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ABSTRACT: The N-terminal domain of PTH(1-34) is critical for PTH-1 receptor (P1R) activation and has
been postulated to beR-helical when bound to the receptor. We investigated the possibility that the side
chains of residues 6 (Gln) and 10 (Gln or Asn) of PTH analogues, which would align on the same face
of the predictedR-helix, could interact and thereby contribute to the PTH/P1R interaction process. We
utilized PTH(1-11), PTH(1-14), and PTH(1-34) analogues substituted with alanine at one or both of
these positions and functionally evaluated the peptides in cell lines (HKRK-B7 and HKRK-B28) stably
expressing the P1R, as well as in COS-7 cells transiently expressing either the P1R or a P1R construct
that lacks the amino-terminal extracellular domain (P1R-DelNt). In HKRK-B7 cells, the single substitutions
of Gln6 f Ala and Gln10 f Ala reduced the cAMP-stimulating potency of [Ala3,Gln10,Arg11]rPTH(1-
11)NH2 ∼60- and∼2-fold, respectively, whereas the combined Ala6,10 substitution resulted in a∼2-fold
gain in potency, relative to the single Ala6 substitution. Similar effects on P1R-mediated cAMP-signaling
potency and P1R-binding affinity were observed for these substitutions in [Aib1,3,Gln10,Har11,Ala12,Trp14]-
rPTH(1-14)NH2. Installation of a lactam bridge between the Lys6 and the Glu10 side chains of [Ala3,12,-
Lys6,Glu10,Har11,Trp14]rPTH(1-14)NH2 increased signaling potency 6-fold, relative to the nonbridged
linear analogue. Alanine substitutions at positions 6 and/or 10 of [Tyr34]hPTH(1-34)NH2 did not affect
signaling potency nor binding affinity on the intact P1R; however, Ala6 abolished PTH(1-34) signaling
on P1R-DelNt, and this effect was reversed by Ala10. The overall data support the hypothesis that the
N-terminal portion of PTH isR-helical when bound to the activation domain of the PTH-1 receptor and
they further suggest that intrahelical side chain interactions between residues 6 and 10 of the ligand can
contribute to the receptor interaction process.

Parathyroid hormone (PTH)1 is an 84 amino acid protein,
the first 34 amino acids of which contain sufficient informa-
tion for binding to and activating the PTH receptor (PTH
receptor type 1 or P1R). The P1R is a class II G protein-
coupled receptor that is expressed in bone and kidney and
couples most prominently to the adenylyl cyclase/protein
kinase A signaling cascade. The PTH/P1R system plays a
key role in controlling the concentrations of ionized calcium
in the extracellular fluids. The P1R also binds PTH-related
protein (PTHrP), a protein of 139, 141, or 171 amino acids
that acts in paracrine fashion during development to control
the morphogenesis of several tissues, including the skeleton.

As with PTH, the first 34 amino acids of PTHrP contain
sufficient information for high affinity P1R binding and
potent induction of P1R-mediated signaling responses. There
is growing interest in the development of PTH agonist
analogues as therapeutics, as a recent clinical trial has shown
that PTH(1-34) is effective in treating osteoporosis (1).

Within the PTH(1-34) sequence, the principal determi-
nants of receptor binding affinity and receptor activation have
been broadly mapped to the C- and N-terminal portions of
the peptide, respectively (2, 3). Short N-terminal fragments
of PTH, such as PTH(1-14) and PTH(1-11), exhibit
extremely weak binding affinities (Kd . 100 µM) but are
nonetheless capable of eliciting cAMP-signaling responses,
albeit with potencies (EC50sg 100µM) that are substantially
weaker than that of PTH(1-34) (EC50 ∼2 nM) (4). Recently,
we described modified N-terminal PTH(1-14) and PTH-
(1-11) analogues that exhibit enhanced signaling potencies
(5-7), and some of these analogues, such as [Aib1,3,Gln10,-
Har11,Ala12,Trp14]rPTH(1-14)NH2, are as potent as PTH-
(1-34) in cell-based signaling assays (6). The mechanisms
by which the substitutions in these analogues enhance
potency is not entirely clear, but some, such as the replace-
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ment of Ala1 with the conformationally constraining amino
acidR-aminoisobutyric acid (Aib), have been shown by CD
analysis to increase peptide helicity; findings which suggest
that anR helix may be the preferred bioactive conformation
for the N-terminal portion of PTH (6).

Photoaffinity cross-linking and receptor mutagenesis stud-
ies (8-11) have suggested that the molecular mechanism
by which PTH(1-34) interacts with the P1R involves two
principal components: a high affinity binding interaction
between the C-terminal PTH(15-34) domain and the amino-
terminal extracellular (N) domain of the receptor, and a lower
affinity interaction between the N-terminal PTH(1-14)
domain and the juxtamembrane (J) region of the receptor
containing the seven transmembrane helices and three
extracellular loops that gives rise to receptor signaling (the

two domain hypothesis) (12, 13). A key point of uncertainty
in the mechanism concerns the structure of the ligand as it
is bound to the receptor. Solution-phase NMR studies of
PTH(1-34) have generally revealed a bi-helical structures
an N-terminal helix encompassing approximately residues
3-10 and a longer C-terminal helix encompassing ap-
proximately residues 17-30 and a turn or flexible hinge
region connecting the two helices (14-19). On the other
hand, a recent X-ray crystallographic analysis of PTH(1-
34) revealed a single continuous helix that extends from
residue 3-32 (20). Potentially consistent with such a linear
structure is the study performed by Condon et al., in which
it was found that a PTH(1-31) analogue containing three
lactam bridges involving three pairs of residues, each with
i, i + 4 spacing (e.g., Lys13-Asp17; Lys18-Asp22; and Lys26-

Table 1: PTH Analogues Utilized and their Amino Acid Sequencesa

a Peptides are derivatives of rat (r) or human (h) PTH and contained a free amino-terminus and an amidated C-terminus. Nonconventional amino
acids include homoarginine (Har), norleucine (Nle), 1-aminoisobutyric acid (Aib), and 1-aminocyclopentane-1-carboxylic acid (AC5C). Key substituted
residues at positions 6 and 10 are underlined. Residues linked via side chain lactams are indicated by the suffix “cyclo” and are bracketed. Asterisks
indicate iodinated tyrosines. Native rPTH(1-21) is shown as a reference sequence.
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Asp30), was fully potent and highly helical, at least as
determined by CD spectroscopy performed in buffer contain-
ing acetonitrile at a concentration of 20% (21).

