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ABSTRACT: We have studied the effects of C-terminal group modifications (amide, methylamide,
dimethylamide, aldehyde, and alcohol) on the conformation, adenylyl cyclase stimulation (AC), or binding
of parathyroid hormone (hPTH) analogues, hPTH(1-28)NH2 and hPTH(1-31)NH2. hPTH(1-31)NH2

has a C-terminalR-helix bounded by residues 17-29 [Chen, Z., et al. (2000)Biochemistry 39, 12766].
In both cases, relative to the natural analogue with a carboxyl C-terminus, the amide and methylamide
had increased helix content whereas the dimethylamide forms had CD spectra more similar to the carboxyl
one. Conformational effects were more pronounced with hPTH(1-28) than with hPTH(1-31), with
increases in helix content of∼30% in contrast to 10%. Stabilization of the C-terminal helix of residues
1-28 seemed to correlate with an ability of the C-terminal function to H-bond appropriately. None of the
analogues affected the AC stimulating activity significantly, but there was an up to 15-fold decrease in
the level of apparent binding of the carboxyl hPTH(1-28) analogue compared to that of the methylamide
and a 4-fold decrease in the level of binding of the aldehyde or dimethylamide. There was no significant
change in binding activities for the 1-31 analogues. These observations are consistent with previous
studies that imply the importance of a region of the hormone’s C-terminalR-helix for tight binding to the
receptor. They also show that modulation of helix stability does have an effect on the binding of the
hormone, but only when the C-terminus is at the putative end of the helix. The similarity of AC stimulation
even when binding changed 10-fold can be explained by assuming greater efficacy of the weaker binding
PTH-receptor complexes in stimulating AC.

TheR-helix is a common structure in bioactive peptides,
and an amphiphilicR-helix appears at or very near the
C-terminus of most hormones reacting with class II GPCRs.1

This class includes receptors activated by parathyroid
hormone (PTH), secretin, glucagon-releasing hormone, cal-
citonin, and vasoactive intestinal peptide. These hormones
are all approximately 30 residues long, and the natural
fragment for most of them has a C-terminal carboxyl that is
at or near the end of the amphiphilic helix (1). We reported
earlier that replacement of the carboxyl with a carboxamide
group led to increased adenylyl cyclase (AC) activating

activity for hPTH(1-30), when tested against rat osteosar-
coma 17/2 cells (2), and suggested that hPTH(1-31)NH2

could have greater activity in vivo than hPTH(1-31)OH,
on the basis of reports that other bioactive peptides are more
stable to carboxypeptidases when in the amide form and
could thus have improved properties for transport from the
site of application (3).

Numerous studies have demonstrated the presence of two
functional domains in PTH. The N-terminal portion reacts
with the receptor’s juxtamembrane domain, critical for AC
activating activity, and the C-terminal region, containing the
helix, reacts with the receptor’s N-terminal extracellular
sequence, essential for high-affinity binding [reviewed by
Gensure et al. (4)]. Although both hPTH(1-28)NH2 and
hPTH(1-31)NH2 are similar in receptor activation, as
measured by AC stimulating activity (2), only hPTH(1-31)-
NH2 is fully active as an anabolic agent in vivo (5). However,
hPTH(1-28)NH2 can be made almost fully active in vivo
by stabilizing its C-terminalR-helix by side chain lactam
formation between Glu-22 and Lys-26 and substitution of
Lys-27 with Leu (6). We and others have also reported that
certain lactam analogues within the C-terminal region of PTH
or parathyroid hormone-related peptide (PTHrP) that stabilize
its R-helix also increase AC stimulating activity (7-11).
There have also been periodic reports of receptor activity
associated with the C-terminal region of residues 28-34 of

* To whom correspondence should be addressed: Institute for
Biological Sciences, National Research Council, 100 Sussex Dr.,
Ottawa, Ontario, Canada K1A 0R6. Phone: (613) 990-0852. Fax: (613)
952-9092. E-mail: gordon.willick@nrc.ca.

‡ National Research Council.
§ Massachusetts General Hospital and Harvard Medical School.
1 Abbreviations: AC, adenylyl cyclase; CD, circular dichroism; CH2-

OH, C-terminal alcohol; DIEA,N,N-diisopropylethylamine; DCM,
dichloromethane; GPCR, G protein-coupled receptor; H, C-terminal
aldehyde; hPTH, human parathyroid hormone; HATU,N-[(dimethyl-
amino)-1H-1,2,3-triazolo(4,5-bipyridin-1-ylmethylene)-N-methylmethan-
aminium hexafluorophosphateN-oxide; HOBt, 1-hydroxybenzotriazole;
MALDI-TOF MS, matrix-assisted laser desorption ionization time-of-
flight mass spectrometry; N(CH3)2, C-terminal dimethylamide; NHCH3,
C-terminal methylamide; NH2, C-terminal amide; OH, C-terminal
carboxyl; OSu,N-hydroxysuccinimide ester; P1R, human PTH receptor
type 1; PKC, protein kinase C; TBTU, 2-(1H-benzotriazolyl)-1,1,3,3-
tetramethyluronium tetrafluoroborate; TFA, trifluoroacetic acid.

