the means ((sem) of the number of experiments indicated (n), each
performed in duplicate.

FIGURE 2: cAMP-stimulating properties of Gly-linked PTH analogues in COS-7 cells. The PTH analogues PG5 and [Arg19]PG5 (each at
a concentration of 30µM), along with the control peptides, PTH(1-34) (1 µM), PTH(1-14) (100µM), PTH(1-9) (100µM), PTH(15-
31) (100µM), and [Arg19]PTH(15-31) (100µM), were evaluated in COS-7 cells transiently transfected with either the wild-type human
PTH1 (A) or PTH1-delNt (B) for the capacity to stimulate cAMP formation. In each experiment, responses were calculated as a percentage
of the response observed in that experiment for PTH(1-34) (1 µM) acting on the wild-type PTH1, the average of which was 192( 20
pmol/well (n ) 3). Note that the ordinate scaling differs in panels A and B. The basal levels of cAMP (not subtracted) in cells expressing
PTH1 and PTH1-delNt were 5.0( 0.7 and 2.6( 0.1 pmol/well, respectively. The differences between the responses observed for PG5 and
[Arg19]PG5 on both PTH1 and PTH1-delNt were significant (P ) 0.001 and 0.0001, respectively). Data (mean( sem) were combined
from three separate experiments, each performed in duplicate.
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ence between the observed chemical shift values of the
R-protons (HR) and the reported random coil HR values
provides a tentative estimate of a secondary structure. The
secondary shifts were calculated for both peptides and are
shown in Figure 5. The observed upfield shifts of HR
resonances indicate some helical content throughout the
entire sequence of PG5 and [Arg19]PG5. Namely, secondary
shift values reaching almost-0.6 ppm in the C-terminal part
of both analogues describe well-defined helices; negative
secondary shifts of N-termini (residues Val2-His9), however,
are more consistent with poorly ordered helical conforma-
tions. The five-glycine linker (residues Gly10-Gly14) between
the C- and N-termini appears unstructured in both PTH
analogues. Moreover, in agreement with CD results, the
extent of the negative deviations for the region Leu15-Met18

is larger for the Arg19-substituted analogue than for PG5.
The observed NOESY connectivities are in complete

agreement with the secondary shift pattern. The summary

of all NOESY resonances for PG5 and [Arg19]PG5, relevant
for determination of the peptide secondary structures, is given
in Figure 6. Strong consecutive NOEs are observed between
resolved peaks throughout the entire sequence, starting from
residue Val2 in both peptides. The presence of all possible
sequential NOEs suggests that the peptides are, overall, well
structured. A large number ofRH(i)-NH(i + 3), RH(i)-
âH(i + 3), and RH(i)-ΝH(i + 4) resonances define
structured, R-helical segments in the C-termini of the
peptides, starting from residue Gly14. A slightly higher
number of helical NOEs are observed for the Arg19-
substituted analogue, relative to the Glu19 analogue. For both
peptides, the N-terminus displays fewerR-helical NOEs than
observed in the C-terminus, and resonance peaks correspond-
ing to the five glycine linker residues could not be resolved.
A total of 275 and 285 informative NOE-derived distance
constraints were used in distance geometry calculations for
PG5 and [Arg19]PG5, respectively.

The metric matrix DG calculations were repeated 120
times for each peptide, producing approximately 70 structures
for each analogue that fulfilled the experimental NMR data.
No violations exceeded 0.3 Å for individual conformations.
The secondary shift data, indicating the presence of helices,
were not used as restraints during DG calculations. Moreover,
metric matrix DG calculations do not take into account partial
charges of the amide and carbonyl groups. Forty calculated
DG structures, superimposed in Glu22-Leu28 region (RMSD
< 1 Å), are shown in Figure 7. Visual examination of the
conformational space sampled by DG calculations shows a
strongR-helical segment in the C-terminal part of the studied
peptides, extending approximately from residue Asn16 to
Val31. Analyzing theφ andψ dihedral angle order parameter
distribution of the resulting DG structures (Figure 8) il-
lustrates that PG5 has relatively low order parameter values
for residues Met18 and Glu19, indicating some disorder at
these positions. Such a hinge is not observed for the Arg19-
substituted analogue. This result is consistent with CD and
secondary shift observations and suggests a slightly increased
helical content for the [Arg19]PG5 peptide between residues
15 and 20. The N-termini of both peptides are poorly defined,
mostly extended, but a helical structure is still somewhat
predominant between residues Glu4 and Met8 (Figure 7),
where dihedral angle order parameters are high for both
analogues (Figure 8). The DG calculations confirm the

FIGURE 3: Circular dichroism spectroscopy. Spectra for the
indicated PTH analogues, each at a peptide concentration of 50
µM, were recorded in 50 mM phosphate buffer, pH) 7.4,
containing the helix-promoting organic solvent 2,2,2-trifluoroethanol
(20% v/v), as described in Experimental Procedures and listed in
Table 3.