Although the different biophysical analyses have suggested
variability in the overall structure of PTH(1-34), most have
provided support for the presence of at least someR-helical
structure in the N-terminal region of PTH. The key question
that remains, however, and one that has yet to be addressed
by direct physical methods, is whether such an N-terminal
R-helix is required for, or at least compatible with, a
productive interaction with the PTH-1 receptor. In the current
study, we utilized a functional approach to explore the
possibility that the side chains of residues 6 and 10 of PTH,
which are glutamine and asparagine, respectively, in the
native hormone, can interact in the receptor-bound state. We
reasoned that if the N-terminal domain of PTH isR-helical
when bound to the receptor, then the side chains of these
two residues would project in similar directions from adjacent
turns of the helix because of theiri (residue 6)-i + 4 (residue
10) spacing along the peptide chain and thus could interact,
for example, via a hydrogen bonding mechanism and thereby
contribute to bioactivity. Studies in other model helical
peptide systems have shown that the side chain functional
groups of Gln and Asn residues located at positionsi and i
+ 4 can hydrogen bond and thereby stabilize helical structure
(22). We further hypothesized that alterations to the putative
interaction between residues 6 and 10 in PTH by a substitu-
tion at one site would change affinity and/or potency and
that such an effect could be specifically modulated by a
second substitution at the other site. We employed for our
studies modified N-terminal PTH(1-11) and PTH(1-14)
analogues (5, 6), as well as an intact and relatively unmodi-
fied PTH(1-34) analogue, and we assessed the effects of
substitutions at positions 6 and/or 10 in these analogues on
their capacities to interact with the P1R in transfected cells.
We used the intact P1R as well as a truncated P1R construct
(P1R-DelNt) that lacks the large amino-terminal extracellular
(N) domain, as this construct enables us to evaluate whether

specific ligand substitutions modulate interactions to the N
or J domains of the P1R (5). The results of the studies
provide support for the notion that residues 6 and 10 of PTH
can interact in the receptor-bound state, and thus, that the
N-terminal portion of PTH isR-helical when bound to the
activation domain of the receptor.

MATERIALS AND METHODS

Peptides.The amino acid sequences of the peptides used
in the study are shown in Table 1. The scaffold peptides
[Ala3,Gln10,Arg11]rPTH(1-11)NH2 (7), [Aib1,3,Gln10,Har11,-
Ala12,Trp14]rPTH(1-14)NH2 (6), and [Ala3,12,Gln10,Har11,-
Trp14]rPTH(1-14)NH2 (5) have been described by us
previously. Peptides were synthesized using Fmoc protecting
chemistry and TFA-mediated cleavage/deprotection by the
MGH Biopolymer Synthesis Facility, Boston, MA. Lactam
bridge modifications between glutamic acid and lysine side
chains were prepared using an orthogonal protection strategy
(23) with allyl-protected amino acids. The nascent PTH(1-
11) analogues were desalted by adsorption on a C18-
containing cartridge and used directly; all other peptides were
purified by reversed-phase HPLC. Peptides were reconsti-
tuted in 10 mM acetic acid and stored at-80 °C. The purity,
identity, and stock concentration of each peptide was secured
by analytical HPLC, matrix-assisted laser desorption/ioniza-
tion (MALDI) mass spectrometry, and amino acid analysis.
Iodination of [Ala3,12,Nle8,Gln10,Har11,Trp14,Arg19,Tyr21]-
rPTH(1-21)NH2 (6) and [Ac5c1,Aib3,Nle8,Gln10,Har11,Ala12,-
Trp14,Tyr15]rPTH(1-15)NH2, which contains 1-aminocyclo-
pentane-1-carboxylic acid (AC5C) at position-1 (24), was
performed using125I-Na and chloramine-T; the resultant
radioligand was purified by HPLC.

Cells.The cell lines HKRK-B7 and HKRK-B28 (25) are
derivatives of the porcine kidney cell line, LLC-PK1, and
express via stable transfection, recombinant, PTH-1 receptors
(P1Rs) at surface densities of∼950 000 and 280 000
receptors per cell, respectively. The HKRK-B7 cells express
the wild-type human P1R. The HKRK-B28 cells, previously
indicated to express the human P1R, have recently been
determined to express a P1R chimera comprised of the
opossum P1R from the N-terminus to the midregion of TM3
and the rat P1R from the midregion of TM3 to the
C-terminus; these cells bind N-terminal PTH analogues with
higher affinity than do HKRK-B7 cells (26). The cell line
LDelNt-2 was derived from LLC-PK1 cells via stable
transfection with a plasmid encoding P1R-DelNt, a recom-
binant human PTH-1 receptor construct in which most
(residues 24-181) of the amino-terminal extracellular do-
main is deleted (6). COS-7 cells in 24-well plates were
transiently transfected with FuGENE 6 and CsCl2 plasmid
DNA (200 ng/well) encoding either the wild-type human P1R
(P1R-WT) or P1R-DelNt.

cAMP Stimulation and Binding Assays. Assays were
performed in whole cells in 24-well multi-well plates, as
described previously (6). cAMP stimulation assays utilized
3-isobutyl-1-methylxanthine (2 mM) and were conducted for
60 min at room temperature. Binding reactions utilized125I-
PTH(1-21) or 125I-PTH(1-15) analogue (ca. 100 000 cpm
per well) as a tracer radioligand and were conducted for 6 h
at 4 °C (5).