11113Biochemistry2006,45, 11113-11121

10.1021/bi060500q CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/25/2006



hPTH(1-34), including an in vivo chick hypercalcemia
activity (12) and an in vitro membrane-bound PKC-stimulat-
ing activity in some cell lines (13), and these could
conceivably be explained by appropriate stabilization or
destabilization of thisR-helix. Consistent with this idea, we
observed earlier that constraining hPTH(20-34)NH2 by
lactam formation between either residues 22 and 26 or 27
and 30 caused loss of membrane-bound PKC activity in
comparison with that of either the linear hPTH(20-34)NH2

or another lactam-constrained analogue, cyclo(Lys-26-Asp-
30)NH2 (14). These data suggest that any modification that
modulates the C-terminal region, particularly its helical
conformation, could have an effect on its in vitro or in vivo
bioactivities.

At least two possibilities for a PTH C-terminal group effect
on receptor activation exist. One is a correlation ofR-helix
stability with receptor activation if the C-terminal region
binds as anR-helix. NMR studies of hPTH(1-34) (15) and
hPTH(1-31)NH2 (16) under near-physiological solvent
conditions showed theR-helix is bounded by Ser-17 and Gln-
29. Analogue studies have implied that this region binds to
the receptor with the hydrophobic face of the amphiphilic
R-helix toward the receptor’s large N-terminal extracellular
sequence (17, 18). A second possibility is that the C-terminal
amide H-bonds to the receptor, mimicking the peptide bond
present in the natural circulating hormone fragment.

The parathyroid hormone analogues hPTH(1-31)and
hPTH(1-28) make up a good system for studying effects
of the C-terminal group on structure and function. hPTH-
(1-28) is terminated at the end of the amphiphilic helix
observed in hPTH(1-31)NH2. Here we report a systematic
study of C-terminal modification on the structure, as
measured by CD, and bioactivity, as measured by AC
stimulation and receptor binding activity. To do this, we have
studied the effects of substitution of the amide function with
carboxyl, monomethylamide, dimethylamide, aldehyde, and
alcohol groups. This has permitted assessment of any effects
of the C-terminal function on helix stabilization and removal
of potential H-bond NH donors or carbonyl acceptors and
may be useful in understanding and predicting effects on
similar hormones or other bioactive peptides.

MATERIALS AND METHODS

Materials

2-Chlorotrityl resin was purchased from Biosearch Tech-
nologies (0.47 mmol/g). Fmoc-leucine (0.22 mmol/g), valinal
(0.23 mmol/g), and leucinal (0.21 mmol) NovaSyn TG resins
were obtained from NovaBiochem. N-Fmoc-protected amino
acids were purchased from ChemImpex and Peptides Inter-
national. N-Boc-Ser was from ChemImpex. HATU and
diisopropylethylamine were from Applied Biosystems. HOBt
was obtained from Quantum Biotechnologies and TBTU
from Albatross Chemicals Inc. Methylamine HCl, dimethyl-
amine HCl,N,N′-dicyclohexylcarbodiimide, andN-(3-dimeth-
ylamino)-propyl-N′-ethylcarbodiimide HCl were purchased
from Sigma. NaBH4 was from Aldrich andN-hydroxy-
succinimide from Fluka.

C-Terminal Analogue Syntheses

hPTH(1-31)NH2, hPTH(1-28)NH2, hPTH(1-31)OH,
and hPTH(1-28)OH. These C-terminal carboxyl and amide

analogues were synthesized by standard Fmoc solid-phase
peptide synthesis protocols on a continuous-flow peptide
synthesizer with modifications described in detail elsewhere
(10, 11). Other syntheses are summarized below with details
in the Supporting Information. MS data were collected by
MALDI-TOF MS (Voyager-DE STR, Perseptive/Applied
Biosystems, Foster City, CA). The MS data and HPLC
elution times are given in Table 1.

hPTH(1-31)NHCH3 and hPTH(1-28)NHCH3. Fully pro-
tected hPTH(1-31)OH, with Boc-Ser1, was synthesized on
2-chlorotrityl resin and released by treatment with an AcOH/
TFA/DCM mixture (1:1:3) for 2 h at 25°C. The side chain-
protected hPTH(1-31)OH was then dissolved in DCM;
1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide HCl, meth-
ylamine HCl, and DIEA were added to the solution, and the
mixture was stirred at 25°C for 19 h. The solvent was
removed under reduced pressure and the residue resuspended
in ethyl acetate. The solution was washed with 10% aqueous
Na2CO3, 0.1 M aqueous HCl, and brine. The organic layer
was dried over MgSO4 and filtered, and the solvent was
removed to yield a white solid. Protecting groups were
removed via cleavage with reagent K, precipitated withtert-
butyl methyl ether, and dried. The sample was purified by
HPLC with a 3%/min gradient of acetonitrile in a 0.1% TFA/
H2O mixture.