Table 3: CD Effect of Arginine-19 on the Helical Structure in PTH
Analogues

peptidea
[θ]222(obsd)b

(×10-3)
helical

residuesc (%)

PTH(1-34) -22.8 52
[Arg19]PTH(1-34) -28.2 64
PTH(1-9)Gly5PTH(15-31) -13.5 28
PTH(1-9)Gly5[Arg19]PTH(15-31) -15.6 33
PTH(15-31) -23.2 48
[Arg19]PTH(15-31) -15.9 31

a Peptides are as described in Table 1.b Circular dichroism spectra
were recorded in 50 mM phosphate buffer, pH 7.4, containing 2,2,2-
trifluoroethanol (20% v/v), as described in Experimental Procedures
and shown in Figure 3.c The helical content of each peptide was
estimated using the equation [[θ]222(obsd)/[θ]222(max)] × 100, where
[θ]222(obsd) is the mean residue elipticity at 222 nm observed for that
peptide and [θ]222(max) is-44000, the mean residue elipticity at 222
nm reported for a model helical peptide (19).
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unstructured, extended backbone conformation for Gly10-
Gly14 regions of studied PTH analogues.

One representative DG structure for each peptide was
further refined using MD simulation. During the simulation
no significant change was observed in the secondary structure
of the peptides, as shown in Figure 9. The dihedral angles
of the C-terminus (Leu15-Val31) of both peptides converged
toward standardR-helical values and were maintained
throughout the simulation; no hinge point was observed for
PTH(1-9)Gly5PTH(15-31) around residues Met18 and
Glu19. In addition, the poorly defined structures of the
N-terminal regions, obtained from DG, adopted a well-
defined helical turn encompassing residues Ser3-Met8 in
both PTH analogues. The five glycine (Gly10-Gly14) linkers

maintained extended conformations, as shown in Figure 9.
After 700 ps of MD, the amphipathic helices of the analogues
oriented themselves similarly at the water-decane inter-
face: the helical hydrophobic face was directed toward the
decane layer (Leu7, Met8, Val21, Leu24, Leu28, Val31), and
the side chains of the charged and hydrophilic residues (Glu4,
Glu19/Arg19, Glu22, Lys26, Asp30) projected toward the water
(Figure 9).

Molecular Models of the Ligand/Receptor Complexes.The
total energies for the receptor-ligand complex, incorporating
PG5 and [Arg19]PG5, were calculated using the GROMACS
3.1.3 program. A similar drop in total energy was detected
during the first 40 ps for both systems. The equilibrated
energies, observed for the last 500 ps of MD simulations,

FIGURE 4: NMR spectroscopy. Expended portions of the fingerprint regions of the TOCSY (A, C) and NOESY (B, D) spectra of PTH-
(1-9)Gly5PTH(15-31) (A, B) and PTH(1-9)Gly5[Arg19]PTH(15-31) (C, D) analogues in aqueous solutions (pH) 6.5) in the presence
of DPC micelles are shown. The assignments are depicted for TOCSY resonances in the amide region; some helical,RH(i)-NH(i + 2),
RH(i)-NH(i + 3), andRH(i)-NH(i + 4), connectivities are indicated for NOESY cross-peaks.
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were also comparable for both receptor-ligand complexes.
The topological orientations of the PG5 and [Arg19]PG5
ligands and the major binding interactions with PTH1 are
shown in Figure 10.

DISCUSSION

One of the main hypotheses investigated in this study is
that the C-terminal binding domain of PTH(1-31) functions
primarily to anchor the otherwise weakly binding N-terminal
signaling domain of PTH to the receptor, such that the key
N-terminal residues of PTH can effectively engage the
extracellular loop/transmembrane domain (J) region of the
receptor to induce activation. As a test of this hypothesis,
we used a tethered ligand approach, in which we started with
the inactive PTH(15-31) binding domain and asked whether
activity could be recovered by connecting to it, via a flexible
glycine linker, a minimum length N-terminal activation
domain, which by itself is inactive due to weak binding
affinity. Additionally, we addressed the role of residue 19
of the ligand in the receptor interaction process, as our
previous studies have indicated an important but complex
role for this residue in the receptor interaction process,
involving possible direct contacts with the receptor (14),
secondary structure of the ligand (15), and intramolecular
interactions with the N-terminal signaling domain of the
ligand (40). We thus prepared a PG5 analogue containing
Arg (versus Glu) at position 19 to explore possible affinity-
enhancing effects of this substitution in a ligand containing
a flexible midregion linker. The Arg19 modification, relative

FIGURE 5: Secondary shifts. Secondary shift (HR) values are shown
for the PTH(1-9)Gly5PTH(15-31) analogue (black bars) and
PTH(1-9)Gly5[Arg19]PTH(15-31) peptide (white bars) in aqueous
solution (pH) 6.5) in the presence of DPC micelles (180 mM).
The chemical shifts were measured at 35°C and referenced to TSP.