Data Calculation. Nonlinear regression was used to
calculate EC50 and IC50 values (6). Differences between

FIGURE 1: Effects of alanine substitutions at positions 6 and 10 in
a PTH(1-11) analogue on cAMP-stimulating potency in HKRK-
B7 cells. The parent peptide [Ala3,Gln10,Arg11]rPTH(1-11)NH2
containing Gln at positions 6 and 10 (Gln6/Gln10, filled circles) and
analogues of that peptide containing Ala substitutions at positions
6 and/or 10: [Ala3,6,Gln10,Arg11]rPTH(1-11)NH2 (Ala6/Gln10, open
circles); [Ala3,10,Arg11]rPTH(1-11)NH2 (Gln6/Ala10, open squares);
and [Ala3,6,10,Arg11]rPTH(1-11)NH2 (Ala6/Ala10, filled squares)
were evaluated for cAMP-stimulating potency in HKRK-B7 cells.
The corresponding EC50 values are shown in the insets. Data shown
(mean( SEM) were combined from three separate experiments,
each performed in duplicate.
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paired data sets were statistically evaluated using a one-tailed
Student’st test, assuming unequal variances for the two sets.

RESULTS

Substitutions at Positions 6 and 10 in PTH(1-11). We
first assessed the functional effects of substitutions at
positions 6 and 10 in PTH using [Ala3,Gln10,Arg11]rPTH-
(1-11)NH2 as the scaffold peptide (Table 1) (7). The
peptides were analyzed for the capacity to stimulate cAMP
formation in HKRK-B7 cells, an LLC-PK1-derived cell line
that expresses via stable transfection the human P1R. As
shown in Figure 1, the parent peptide [Ala3,Gln10,Arg11]-
rPTH(1-11)NH2 elicited a 75-fold increase in cAMP forma-

tion with a corresponding EC50 value of 5.0( 0.5 µM.
Substitution of Gln6 with Ala resulted in a marked reduction
in potency, as the EC50 observed for [Ala3,6,Gln10,Arg11]-
rPTH(1-11)NH2 (330 ( 40 µM) was 65-fold higher than
that observed for [Ala3,Gln10,Arg11]rPTH(1-11)NH2 (P )
0.008). Replacement of Gln10 with Ala resulted in a modest
(2-fold) reduction in potency (EC50 of [Ala3,10,Arg11]rPTH-
(1-11)NH2 ) 11( 2 µM; P vs parent) 0.035). Substitution
of both Gln6 and Gln10 with Ala did not result in a simple
additive reduction in potency (a 130-fold reduction would
have been so predicted) but instead resulted in only a 31-
fold reduction in potency. Thus, the potency of [Ala3,6,10,-

FIGURE 2: Effects of alanine substitutions at positions 6 and 10 in PTH (1-11) and PTH(1-14) analogues on cAMP-stimulating potency
in LDelNt-2 cells. (A) The peptide [Ala3,Gln10,Arg11]rPTH(1-11)NH2 containing Gln at positions 6 and 10 (Gln6/Gln10, filled circles) and
analogues of that peptide containing Ala substitutions at positions 6 and/or 10: [Ala3,6,Gln10,Arg11]rPTH(1-11)NH2 (Ala6/Gln10, open
circles); [Ala3,10,Arg11]rPTH(1-11)NH2 (Gln6/Ala10, open squares); and [Ala3,6,10,Arg11]rPTH(1-11)NH2 (Ala6/Ala10, filled squares) were
evaluated for cAMP-stimulating potency in LDelNt-2 cells, an LLC-PK1-derived cell line that stably expresses P1R-DelNt. (B) The
conformationally constrained peptide [Aib1,3,Gln10,Har11,Ala12,Trp14]rPTH(1-14)NH2 containing Gln at positions 6 and 10 (Gln6/Gln10,
filled circles) and the analogues: [Aib1,3,Ala6,12,Gln10,Har11,Trp14]rPTH(1-14)NH2 (Ala6/Gln10, open circles); [Aib1,3,Ala10,12,Har11,Trp14]-
rPTH(1-14)NH2 (Gln6/Ala10,open squares); and [Aib1,3,Ala6,10,12,Har11,Trp14]rPTH(1-14)NH2 (Ala6/Ala10, filled squares) were evaluated
as in panel A. The data in panel A are expressed as a percent of the maximum response observed in each experiment for [Ala3,Gln10,-
Arg11]rPTH(1-11)NH2, which was 113( 4 pmol of cAMP per well, and the corresponding basal cAMP level was 2.0( 0.3 pmol per
well; the data in panel B are expressed as a percent of the maximum response observed in each experiment for [Aib1,3,Gln10,Har11,Ala12,-
Trp14]rPTH(1-14)NH2, which was 108( 3 pmol of cAMP per well, and the corresponding basal cAMP level was 1.8( 0.5 pmol per well
(n ) 3). The corresponding EC50 values are shown in the insets. Data shown (mean( SEM) were combined from three separate experiments
(except for [Aib1,3,Ala10,12,Har11,Trp14]rPTH(1-14)NH2 for which two experiments were used), each performed in duplicate.

FIGURE 3: Effects of alanine substitutions at positions 6 and 10 in a PTH(1-14) analogue on cAMP-stimulating potency and binding
affinity in HKRK-B28 cells. The peptide [Aib1,3,Gln10,Har11,Ala12,Trp14]rPTH(1-14)NH2 containing Gln at positions 6 and 10 (Gln6/Gln10,
filled circles) and the analogues: [Aib1,3,Ala6,12,Gln10,Har11,Trp14]rPTH(1-14)NH2 (Ala6/Gln10, open circles); [Aib1,3,Ala10,12,Har11,Trp14]-
rPTH(1-14)NH2 (Gln6/Ala10, open squares); and [Aib1,3,Ala6,10,12,Har11,Trp14]rPTH(1-14)NH2 (Ala6/Ala10, filled squares) were evaluated
in HKRK-B28 cells for the capacity to stimulate cAMP formation (A) or to inhibit the binding of125I-[Ac5c1,Aib3,Nle8,Gln10,Har11,Ala12,-
Trp14,Tyr15]rPTH(1-15)NH2 (B). The data in panel A are expressed as a percent of the maximum response observed in each experiment
for [Aib1,3,Gln10,Har11,Ala12,Trp14]rPTH(1-14)NH2, which was 262( 47 pmol of cAMP per well (n ) 3); the corresponding basal cAMP
level was 3.5( 0.1 pmol per well. The data in panel B are expressed as a percent of the radioactivity specifically bound in the absence of
inhibiting ligand, which was 11.6( 1.4% of the total radioactivity added (∼114 000 CPM/well). The corresponding EC50 and IC50 values
are shown in the insets. Data (mean( SEM) were combined from three separate experiments, each performed in duplicate.
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Arg11]rPTH(1-11)NH2 (EC50 ) 160 (20 µM) was 2-fold
greater than that of [Ala3,6,Gln10,Arg11]rPTH(1-11)NH2 (P
) 0.02). The Gln10 f Ala substitution, therefore, partially
rescued the potency defect imposed by the Gln6 f Ala
substitution, but it did not improve peptide potency when
position 6 was occupied by Gln.