The side chain-protected hPTH(1-28)OH was prepared
as described for hPTH(1-31)NH2 starting with Fmoc-Leu-
NovaSyn TGT resin. The fully protected hPTH(1-28)OH
was dissolved in DCM, and methylamine HCl and DIEA
were added. The solution was cooled to 0°C and 1-ethyl-
3-[3′-(dimethylamino)propyl]carbodiimide HCl added por-
tionwise. Stirring was continued at 0°C for 2 h and at room
temperature overnight. The reaction mixture was diluted with
DCM, washed with 10% aqueous Na2CO3, 0.1 M aqueous
HCl, and brine, dried over MgSO4, and concentrated in
vacuo. Deprotection of the side chains was performed by

Table 1: Mass Spectroscopy and HPLC Data for hPTH C-Terminal
Analogues

molecular massa (Da) HPLCb

analogue observed expected system 1c system 2d purity

(1-31)OH 3719.5 3719.4 34.7 24.1 98
(1-31)NH2 3718.0 3718.4 32.8 33.3 98
(1-31)NHCH3 3732.8 3732.4 35.6 36.1 92
(1-31)N(CH3)2 3746.9 3746.5 36.6 35.3 95
(1-31)CH2OH 3707.0 3705.4 37.4 36.8 95
(1-31)H 3704.0 3703.4 37.2 36.9 99
(1-28)OH 3378.0 3377.0 26.0 23.0 99
(1-28)NH2 3376.0 3376.1 24.9 33.4 99
(1-28)NHCH3 3390.6 3390.1 25.3 34.3 99
(1-28)N(CH3)2 3404.8 3404.1 27.1 36.6 97
(1-28)CH2OH 3364.0 3363.1 27.8 36.8 99
(1-28)H 3362.1 3361.0 26.4 32.5 97

a Masses were confirmed by MALDI-TOF MS (Voyager-DE STR,
Perseptive/Applied Biosystems).b Reverse-phase HPLC was performed
on a Gilson chromatograph using a Vydac C18 analytical column (4
mm × 238 mm), using∼10 mg of sample. Detection was at 214 nm.
The elution rate was 1 mL/min.c System 1 was solution A (0.1% TFA
in H2O) and solution B (0.1% TFA in acetonitrile). Linear gradients
from 3 to 27% B over 15 min, from 27 to 28% B over 30 min, and
from 28 to 98% B over 5 min.d System 2 was solution A [25 mM
Na2HPO4 in H2O (pH 7.2)] and solution B (30% 25 mM Na2HPO4 in
H2O and 70% acetonitrile). Linear gradients from 10 to 45% B over
15 min, from 45 to 55% B over 30 min, and from 55 to 98% B over
5 min.
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treatment with reagent K and purified by HPLC as described
above.

hPTH(1-31)N(CH3)2 and hPTH(1-28)N(CH3)2. These
dimethylamides were prepared as described above for the
monomethylamides using dimethylamine HCl in place of
methylamine HCl.

hPTH(1-31)CH2OH and hPTH(1-28)CH2OH. (A) Acyl-
ation of a Modified Amino Acid. The fully protected hPTH-
(1-30)OH, attached to the resin by theγ-carboxyl of Asp-
30, was coupled with C-terminal valinol by HATU or
N-hydroxysuccinimide activation. These reactions were
incomplete (64-68% yield), probably due to steric hindrance
of the Asp-30R-carboxyl group.

(B) Method of C-Terminal Modification.The fully pro-
tected hPTH(1-31)OH and N-hydroxysuccinimide were
dissolved in THF, and the solution was cooled to 0°C. N,N′-
Dicyclohexylcarbodiimide was added and the reaction mix-
ture stirred at 0°C for 2 h and then shaken at room
temperature overnight. The organic solution was filtered and
concentrated to dryness in vacuo. The residue of the fully
protected hPTH(1-31)OSu was dissolved in DCM and
NaBH4 and acetic acid slowly added. The mixture was stirred
at room temperature for 5 h. The organic solution was
washed with H2O and brine, dried over MgSO4, and
evaporated in vacuo. Deprotection of the side chains was
performed by treatment with reagent K. The crude peptide
alcohol, hPTH(1-31)CH2OH, was purified by HPLC and
analyzed by MALDI-TOF MS (Table 1).

hPTH(1-28)CH2OH was prepared by C-terminal modi-
fication as described above but starting with the fully
protected hPTH(1-28)OH.