FIGURE 6: NOESY connectivities. A summary of NOESY con-
nectivities is shown for (A) PTH(1-9)Gly5PTH(15-31) and (B)
PTH(1-9)Gly5[Arg19]PTH(15-31) analogues. Peaks are grouped
in three classes (strong, medium, and weak) on the basis of their
integrated volumes. An asterisk indicates a cross-peak, which could
not be identified due to resonance overlap.

FIGURE 7: Distance geometry calculations. A superposition of 40
structures, obtained from DG calculations, for (A) PTH(1-9)-
Gly5PTH(15-31) (RMSD ) 0.9 Å for the Glu22-Leu28 region)
and (B) PTH(1-9)Gly5[Arg19]PTH(15-31) analogues (RMSD)
0.8 Å for the Glu22-Leu28 region) is shown. Two random structures
for each peptide are depicted with ribbons; the C-terminus of both
PTH analogues exhibitsR-helical conformation, while N-termini
display almost extended, poorly defined helical segments.
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to Glu19, enhanced PG5 binding affinity by 9-fold and
similarly enhanced cAMP potency in COS-7 cells expressing
both the intact PTH1 and PTH1-delNt, which lacks most of
the amino-terminal extracellular domain. These findings
confirm the hypothesis that the affinity-enhancing effect of
the Glu19 f Arg substitution is mediated via the J domain
of the PTH1 and also indicate that the effect requires a
residue, or residues, in the PTH(1-9) region, as the
substitution has no effect on the binding affinity of PTH-
(15-34) (14). One possible explanation for these results is
that the interaction of the (1-9) portion of the ligand with
the receptor results in the positioning of the Arg19 side chain
within a favorable location in the receptor; such positioning
would not occur in the context of the PTH(15-31) analogue.

Structural Consequences of Arg19 and the Pentaglycine
Linker. We also examined the possibility that the Arg19

modification induces structural changes in PG5 and thereby
indirectly contributes to function, as we noted previously in
our studies of this modification in [M]PTH(1-20) [[Ala1,3,12,-
Gln10,Har11,Trp14,X19]PTH(1-20)amide] analogues. Our cur-
rent circular dichroism analyses revealed that, relative to
Glu19, Arg19 slightly increased helicity in PG5, whereas it
decreased helicity in the truncated PTH(15-31) fragment
(Table 1). The Glu19 f Arg substitution, therefore, has a
helix-stabilizing effect when residues (1-14) are present,
even if residues 10-14 are glycines (Figure 3A,B), whereas
it has a helix-destabilizingeffect when residues 1-14 are
absent, as in PTH(15-31) (Figure 3C).

To determine the precise location of secondary structural
changes in PG5 and [Arg19]PG5, we used high-resolution
NMR spectroscopy, performed with the peptides dissolved

in DPC micelles, a solvent system that mimics the membrane
environment of the native receptor (41-45). As revealed by
the similar secondary shift patterns (Figure 5), both PG5 and
[Arg19]PG5 adopt similar secondary structures, characterized
by a well-defined C-terminal helix starting right after the
pentaglycine linker and a mostly extended N-terminal
conformation with some nascent helix in residues 1-9. Not
surprisingly, the pentaglycine chain was completely unstruc-
tured in both analogues. The only structural difference
observed for the two peptides was that [Arg19]PG5 was
slightly more helical in the residue 15-20 region than was
PG5 (Figure 5). This observation is consistent with the notion
that the helix-stabilizing effect of Arg19 propagates N-
terminally (15). The NOESY connectivities and DG calcula-
tions support these conclusions: for the Arg19-substituted
analogue, a greater number of helical NOEs were detected
(Figure 6), and the order parameter values were higher
(Figure 8) between residues 15 and 20. Considered together
with our in vitro functional data, these NMR data indicate a
clear positive correlation between helicity in the residue 15-
20 region of the ligand and biological activity and, thus,
support the hypothesis that the helix is the preferred
biological conformation for this region of parathyroid
hormone (15). Although the helix-stabilizing effect of the
Glu19 f Arg substitution in [Arg19]PG5 propagates N-
terminally, it stops at the pentaglycine linker and has no
prominent effect on the secondary structure of residues 1-9.