The two-domain hypothesis of the PTH-P1R interaction
mechanism predicts that the effects of the substitutions at
positions 6 and 10 observed with the above PTH(1-11)
analogues involve interactions (direct or indirect) that occur

within the juxtamembrane region of the receptor. To test this
hypothesis, we utilized P1R-DelNt, a human P1R construct
that is deleted for most of the N domain. This P1R construct
exhibits normal signaling responses to PTH agonists, as long
as ligand affinity is adequate, as can be achieved by
modifying the N-terminal portion of PTH (4-7) or by
covalently tethering the N-terminal portion of PTH to the
construct (27). For the current studies, we established an
LLC-PK1-derived cell line, LDelNt-2, that stably expresses
hP1R-DelNt. In these cells, the parent peptide, [Ala3,Gln10,
Arg11]rPTH(1-11)NH2, elicited a 55-fold increase in cAMP
formation, and the corresponding EC50 was 14 ( 3 µM
(Figure 2A). The PTH(1-11) analogue having the Gln6 f
Ala substitution elicited only an 8-fold increase in cAMP
accumulation, and the corresponding EC50 (320 ( 40 µM)
was 22-fold higher than that of the parent peptide (Figure
2A; P ) 0.01). This reduction in potency was partially
rescued by the Gln10 f Ala substitution, as the potency of
[Ala3,6,10,Arg11]rPTH(1-11)NH2 (EC50 ) 170( 50µM) was
2-fold lower than that of [Ala3,6,Gln10,Arg11]rPTH(1-11)-
NH2 (P ) 0.05). As was observed with the intact P1R in
HKRK-B7 cells, the analogue [Ala3,10,Arg11]rPTH(1-11)-
NH2 (Gln at position 6) was∼3-fold less potent than [Ala3,-
Gln10,Arg11]rPTH(1-11)NH2 (Figure 2A); thus, the enhanc-
ing effect of the Ala-10 substitution was observed when
position 6 was Ala, but not when this position was Gln. These
data obtained with P1R-DelNt parallel those obtained with
the intact P1R and indicate that the functional effects of the
substitutions at positions 6 and 10 are mediated via the J
domain of the receptor.

We examined whether the 6-10 rescue effect could be
observed in the PTH(1-14) scaffold analogue [Aib1,3,Gln10,-
Har11,Ala12,Trp14]rPTH(1-14)NH2, which contains the con-
formationally constraining substitutions of Aib at positions
1 and 3; this peptide has higher potency and higher helical
content than does the corresponding PTH(1-14) analogue
containing alanine at positions 1 and 3 (6). In LDelNt-2 cells,
[Aib1,3,Gln10,Har11,Ala12,Trp14]rPTH(1-14)NH2 elicited a 50-
fold increase in cAMP accumulation, and the corresponding
EC50 value was 6.6( 1.1 nM (Figure 2B). Substituting Gln6

of this peptide with alanine strongly reduced potency, as
[Aib1,3,Ala6,12,Gln10,Har11,Trp14]rPTH(1-14)NH2 (EC50 )
150 ( 60 nM) was∼22-fold weaker than the parent PTH-
(1-14) analogue (P ) 0.08). The potency of [Aib1,3,Ala10,12,-
Har11,Trp14]rPTH(1-14)NH2 (EC50 ) 12 ( 6 nM) was∼2-
fold weaker than that of the parent peptide but combining
the Ala10 substitution with the Ala6 substitution again resulted
in partial rescue of the signaling defect imposed by the Ala6

substitution, as the potency of [Aib1,3,Ala6,10,12,Har11,Trp14]-
rPTH(1-14)NH2 (EC50 ) 32 ( 10 nM) was∼5-fold higher
than that of [Aib1,3,Ala6,12,Gln10,Har11,Trp14]rPTH(1-14)NH2

(P ) 0.09, Figure 2B).
Similar effects of these substitutions on the signaling

potency of [Aib1,3,Gln10,Har11,Ala12,Trp14]rPTH(1-14)NH2

were observed on the intact P1R expressed in B28 cells
(Figure 3 A). These cells express an intact rat/opossum P1R
chimera that bind N-terminal PTH analogues with higher
affinity than HKRK-B7 cells expressing the wild-type hP1R
(26). We were thus able to assess the effects of the substi-
tutions at positions 6 and 10 on the binding affinity of
[Aib1,3,Gln10,Har11,Ala12,Trp14]rPTH(1-14)NH2 by perform-
ing competition analyses in these cells utilizing125I-[Ac5c1,-