hPTH(1-31)H and hPTH(1-28)H (19). hPTH(1-31)H
was synthesized with preloaded aldehyde resin based on the
oxazolidine linker (20), valinal NovaSyn TG resin as the
support, and Fmoc chemistry. The next three amino acids
[FmocAsp(OtBu), FmocGln(Trt), and FmocLeu] were at-
tached with HATU and DIEA manually. Completion of the
reaction was monitored by a Kaiser test for free amine
groups. Remaining amino acids were coupled with TBTU
and HOBt on the continuous-flow peptide synthesizer. Side
chain deprotection and cleavage from resin were carried out
in two stages. Side chain protecting groups were removed
with reagent K for 2.5 h at room temperature. The peptide
aldehyde resin was washed with TFA and DCM, and then
final cleavage was performed by three 30 min treatments
with an AcOH/H2O/DCM/MeOH mixture (10:5:63:21). After
evaporation of organic solvents, the aqueous solution was
diluted with H2O and lyophilized. The crude peptide aldehyde
was purified by HPLC with 0.1% TFA in a MeCN/H2O
mixture.

hPTH(1-28)H was prepared as described above for the
1-31 analogue, but starting with leucinal NovaSyn TG resin.

Peptide Purification

The crude peptides were dissolved in H2O and purified
with 0.1% TFA in a MeCN/H2O mixture on a Gilson RP-
HPLC system linked to a Vydac C18 semipreparative column
(10 mm × 218 mm) at a flow rate of 2 mL/min with
detection at 214 nm. Fractions containing only the desired
peptide were combined and lyophilized. Product identities
were confirmed by MALDI-TOF MS. HPLC and MALDI-

TOF data for the purified C-terminally modified analogues
are given in Table 1.

Cell Cultures

HKRK-B7 cell lines were derived from porcine kidney
cell line LLC-PK1 and were stably transformed to express
full-length human P1R at a level of∼950000 receptors/cell
(21).

Adenylyl Cyclase ActiVity

AC activities were measured using a direct enzyme-linked
immunosorbent assay for cAMP (Amersham Biosciences)
as described previously (21). Reported activities are each
the average of three separate experiments.

Receptor Binding

Radioligand binding assays were performed as previously
described (22). In brief, a125I-labeled radioligand [∼100000
cycles per minute per well of a 24-well plate of
125I[Nle8,21,Tyr34]PTH-(1-34)NH2] was incubated with whole
cells expressing wild-type P1R in the absence or presence
of varying concentrations (3× 10-9 to 1 × 10-5 M) of
unlabeled peptide. After incubation for 4 h at 15°C, the
binding mixture was removed by aspiration, the cells were
rinsed three times with binding buffer and lysed in NaOH,
and the entire lysate was counted forγ-irradiation. Data were
analyzed using the four-parameter equationBc ) Bmin + (Bmax

- Bmin)/[1 + (IC50/c)slope], whereBc is the percent bound at
concentrationc.

Circular Dichroism

CD spectra were obtained on a JASCO J600 spectropo-
larimeter, operated at ambient temperature (20-22 °C).
Peptides were dissolved in H2O and sodium phosphate buffer
(pH 7.2), added to a final concentration of 25 mM. Peptide
concentrations were 0.11-0.15 mM, calculated from the
absorption at 280 nm, using an extinction coefficient of 5700
M-1. The CD spectrum of hPTH(1-17)NH2 was subtracted
from sample spectra to provide an estimate of the CD that
can be attributed to the C-terminalR-helix, residues 17-29
(16), according to the formula

RESULTS

Secondary Structures of C-Terminal Analogues

hPTH(1-31) Analogues.CD spectra are highly sensitive
to changes inR-helix. The R-helix portion of the CD
spectrum of hPTH(1-31) is almost entirely due to a large
amphiphilic helix between residue Ser-17 and Gln-29 (16,
17). The N-terminalR-helix between residues Ser-3 and His-
9, determined by NMR (16), contributes little to the CD
signal at 222 nm of hPTH(1-31)NH2 (see the Supporting
Information). To show more clearly the effect of the
C-terminal modifications on helix structure, we have sub-
tracted the spectrum of hPTH(1-17)NH2, as described
previously (23). This is permissible because the two regions
of hPTH(1-31)NH2 have been shown to have little interac-

[θ]17-28 ) 2.6[θ]1-28 - 1.5[θ]1-17 or [θ]17-31 ) 2.1

[θ]1-31 - 1.1[θ]1-17
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tion (16) and thus the hPTH(1-17) and hPTH(17-31)
regions make independent contributions to the spectrum.

The spectra for the 17-31 regions of hPTH(1-31)
C-terminal analogues are shown in panels A and B of Figure
1. The characteristicR-helix values from Figure 1, [θ]222 and
[θ]209, are listed in Table 2, along with the [θ]222/[θ]209 ratios.
This value, estimated from poly(L-Lys), is 1.09 for an ideal
R-helix (24), and these values are included in Tables 2 and
3 to provide some idea about how well the helix structure
in hPTH approaches an ideal one. The latter spectrum is a
reference for a structure that is presumably closer to the
receptor-bound form. To make comparisons clearer, the
spectra for the amide analogue and that of a cyclic analogue

with high binding and AC stimulating activity, cyclo(Glu-
22-Lys-26)hPTH(1-31)NH2 (23), are included in both parts
of the figure. This analogue has a [θ]222/[θ]209 value of 0.97,
the closest to the ideal helix form. The spectra of the
C-terminal amide and monomethylamide are very similar
except for the 209 nm region (Figure 1A). The spectra of
the C-terminal alcohol (Figure 1B), acid, and dimethylamide
(Figure 1A) are also almost identical,∼15% lower in
magnitude at 222 nm than that of the amide. The aldehyde
exhibited the leastR-helix, as measured by [θ]222, but the
greatest [θ]222/[θ]209 value (Table 2).