MD Simulations of the Receptor-Ligand Complexes.We
used molecular dynamics simulation to analyze potential
differences in the binding modes used by PG5 and [Arg19]-
PG5, specifically focusing on the component of the interac-

FIGURE 8: Order parameter values. Order parameter values forφ
(white bars) andψ (black bars) backbone dihedral angles calculated
for the ensembles of structures, obtained from the DG calculations,
for (A) the PTH(1-9)Gly5PTH(15-31) analogue and (B) the PTH-
(1-9)Gly5[Arg19]PTH(15-31) peptide. For the Arg19-substituted
analogue order parameters remain close to 1 throughout residues
16 and 30.

FIGURE 9: Peptide conformations at the water/decane interface. The
final conformations of the two PTH analogues studied, PTH(1-
9)Gly5PTH(15-31) (top) and PTH(1-9)Gly5[Arg19]PTH(15-31)
(bottom), obtained from an NOE-restrained MD simulation (700
ps) in a water/decane membrane mimetic solvent box with periodic
boundary conditions are displayed. The water phase is not shown
for simplicity. The decane phase is depicted in golden brown sticks.
The receptor fragments are shown with dark gray ribbons with the
N-terminus oriented to the left; atoms for the receptor amino acids
are color coded (red) oxygen, blue) nitrogen, yellow) sulfur,
and light gray) carbon), and some side chains are labeled in three-
letter code.
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tion involving the PTH1 J domain, the structure of which
can be approximated from the rhodopsin template (little or
no structural information is available for the PTH1 N
domain). As initial constraints, we used the established cross-
linking points of Val2/Met425(TM6) (37) and Lys13/Arg186
(TM1/D domain boundary) (38). Subsequent analysis of the
MD simulations revealed the binding modes used by the
N-terminal helices of the two analogues to be similar: the
helix lies along the extracellular face of the seven trans-
membrane domain bundle and is partly covered by portions
of extracellular loops (ECs) 2 and 3. Val2 of the ligand, a
key receptor activation residue (46), contacts hydrophobic
side chains from extracellular loop (ECL) 2 (Trp361, Ile362,
Leu354, Ser355, Gly357) and ECL3 (Gln440, Leu436,
Met441, H442), consistent with our previous PTH(1-34)/
PTH1 models (36, 47) (Figure 10). Although both PG5 and

[Arg19]PG5 maintain their overall bihelical conformation
throughout the 500 ps of MD simulation, some changes are
observed in the C-terminal helices. Specifically, the PG5
R-helix extends N-terminally only to Glu19 (Figure 10A),
whereas the helix of the Arg19-substituted analogue extends
N-terminally to Asn16 (Figure 10B). This result is in accord
with our biological and NMR data, which suggest that
increased helicity in the residue 15-20 region of the Arg19-
containing PG5 analogue correlates with its stronger affinity
and potency.

In the model, the Arg19 side chain projects away from the
seven TM bundle and toward the EC1 loop to form
Coulombic interactions with EC1 residues Glu260 and
Glu252 (Figure 10B). These energetically favorable charge-
charge contacts may account for at least some of the
increased binding affinity of the Arg19-containing ligand, as
no such contacts could be identified for Glu19 of PG5. No
specific intramolecular side chain-side chain interactions
could be identified within the receptor-bound ligand that
would explain the enhanced helicity of the residue 15-20
region of the Arg19-substituted peptide. The structural
difference between the binding domains of the two ligands
may be due to a helix-destabilizing effect caused by Glu19.
Indeed, our simulation data show that the side chain of Glu19

folds back toward the ligand backbone and interacts with
Arg20; this interaction could partially account for the distorted
helical turn at position 19, as well as the almost extended
secondary structure of Leu15-Glu19, in the PG5 analogue
(Figure 10A). The only specific contact sites for residue 19
of the PG5 peptides are found within the EC1 loop, as noted
above. This finding differs somewhat from the cross-linking
data, which showed that the benzoylphenylalanine (Bpa)
moieties of [Bpa19]PTHrP(1-36) and [Bpa19]PTH(1-21)
analogues contact the segment (His225-Lys240) at the extra-
cellular end of TM2: no such interaction was observed in
the PG5-PTH1 and [Arg19]PG5-PTH1 complexes. This
apparent discrepancy could be due to the relatively large
cross-linking radius (∼10 Å) for the Bpa moiety, to differ-
ences in the chemical natures of the position 19 side chains
(hydrophilic Glu/Arg vs hydrophobic Bpa), and/or to varia-
tions in the backbone conformations of the ligands [e.g., the
unstructured pentaglycine 10-14 segments vs more rigid
structures for the PTHrP(1-36) and PTH(1-20) analogues].
Further experimental constraints would be necessary in order
to more fully elucidate and account for differences in the
binding mechanisms used by these and other ligand ana-
logues that bind to the PTH1.
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