FIGURE 4: Effect of lactam bridges between positions 6 and 10 in
PTH(1-14) analogues on cAMP-stimulating potency in HKRK-
B28 cells. (A) The peptide [Ala3,12,Gln10,Har11,Trp14]rPTH(1-14)-
NH2 (Gln6/Gln10) and analogues of that peptide containing Glu or
Lys substitutions at positions 6 and 10, for which the side chains
were either unmodified: [Ala3,12,Glu6,Lys10,Har11,Trp14]rPTH(1-
14)NH2 (Glu6/Lys10) and [Ala3,12,Lys6,Glu10,Har11,Trp14]rPTH(1-
14)NH2 (Lys10/Glu10), or were covalently linked via a lactam
bridge: cyclo(6,10)-[Ala3,12,Glu6,Lys10,Har11,Trp14]rPTH(1-14)-
NH2 {cyclo(Glu6-Lys10)} and cyclo(6,10)-[Ala3,12,Lys6,Glu10,Har11,-
Trp14]rPTH(1-14)NH2 {cyclo(Lys6-Glu10)} were evaluated at doses
of 10 µM for the capacity to stimulate cAMP accumulation in
HKRK-B28 cells. The asterisk indicates that the response elicited
by cyclo(6,10)-[Ala3,12,Lys6,Glu10,Har11,Trp14]rPTH(1-14)NH2 was
significantly (P < 0.0001) greater than that elicited by [Ala3,12,-
Lys6,Glu10,Har11,Trp14]rPTH(1-14)NH2. (B) The peptides [Ala3,12,-
Gln10,Har11,Trp14]rPTH(1-14)NH2 (Gln6/Gln10, filled circles);
[Ala3,12,Lys6,Glu10,Har11,Trp14]rPTH(1-14)NH2 (Lys6/Glu10, open
circles); and cyclo(6,10)-[Ala3,12,Lys6,Glu10,Har11,Trp14]rPTH(1-
14)NH2 (cyclo(Lys6-Glu10), filled squares) were evaluated at varying
doses for the capacity to stimulate cAMP accumulation in HKRK-
B28 cells. The data are expressed as a percent of the maximum
response observed in each experiment with [Ala3,12,Gln10,Har11,-
Trp14]rPTH(1-14)NH2, which was 359( 52 pmol of cAMP per
well (n ) 3); the corresponding basal cAMP level was 6( 1 pmol
per well. The corresponding EC50 values are shown in the insets.
The peptides [Ala3,12,Glu6,Lys10,Har11,Trp14]rPTH(1-14)NH2 and
cyclo(6,10)-[Ala3,12,Glu6,Lys10,Har11,Trp14]rPTH(1-14)NH2 were
also analyzed in these studies and yielded EC50 values of 40( 6
and 27( 9 µM, respectively. Data in panels A and B are means(
SEM from three separate experiments, each performed in duplicate.
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Aib3,Nle8,Gln10,Har11,Ala12,Trp14,Tyr15]rPTH(1-15)NH2 as
a tracer radioligand (24). The Ala6 and Ala10 single substitu-
tions reduced the apparent affinity of the PTH(1-14) peptide
∼14- and∼6-fold, respectively, relative to that of the parent
analogue, whereas combining the Ala10 substitution with the
Ala6 substitution resulted in partial rescue of the binding
defect imposed by the Ala6 substitution, as the affinity of
[Aib1,3,Ala6,10,12,Har11,Trp14]rPTH(1-14)NH2 was ∼3-fold
higher than that of [Aib1,3,Ala6,12,Gln10,Har11,Trp14]rPTH(1-
14)NH2 (Figure 3B).

Effect of Lactam Bridges between Positions 6 and 10 in
PTH(1-14).We then assessed the effect of installing a direct
covalent linkage between the side chains of the residues at
positions 6 and 10 on PTH analogue function. To do this,
we introduced paired Glu6/Lys10 or Lys10/Glu6 substitutions
in an otherwise nonconstrained PTH(1-14) analogue scaf-
fold [Ala3,12,Gln10,Har11,Trp14]rPTH(1-14)NH2 (5) and formed
an amide bond between the carboxylate side chain group of
the introduced glutamate residue and the amino side chain
group of the introduced lysine residue. For controls, a portion
of each Glu/Lys- or Lys/Glu-substituted PTH(1-14) ana-
logue was preserved in the nonbridged form. The four
peptides [Ala3,12,Glu6,Lys10,Har11,Trp14]rPTH(1-14)NH2 (lin-
ear), cyclo(6,10)-[Ala3,12,Glu6,Lys10,Har11,Trp14]rPTH(1-14)-

NH2 (cyclized via a 6-10 lactam bridge), [Ala3,12,Lys6,-
Glu10,Har11,Trp14]rPTH(1-14)NH2, and cyclo(6,10)-[Ala3,12,-
Lys6,Glu10,Har11,Trp14]rPTH(1-14)NH2 were first compared
at a single dose of 10µM for the capacity to stimulate cAMP
formation in B28 cells. As shown in Figure 4A, none of the
four analogues was as effective as the parent PTH(1-14)
analogue in inducing a cAMP response. For the peptides
containing the Glu6/Lys10 pairing, the activity of the lactam-
containing analogue was comparable to that of its linear
counterpart (Figure 4, panel A and legend). For the reciprocal
analogue containing the Lys6/Glu10 pairing, the bridged
peptide was more active than its linear counterpart (Figure
4A), and in dose-response analyses, cyclo(6,10)-[Ala3,12,-
Lys6,Glu10,Har11,Trp14]rPTH(1-14)NH2 was 6-fold more
potent than [Ala3,12,Lys6,Glu10,Har11,Trp14]rPTH(1-14)NH2

(Figure 4B;P ) 0.02).
Effects of Substitutions at Positions 6 and 10 in PTH(1-

34). We then investigated the functional effects of alanine
substitutions at positions 6 and/or 10 in [Tyr34]hPTH(1-
34)NH2. The analogues of these studies contained either Gln
(native) or Ala at position 6 and either Asn (native) or Ala
at position 10. We first compared the potencies of these
peptides on the intact P1Rs expressed in COS-7 and HKRK-
B28 cells. No difference in signaling potency could be
discerned for the four analogues in COS-7 cells transiently
expressing the wild-type hP1R (Figure 5A), nor was any
difference in signaling potency or apparent binding affinity
detected in HKRK-B28 cells (Table 2). In COS-7 cells ex-
pressing P1R-DelNt, however, differences in cAMP-signaling
potencies could be detected. Thus, the Gln6 f Ala substitu-
tion abolished signaling activity, and addition of the Gln10

f Ala substitution, which by itself had no effect on PTH-
(1-34) potency, to the Gln6 f Ala substitution completely
restored activity, such that [Ala6,10,Tyr34]hPTH(1-34)NH2

was as potent as [Tyr34]hPTH(1-34)NH2 (Figure 5B).