hPTH(1-28) Analogues.The hPTH(1-28) acid and
dimethylamide analogues had magnitudes at 222 nm∼35%
lower than those of the remaining hPTH(1-28) analogues
(Figure 2A and Table 3). In contrast, the alcohol and
aldehyde analogues had minima similar to that of the amide,
but the aldehyde analogue had a [θ]222/[θ]209 value closer to

FIGURE 1: CD spectra of hPTH(17-31) C-terminal analogues. The
spectra were obtained at room temperature (20-22 °C). The spectra
were calculated by subtraction of the hPTH(1-17)NH2 spectrum
from the hPTH(1-31)NH2 spectrum as described in Materials and
Methods. Each graph contains the spectrum of (17-31)NH2 at 0.12
mM (thick line) and the spectrum of c(Glu-22-Lys-26)hPTH(17-
31)NH2 (thin line) as an example of a helix conformation associated
with increased (∼3-fold) AC stimulating and binding activities: (A)
0.12 mM (17-31)OH (4), 0.11 mM (17-31)NHCH3 (- - -), and
0.11 mM (17-31)N(CH3)2 (b) and (B) 0.13 mM (17-31)CH2OH
(b) and 0.13 mM (17-31)H (O).

Table 2: CDR-Helix Parameters of hPTH(1-31) C-Terminal
Analoguesa

C-terminus
-[θ]209 (×10-3 deg

cm2 dmol-1)
-[θ]222 (×10-3 deg

cm2 dmol-1) [θ]222/[θ]209

OH 22.0 14.5 0.66
NH2 23.5 16.7 0.71
NHCH3 24.5 17.6 0.72
N(CH3)2 20.8 14.8 0.71
H 17.7 13.4 0.76
CH2OH 22.1 14.7 0.67
cyclicb 20.0 19.4 0.97

a After subtraction of the hPTH(1-17)NH2 spectrum.b Cyclic refers
to c(Glu-22-Lys-26)hPTH(1-31)NH2.

Table 3: CDR-Helix Parameters of hPTH(1-28) C-Terminal
Analoguesa

C-terminus
-[θ]209 (×10-3 deg

cm2 dmol-1)
-[θ]222 (×10-3 deg

cm2 dmol-1) [θ]222/[θ]209

OH 18.5 9.7 0.52
NH2 22.1 15.2 0.69
NHCH3 20.6 15.5 0.75
N(CH3)2 16.6 10.2 0.61
H 21.7 14.3 0.66
CH2OH 23.8 15.9 0.67
cyclicb 20.0 19.4 0.97

a After subtraction of the hPTH(1-17)NH2 spectrum.b Cyclic refers
to c(Glu-22-Lys-26)hPTH(1-31)NH2.

FIGURE 2: CD spectra of hPTH(17-28) C-terminal analogues. The
spectra were obtained at room temperature (20-22 °C). The spectra
were calculated by subtraction of the hPTH(1-17)NH2 spectrum
from the hPTH(1-28)NH2 spectrum as described in Materials and
Methods. Each graph contains the spectrum of 0.12 mM (17-28)-
NH2 (thick line) and the spectrum of c(Glu-22-Lys-26)hPTH(17-
31)NH2 (thin line) as an example of a helix conformation associated
with increased (∼3-fold) AC stimulating and binding activities: (A)
0.12 mM (17-28)OH (4), 0.11 mM (17-28)NHCH3 (- - -), and
0.11 mM (17-28)N(CH3)2 (b) and (B) 0.13 mM (17-28)CH2OH
(b) and 0.13 mM (17-28)H (O).
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that of a helical conformation. These results suggest that the
ability of the C-terminal functional group to form a H-bond
with a suitably spaced backbone or side chain group was
important for the observed helix stabilization. Neither the
dimethylamide nor the negatively charged C-terminal car-
boxyls had such stabilization. An increased macrodipole from
the carboxylate might also contribute to the lower stability
of hPTH(1-28)OH. Such diminished stability of helices
terminating in a carboxyl rather than amide function has been
noticed before and is often thought to result from effects on
their helix macrodipoles (25). However, the dimethylamide
C-terminally modified helix does not have an increased
macrodipole, and this suggests that this explanation for these
differential effects is incomplete.

HPLC Retention BehaVior

Peptides with an inducible amphiphilicR-helix have
increased retention times relative to similarR-helical se-
quences that are not amphiphilic (26, 27). The retention
behaviors of the various C-terminal analogues are shown in
Table 1. At acidic pH (0.1% aqueous TFA), the order of
retention times for hPTH(1-31) analogues is as follows:
CH2OH = H > N(CH3)2 > NHCH3 > OH > NH2. In
contrast, the hPTH(1-28) analogues have the following
order: CH2OH > N(CH3)2 > H = OH > NHCH3 = NH2.
To better compare these retention times with the helix
stability from CD, the analogues were eluted with a solvent
at neutral pH. At pH 7.2, the hPTH(1-31) retention times
are in the following order: H= CH2OH = NHCH3 >
N(CH3)2 > NH2 . OH. Those of hPTH(1-28) are as
follows: CH2OH = N(CH3)2 > NHCH3 > NH2 > H . OH.
Two aberrant behaviors stand out. At acidic pH, the retention
data for the carboxyl and amide C-terminal PTH analogues
are the opposite of that expected when comparing with the
helix stability inferred from CD performed at pH 7.2 (Table
2). At neutral pH, these retentions are much higher than that
of the C-terminal acid forms, consistent with the expected
behavior from the CD study at neutral pH. This suggests
that the strong macrodipole (25) found at the neutral, but
not acidic, pH has a destabilizing effect on the C-terminal
R-helix. We also examined the effect of pH on the CD
spectra of the carboxyl and amide analogues of hPTH(1-
28) and hPTH(1-31) (Figure 3). Both peptides exhibited
substantially decreased helix content, as measured by CD,
at pH 2.0 as opposed to pH 7.2. Presumably, this effect
comes from the discharge of the acid side chain groups and
the resulting loss of possible ion pairs. Ionic side chain pairs
are known to contribute to C-terminalR-helix stabilization
(28), and these are lost at acidic pH. However, at acidic pH,
H-bond possibilities remain between Glu-220 and Lys-26+

or Lys-26+ and Asp-300. These nonionic H-bonds have been
shown to largely compensate for loss of the ion pairs (29).

BioactiVities of C-Terminal hPTH(1-31) Analogues

Both binding and AC stimulating activities were measured
against HKRK-B7 cells stably transformed with the receptor
P1R. The AC stimulating activities (Table 4) were all similar
in magnitude, even for those that had binding activities
differing by an order of magnitude. Unlike results previously
reported for hPTH(1-30), using ROS 17/2 cells (2), both
hPTH(1-31) and hPTH(1-28) with carboxyl termini had

higher activities than with amide termini, but only with
hPTH(1-28) (3-fold difference) was the difference in activity
outside experimental error. The binding data exhibited larger
differences (Figure 4), and these were much more pro-
nounced for hPTH(1-28) than for hPTH(1-31) analogues.
In general, the binding data paralleled theR-helix amounts,
with the exception of the aldehyde C-terminus. Thus, the
observed binding had some correlation to the helix magnitude
and conformation. The AC stimulating activity did not
correlate well with the binding activity. Such a lack of
correlation has been noted previously by other workers (30-
32), and analogues exhibiting relatively weak binding in the
competitive assay can still retain almost normal AC stimulat-
ing activity (33). AC stimulation is a complex phenomenon
and is not just a function of the apparent binding but also
the exact conformation of the binding complex. It is the latter
that ultimately determines the activity of any given PTH
analogue against its receptor.

DISCUSSION

C-Terminal group effects on the secondary structure of
hPTH, as measured by CD, were much greater with the 1-28
as opposed to the 1-31 analogues. In part, there is an
inherently greater helical stability of the 1-31 analogues
because of the presence of the Lys-26/Asp-30 ion pair and
H-bond. A second reason is that the C-terminal group of
Leu-28 may directly provide stability to the helix in contrast
to Val-31, known to be external to the helix by two or three
residues (16). The 1-28 data can be compared to our
previous study of backbone-methylated analogues where data
for theN-methylated Gln-29 in the context of hPTH(1-31)-

FIGURE 3: CD spectra of hPTH C-terminal analogues at pH 2.0
and 7.2: (A) hPTH(1-31)OH at pH 2.0 (O), hPTH(1-31)NH2 at
pH 2.0 (- - -), hPTH(1-31)OH at pH 7.2 (- - -), and hPTH(1-
31)NH2 at pH 7.2 (s) and (B) hPTH(1-28)OH at pH 2.0 (O),
hPTH(1-28)NH2 at pH 2.0 (- - -), hPTH(1-28)OH at pH 7.2
(- - -), and hPTH(1-28)NH2 at pH 7.2 (s).
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NH2 were presented. There was an approximately 8-fold
decrease in the level of binding, but AC stimulating activity
was the same as that of the unmethylated sequence. The
parallel data for the 1-28 C-terminal analogues are a
comparison of the dimethylamide and monomethylamide, in
which the amide nitrogen has an environment similar to that
of these methylated and unmethylated hPTH(1-31)NH2

analogues. The ratio of the binding constants is similar, being
∼6-fold less for the dimethylamide. The corresponding AC
stimulating activities were the same in both cases. Overall,
is there a correlation between secondary structure and the
binding activity of the 1-28 analogues? The answer to that
is a qualified yes. The most tight binding analogue also had
the greatest helicity as measured by [θ]222 and was most
R-helix-like, as measured by the [θ]222/[θ]209 ratio. In contrast,
the COOH analogue clearly was the lowest in terms of these
parameters. The other analogues especially paralleled the
[θ]222/[θ]209 ratios but also to a lesser extent the [θ]222 values.