DISCUSSION

In this paper, we explored the possibility that interaction
between the side chains of the residues at positions 6 and
10 in PTH could affect the capacity of the peptide to interact
with the PTH-1 receptor. The results provide evidence to
suggest that the side chains of these residues can interact

FIGURE 5: Effects of alanine substitutions at positions 6 and 10 in a PTH(1-34) analogue on cAMP-stimulating potency in COS-7 cells.
The peptide [Tyr34]hPTH(1-34)NH2 (Gln6/Asn10; filled circles) and the analogues [Ala6,Tyr34]hPTH(1-34)NH2 (Ala6/Asn10, open circles);
[Ala10,Tyr34]hPTH(1-34)NH2 (Gln6/Ala10, open squares); and [Ala6,10,Tyr34]hPTH(1-34)NH2 (Ala6/Ala10) were evaluated for cAMP-
stimulating potencies in COS-7 cells expressing, via transient transfection, either the wild-type hP1R (A) or hP1R-DelNt (B) (note that the
weaker potencies of the analogues on P1R-DelNt, as compared to on hP1R-WT, reflect the importance of the N domain of the receptor in
mediating binding interactions for PTH(1-34) peptides (12)). Data shown (mean( SEM) were combined from three separate experiments,
each performed in duplicate.

Table 2: Functional Properties of PTH(1-34) Analogues in
HKRK-B28 Cellsa

cAMP Binding

peptide
EC50

(nM)
Emax

(%)
IC50

(nM)

[Tyr34]hPTH(1-34)NH2 1.9( 0.8 100( 5 6.0( 3.2
[Ala6,Tyr34]hPTH(1-34)NH2 4.9( 3.6 105( 10 4.5( 1.4
[Ala10,Tyr34]hPTH(1-34)NH2 3.0( 1.7 106( 7 6.4( 2.8
[Ala6,10,Tyr34]hPTH(1-34)NH2 2.2( 0.3 107( 8 3.9( 1.1

a The peptide [Tyr34]hPTH(1-34)NH2 and analogues thereof having
Gln6 and/or Asn10 substituted by Ala were evaluated in HKRK B28
cells for the capacity to stimulate cAMP accumulation and to inhibit
the binding of125I [Ala3.12,Nle8 Gln10,Har11,Trp14,Arg19,Tyr21]PTH(1-
21)NH2 tracer radioligand. The maximum cAMP response observed
(Emax) for each peptide at a concentration of 1× 10-6 M is given as a
percent of the maximum response observed for [Tyr34]hPTH(1-34)NH2,
the average of which was 416( 51 pmol per well. Data (means(
SEM) are combined from three separate experiments, each performed
in duplicate.
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and that this interaction may contribute to the ligand’s
capacity to interact productively with the PTH-1 receptor.
Since these residues are in ani, i + 4 configuration, the
data also support the hypothesis that the N-terminal portion
of PTH isR-helical when the ligand is bound to the receptor.
The key observation that supports these conclusions is the
rescue effect that the Gln10 f Ala substitution had on the
signaling defect imposed by the Gln6 f Ala substitution in
several different PTH peptide scaffolds. Although the rescue
effect was partial, in that the [Ala6,10]PTH(1-11) and [Ala6,10]-
PTH(1-14) analogues were only∼2-6-fold more potent
than the [Ala6]PTH(1-11) and [Ala6]PTH(1-14) counterpart
peptides, it was reproducible, as we observed it in several
different peptide scaffolds and with several different P1R-
expressing cell systems. Furthermore, the rescue effect
appeared to be selective, in that the Gln10 f Ala substitution
by itself (e.g., in the context of Gln6) reduced potency of
each analogue by 2-12-fold.

Without a direct assessment of the structures that the
ligands used in our study adopt in the receptor-bound state,
it is not possible to ascribe a definitive molecular mechanism
by which the observed functional effects arise. One possible
explanation for the observed effects is that in the parent
peptides, an interaction between the side chains of Gln6 and
Gln10 constrains the rotational position of the Gln10 side
chain, such that an unfavorable interaction, for example, with
another residue in the ligand or the receptor, is avoided. Such
an unfavorable interaction would become possible upon
removal of the Gln6 side chain but then be averted by
subsequent removal of the Gln10 side chain. One of the
functions of the Gln6 side chain might, therefore, be to
prevent unfavorable interactions of the Gln10 or (Asn10) side

chain, by an intrahelicali, i + 4 side chain interaction. The
possibility that the side chains of residues 6 and 10 might
interact is supported by a recent NMR analysis of PTH(1-
34) reported by Marx et al. (14). In the atomic coordinate
file (1HPY, available in the Brookhaven Protein Data
Bank: rcsb.org/pdb) that accompanies this study, the side
chains of Gln6 and Asn10 can be seen to project from the
same face of the N-terminal (Glu4-His14) R-helix such that
the side chain carboxamide of Gln6 could interact with that
of Asn10 via a hydrogen bond (Figure 6). Interaction of these
two side chains was also indicated in the recent NMR study
of hPTH(1-31) (15). It is thus conceivable that such an
interaction helps stabilize the N-terminal helix of PTH, as
has been documented in other model helical peptides (22),
and thereby contributes to peptide potency. This possibility
needs further investigation, however, and other mechanisms
are not to be excluded. For example, the greater helix-
forming propensity of alanine, as compared to glutamine and
especially asparagine (28), could play a role in the rescue
effects observed for the combined Ala6/Ala10 substitutions.
In any case, that the rescue effect observed for the Gln10 f
Ala substitution on the Gln6 f Ala substitution was partial
seems to suggest that the side chain of Gln6 plays additional
roles in PTH function, perhaps involving direct receptor
interaction, as has been suggested previously from functional
studies on PTH(1-34) analogues (29). Further substitution
analyses of position 6 in various PTH scaffold peptides could
help to assess this possibility. Finally, we note that while it
remains possible that the Gln10 f Ala substitution rescues
the signaling defect imposed by the Ala6 substitution via a
mechanism that is independent of residue 6, such as by
altering a direct interaction with the receptor, this seems