The obvious anomaly is the CHO terminal analogue that has
a weaker binding but has relatively high helix parameters.
This might be explained after a detailed study of the NMR
structure of the C-terminal 1-28 analogues. The CHO
analogue is much more reactive than the others and likely is
reacting with a nearby side chain.

We have attempted to gain some insight into this by
modeling the 17-28 region as an ideal helix and then
performing a geometry minimization to the lowest-energy
form, using an AMBER force field (Figure 5). These
calculations show that, except for the carboxylate and
dimethylamide group termini, there are helix-stabilizing
interactions involving the C-terminal group and/or the
backbone NH group of Leu-28. The carboxylate analogue
has a helix-destabilizing interaction with the side chain of
Arg-25 and Lys-26, resulting in a distortion of the C-terminal
end of theR-helix. The dimethylamide group, on the other
hand, does not form a strong stabilizing H-bond with any
group. The C-terminal aldehyde is reactive compared to other
substitutions and can hydrate in solution to form agem-diol.

HPLC retention times are a complex function of the
tendency to form anR-helix, the pH conditions, temperature,
and the amphiphilicity of the helix, but the last is the
dominant determinant of retention (35). As with the CD, the
greatest effects occurred with the 1-28 analogues, and all
1-28 analogues had lower retention times at pH 2.0 than at
pH 7.2 (Table 1). This can be explained by the loss of the
helix-stabilizing ion pair between the side chains of Glu-22
and Lys-26. At pH 7.2, the 1-31 or 1-28 hPTH analogues
with a C-terminal carboxyl were found to have much lower
retention times and less helix than the corresponding amides.
At neutral pH, the gain of a C-terminal charge, and an
accompanying macrodipole (25), partly offsets the increase
in helix stability resulting from an ion pair from Glu-22 and
Lys-26. (Tables 2 and 3). However, the retention times did
not correlate well with the order of helix stability, as
measured by CD. The strong retention of the dimethylamide
suggests that the hydrophobic nature of this group contributes
to the HPLC behavior.

Mixed effects on structure or bioactivity have been
reported for other bioactive peptides. Not only PTH but many
other hormones [including secretin (36) and glucagon (37)]
of the class II receptor family have anR-helix terminating
near the C-terminus. Changing the natural C-terminal amide
of secretin to a carboxyl group had no effect on in vivo
bioactivity (38, 39). The glucagon-like peptide was unaf-
fected at the receptor level by changing the natural amide to

Table 4: Summary of Binding and AC Stimulation Activities of C-Terminal PTH Analogues

binding in HKRK-B7 cellsa

IC50
b (nM)

AC activity in HKRK-B7 cellsc

ED50
d (nM)

C-terminus 1-31 1-28 1-31 1-28

OH 70( 18 (14) 10507( 2736 (9) 2.9( 1.7 (3) 0.5( 0.2 (3)
NH2 63 ( 11 (15) 1019( 346 (9) 4.9( 1.5 (6) 1.7( 0.4 (3)
NHCH3 49 ( 13 (3) 268( 22 (3) 2.8( 0.9 (6) 1.8( 0.4 (3)
N(CH3)2 456( 138 (3) 1256( 144 (3) 2.8( 1.0 (6) 1.2( 0.6 (3)
H 65 ( 1.0 (3) 1284( 244 (3) 2.4( 0.8 (3) 1.7( 0.9 (3)
CH2OH 48( 4 (3) 581( 60 (3) 5.7( 1.6 (3) 1.8( 0.7 (3)

a Binding assays were performed with125I[Nle8,21,Tyr34]PTH(1-34)NH2 as a tracer ligand.b IC50 values were calculated by nonlinear regression
analysis. Values are means( the standard error of the mean of data compiled fromN separate experiments, each performed in duplicate.c AC
activities were obtained by a direct ELISA of cAMP.d ED50 values were calculated by a fit of data with the sigmoidal function. Values are means
( the standard error of the mean of data compiled fromN separate experiments.

FIGURE 4: Binding curves of hPTH C-terminal analogues. (A)
hPTH(1-31): OH (b), NH2 (O), NHCH3 (4), N(CH3)2 (2), CH2-
OH (0), and H (9). (B) hPTH(1-28): -OH (b), NH2 (O), NHCH3
(4), N(CH3)2 (2), CH2OH (0), and H (9).
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carboxyl, but its in vivo plasma lifetime was shortened (40).
In contrast, insect neuropeptides, kinins, were reported to

have greatly diminished in vivo bioactivity when the natural
C-terminal amide was substituted with a carboxyl or di-
methylamide but retained activity if the group was a
methylamide (41). Replacement of the C-terminal amide of
a wasp venom resulted in a large decrease in bioactivity that
was ascribed to destabilization of of a C-terminal backbone
H-bond necessary forR-helix in that region (42). The
carboxyl group in comparison to the amide was reported to
be critical for a pentapeptide inhibition of a phosphatase (43).
Peptide aldehydes have particular functional significance in
some cases (20, 44). Geraghty et al. in a systematic study of
C-terminal modification similar to our study reported that
the activity of a molluscan FMRFamide, both in vitro and
in vivo, was unaffected by a methylamide or dimethylamide
substitution but was diminished∼30-fold by an alcohol one
(45). Thus, to date, there is no pattern in the effects of
C-terminal modification of peptides on their bioactivities.
However, for hormones activating class II receptors, there
appears to be no effect on receptor activation but some on
binding if the C-terminal end is also the termination of the
R-helix, as observed here for hPTH(1-28) analogues. In
most cases, the C-terminal end of the hormone is actually
several residues removed from the C-terminal end of the
helix, and therefore, the effects in vitro on receptor binding
and activation are minimal. In vivo effects can be more
marked, in contrast, because they depend on the metabolic
stability of the hormone and also on transport properties that
are still poorly understood. C-Terminal amides are more

resistant to some carboxypeptidases (46), but not all (47),
in comparison to the carboxyl C-termini. There is some
evidence that some amphiphilic helical peptides are trans-
ported more efficiently. hPTH(1-31)NH2 appeared more
rapidly in the circulation when the C-terminal helix was
stabilized by lactam formation between residues 22 and 26
(10).

Accumulated data show that the PTH C-terminal helix
binds with its hydrophobic face to the long N-terminal
extracellular sequence of its receptor and that residues Arg-
20, Trp-23, Leu-24, and Leu-28 are critical for the binding
(4, 48, 49). Furthermore, in the context of hPTH(1-31)-
NH2, the backbone nitrogen of Leu-28, but not Gln-29, is
critical. The data presented in this paper provide further
support for this mode of binding.

The observation, especially obvious with the 1-28 ana-
logues, that activity and binding do not necessarily have a
direct correspondence has been observed previously, both
with PTH and with other hormones. Kenakin and Onaran
(50) have addressed this seeming paradox. The reason is
likely that a ligand may bind preferentially to any of a large
number of receptor conformations that have varying degrees
of bioactivity efficacy, in this case the ability to bind a GR
complex and thus eventually stimulate adenylyl cyclase
activity. Thus, although a PTH analogue might compete
relatively poorly against the binding of the particular PTH
tracer used for the binding assay, the PTH-receptor complex
that forms can be much more efficient in AC stimulation.
To make the comparison between the 1-28 analogues in
terms of such an analysis, we have recast the data in Table

FIGURE 5: Hydrogen bonding of the 17-28 helical region of C-terminal analogues of hPTH(1-28). Models of the 17-28 regions were
formed by geometry minimizing an initialR-helix of each analogue, using an AMBER force field (34). In addition toi-i + 4 backbone
interactions and a side chain Glu-22‚‚‚Lys-26 H-bond, the following involving C-terminal groups are indicated with an orange arrow: OH,
multiple H-bonds of the carboxylate group with the side chain of Arg-25 and Lys-26; NHCH3, C-terminal N with the backbone NH group
of Arg-25; and NH2, C-terminal N with the backbone NH group of Arg-25. The positions of the C-terminal groups are indicated with red
arrowheads.
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4 in terms of an arbitrary efficiency function. The function
is defined as the relative bioactivity divided by the relative
binding, where the reference analogue is hPTH(1-28)NH2

(Figure 6). In these terms, the analogues with the lower
binding affinities actually form the most efficient complex
with the receptor, simply because all of the analogues exhibit
quite similar AC stimulating activities. Thus, in terms of
affinities, the analogues are in the following order: NHCH3

> CH2OH > NH2 > N(CH3)2 ≈ H > OH. In terms of AC
stimulation alone, only the carboxyl analogue has an activity
significantly higher than the remaining ones. However, in
terms of efficiency as defined above, the C-terminal ana-
logues are in the following order: NHCH3 > CH2OH >
N(CH3)2 > NH2 > H > OH (Figure 6). This sort of analysis
implies that the effectiveness of an analogue at the receptor
level is a complex function of its binding and the exact
conformation of the complex when bound. A tight-binding
analogue may function better than a weak one even if the
weaker-binding one generates a complex with more activity.

SUPPORTING INFORMATION AVAILABLE

Synthesis of C-terminally modified hPTH analogues
(Table 1), CD spectra of hPTH analogues (Figure 1), and
CD spectra of C-terminally modified hPTH analogues
(Figure 2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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