FIGURE 6: NMR structure of the PTH(1-14) domain. Shown is the (1-14) portion of the NMR structure of hPTH(1-34) obtained in 20%
2,2,2-trifluoroethonal reported by Marx et al. (14). The image shown was generated using the coordinate file (1HPY) deposited by the
authors at the Protein Data Bank (www.rcsb.org) and the Rasmol imaging software package (35). The peptide backbone (orange) makes
several helical turns, and the carboxamide side chain groups of Gln6 and Asn10 are positioned such that they could interact (e.g., by hydrogen
bonding) via the oxygen atom (red) of Gln6 and the nitrogen atom (blue) of Asn10. Our current functional data are consistent with the
possibility that such a helical structure and intrahelical interaction occurs in receptor-bound PTH.
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unlikely, given that the Ala10 substitution selectively en-
hanced the activity of analogues containing alanine at
position 6.

We explored further the possibility that an interaction
between the side chains of residues 6 and 10 of PTH
contributes to peptide activity by introducing covalent lactam
bridges between the side chains of paired Glu/Lys residues
substituted, in reciprocal fashion, at these positions in a PTH-
(1-14) analogue. A number of prior studies on PTHrP(1-
34) (30), PTH(1-31) (21, 31), and PTH(1-28) (32) ana-
logues have shown that lactam bridges at different locations
can stabilize helical structure and increase affinity and/or
potency. So far, the most N-terminal lactam bridge reported
for a PTH analogue involved a Lys13-Asp17 pairing (21).
The paired Glu6/Lys10 or Lys6/Glu10 substitutions of our PTH-
(1-14) analogues were not well-tolerated, as the nonbridged
control peptides, [Ala3,12,Glu6,Lys10,Har11,Trp14]rPTH(1-14)-
NH2, and [Ala3,12,Lys6,Glu10,Har11,Trp14]rPTH(1-14)NH2

exhibited potencies that were 300- and 1000-fold weaker,
respectively, than that of the unsubstituted PTH(1-14) parent
peptide. However, relative to their corresponding linear
control peptides, the bridged PTH(1-14) analogues either
maintained potency (cyclo(6,10)-[Ala3,12,Glu6,Lys10,Har11,-
Trp14]rPTH(1-14)NH2) or exhibited a 6-fold improvement
in potency (cyclo(6,10)-[Ala3,12,Lys6,Glu10,Har11,Trp14]rPTH-
(1-14)NH2). These results are further consistent with the
notion that the side chains of residues 6 and 10 of PTH have
the capacity to interact and are inR-helical conformation
when the ligand is bound to the receptor.

An intriguing finding of our study was that in the context
of PTH(1-34), the alanine substitutions at positions 6 and/
or 10 did not affect potency, at least when analyzed in cells
expressing the intact P1R. When analyzed in COS-7 cells
transfected with the N-truncated receptor construct, P1R-
DelNt, however, a marked (g10-fold) reduction in potency
was observed for [Ala6,Tyr34]hPTH(1-34)NH2, and this
defect was fully rescued by the Gln10 f Ala substitution.
These findings suggest that the same type of putative
interaction that occurs between Gln6 and Gln10 in our PTH-
(1-11) and PTH(1-14) analogues can also occur in intact
PTH(1-34) containing the native Asn residue at position
10 but that the interaction of the C-terminal (15-34) portion
of PTH(1-34) with the N domain of the wild-type P1R
masks the effects that the alanine substitutions at these sites
have on function. Thus, the N domain interaction mitigates
the deleterious effect of the Gln6 f Ala substitution and
hence diminishes the rescue effect of the Gln10 f Ala
substitution. Such effects could potentially indicate a coop-
erative interaction between the N and the J components of
the ligand-receptor interaction mechanism, as we com-
mented on recently in our studies on Aib-modified PTH
analogues. In these studies, we found that Aib substitutions
at positions 1 and 3 in PTH(1-34) did not enhance potency
of the peptide on the wild-type P1R, but they markedly (by
∼100-fold) enhanced potency of PTH(1-34) on P1R-DelNt.
We thus postulated that the binding of the C-terminal domain
of PTH(1-34) to the N domain of the P1R facilitates the
association of the (1-14) domain of the ligand with the J
domain of the receptor, which in turn, induces folding of
the (1-14) domain. By this model, pre-organization of
structure by the Aib substitutions would not have a discern-
ible effect on PTH(1-34) activity at the wild-type receptor

but would enhance activity on P1R-DelNt. A similar helix-
stabilizing mechanism might thus underlie the lack of effect
of the position 6 and 10 substitutions on the potency of PTH-
(1-34) acting on the intact P1R.

In conclusion, we have provided evidence to suggest that
the side chains of residues 6 and 10 of receptor-bound PTH
can interact and that the N-terminal portion of PTH is
R-helical when bound to the J domain of the receptor (6,
20, 33). These hypotheses need to be directly assessed by
structural analysis of PTH in complex with the P1R, as has
recently been achieved for PACAP (pituitary adenylyl
cyclase-activating peptide) bound to its class II GPCR (34),
but this is not yet possible for the PTH/PTH receptor system.
Nevertheless, the present data contribute to the ongoing effort
to define the PTH-PTH receptor interact mechanism, and
they could provide new clues for the eventual design of low-
molecular weight PTH receptor agonists, peptidic or non-
peptidic, that can be used to treat diseases of bone and
mineral metabolism, such as osteoporosis.

ACKNOWLEDGMENT

We thank Percy H. Carter and Masaru Shimizu for helpful
comments during the course of this work.

REFERENCES

1. Neer, R., Arnaud, C., Zanchetta, J., Prince, R., Gaich, G., Reginster,
J., Hodsman, A., Eriksen, E., Ish-Shalom, S., Genant, H., Wang,
O., and Mitlak, B. (2001)New Engl. J. Med. 344, 1434-1441.

2. Tregear, G. W., Van Rietschoten, J., Greene, E., Keutmann, H.
T., Niall, H. D., Reit, B., Parsons, J. A., and Potts, J. T., Jr. (1973)
Endocrinology 93, 1349-1353.

3. Nussbaum, S. R., Rosenblatt, M., and Potts, J. T., Jr. (1980)J.
Biol. Chem. 255, 10183-10187.

4. Luck, M., Carter, P., and Gardella, T. (1999)Mol. Endocrinol.
13, 670-680.

5. Shimizu, M., Carter, P., Khatri, A., Potts, J. J., and Gardella, T.
(2001)Endocrinology 142, 3068-3074.

6. Shimizu, N., Guo, J., and Gardella, T. (2001)J. Biol. Chem. 276,
49003-49012.

7. Shimizu, M., Potts, J. J., and Gardella, T. (2000)J. Biol. Chem.
275, 21836-21843.

8. Bisello, A., Adams, A. E., Mierke, D., Pellegrini, M., Rosenblatt,
M., Suva, L., and Chorev, M. (1998)J. Biol. Chem. 273, 22498-
22505.

9. Mannstadt, M., Luck, M., Gardella, T., and Ju¨ppner, H. (1998)J.
Biol. Chem. 273, 16890-16896.

10. Bergwitz, C., Gardella, T. J., Flannery, M. R., Potts, J. T. J.,
Kronenberg, H. M., Goldring, S. R., and Ju¨ppner, H. (1996)J.
Biol. Chem. 271, 26469-26472.

11. Behar, V., Bisello, A., Bitan, B., Rosenblatt, M., and Chorev, M.
(1999)J. Biol. Chem. 275, 9-17.

12. Hoare, S., Gardella, T., and Usdin, T. (2001)J. Biol. Chem 276,
7741-7753.

13. Gardella, T. J., and Ju¨ppner, H. (2001)Trends Endocrinol. Metab.
12, 210-217.

14. Marx, U., Adermann, K., Bayer, P., Forssmann, W., and Rosch,
P. (2000)Biochem. Biophys. Res. Commun. 267, 213-220.

15. Chen, Z., Xu, P., Barbier, J.-R., Willick, G., and Ni, F. (2000)
Biochemistry 39, 12766-12777.

16. Pellegrini, M., Royo, M., Rosenblatt, M., Chorev, M., and Mierke,
D. (1998)J. Biol. Chem. 273, 10420-10427.

17. Schievano, E., Mammi, S., Silvestri, L., Behar, V., Rosenblatt,
M., Chorev, M., and Peggion, E. (2000)Biopolymers 54, 429-
447.

18. Barden, J. A., and Kemp, B. E. (1996)Biochem. Biophys. Res.
Commun. 220, 431-436.

19. Gronwald, W., Schomburg, D., Tegge, W., and Wray, V. (1997)
Biol. Chem. Hoppe-Seyler 378, 1501-1508.

Intramolecular Interactions in PTH Analogues Biochemistry, Vol. 42, No. 8, 20032289



20. Jin, L., Briggs, S., Chandrasekhar, S., Chirgadze, N., Clawson,
D., Schevitz, R., Smiley, D., Tashjian, A., and Zhang, F. (2000)
J. Biol. Chem. 275, 27238-27244.

21. Condon, S., Morize, I., Darnbrough, S., Burns, C., Miller, B., Uhl,
J., Burke, K., Jariwala, N., Locke, K., Krolikowski, P., Kumar,
N., and Labaudiniere, R. (2000)J. Am. Chem. Soc. 122, 3007-
3014.

22. Stapley, B. J., and Doig, A. J. (1997)J. Mol. Biol. 272, 465-
473.

23. Blackburn, C., and Kates, S. (1997)Methods Enzymol. 289, 175-
198.

24. Shimizu, N., and Gardella, T. (2002)J. Bone Miner. Res. 17 suppl.,
S389-SU426.

25. Takasu, H., Guo, J., and Bringhurst, F. (1999)J. Bone Miner.
Res. 14, 11-20.

26. Shimizu, M., Shimizu, N., Tsang, J., Petroni, B., Khatri, A., Potts,
J. J., and Gardella, T. (2002)Biochemistry 41, 13224-13233.

27. Shimizu, M., Carter, P., and Gardella, T. (2000)J. Biol. Chem.
275, 19456-19460.

28. O’Neil, K. T., and DeGrado, W. F. (1990)Science 250, 646-
651.

29. Cohen, F. E., Strewler, G. J., Bradley, M. S., Carlquist, M., Nilsson,
M., Ericsson, M., Ciardelli, T. L., and Nissenson, R. A. (1991)J.
Biol. Chem. 266, 1997-2004.

30. Bisello, A., Nakamoto, C., Rosenblatt, M., and Chorev, M. (1997)
Biochemistry 36, 3293-3299.

31. Barbier, J., Neugebauer, W., Morley, P., Ross, V., Soska, M.,
Whitfield, J., and Willick, G. (1997)J. Med. Chem. 40, 1373-
1380.

32. Whitfield, J., Morley, P., Willick, G., Isaacs, R., MacLean, S.,
Ross, V., Barbier, J., Divieti, P., and Bringhurst, F. (2000)J. Bone
Miner. Res. 15, 964-970.

33. Rölz, C., Pellegrini, M., and Mierke, D. (1999)Biochemistry 38,
6397-6405.

34. Inooka, H., Ohtaki, T., Kitahara, O., Ikegami, T., Endo, S., Kitada,
C., Ogi, K., Onda, H., Fujino, M., and Shirakawa, M. (2001)Nat.
Struct. Biol. 8, 161-165.

35. Sayle, R., and Milner-White, E. (1995)Trends Biochem. Sci. 20,
374.

BI027237N

2290 Biochemistry, Vol. 42, No. 8, 2003 Shimizu et al.


