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Abstract: The N-terminal 1-34 segments of both parathyroid hormone (PTH) and parathyroid hormone-re-
lated protein (PTHrP) bind and activate the same membrane receptor in spite of major differences in their
amino acid sequence. The hypothesis was made that they share the same bioactive conformation when
bound to the receptor. A common structural motif in all bioactive fragments of the hormone in water/triflu-
oroethanol mixtures or in aqueous solution containing detergent micelles is the presence of two helical
segments at the N- and C-termini of the sequence. In order to stabilize the helical structures, we have
recently synthesized and studied the PTHrP(1-34) analog [(Lys'®-Asp'?, Lys?6-Asp>°)|PTHrP(1-34)NH,,
which contains lactam-constrained Lys-Asp side chains at positions i, i+ 4. This very potent agonist
exhibits enhanced helix stability with respect to the corresponding linear peptide and also two flexible sites
at positions 12 and 19 in 1:1 trifluoroethanol/water. These structural elements have been suggested to play
a critical role in bioactivity. In the present work we have extended our conformational studies on the bicyclic
lactam-constrained analog to aqueous solution. By CD, 2D-NMR and structure calculations we have shown
that in water two helical segments are present in the region of the lactam bridges (13-18, and 26-31) with
high flexibility around Gly'? and Arg'®. Thus, the essential structural features observed in the aqueous-or-
ganic medium are maintained in water even if, in this solvent, the overall structure is more flexible. Our
findings confirm the stabilizing effect of side-chain lactam constraints on the «-helical structure. Copyright
© 1999 European Peptide Society and John Wiley & Sons, Ltd.
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tween PTH and PTHrP is concentrated in the

INTRODUCTION

Parathyroid hormone (PTH) is an 84-amino acid
residue peptide that regulates extracellular calcium
homeostasis [1]. The PTH-related protein (PTHrP) is
a 141-amino acid residue protein, initially isolated
as one of the factors involved in malignancy-associ-
ated hypercalcemia [1]. The sequence homology be-
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N-terminal domain, where eight out of 13 residues
are identical in the two hormones. After residue 13,
the primary structures of the two hormones diverge
completely. In spite of this difference in primary
structures, the two hormones interact with the same
seven transmembrane helix containing G-protein-
coupled PTH/PTHrP receptor. It has also been shown
that the N-terminal fragments 1-34 of both PTH and
PTHrP retain the calciotropic activity of the intact
hormones. Therefore, the hypothesis was made that
the hormones share the same conformation when
bound to the receptor [1]. Extensive studies carried



out in different laboratories have shown that in water
the conformation of the 1-34 fragments of the two
hormones is essentially unordered, while an ordered
structure is formed in H,O/TFE (TFE, 2,2,2-trifluo-
roethanol) mixtures or in aqueous solutions contain-
ing detergent micelles [2-10]. The ordered
conformation consists of two N- and C-terminal
«-helical segments connected by a structurally ill-
defined region. These structural motifs were as-
sumed to be important elements for biological
activity. Quite recently, we designed, synthesized
and conformationally characterized a series of highly
potent PTHrP(1-34)-based agonists and PTHrP(7-
34)-based antagonists containing lactam-con-
strained side chains [3,4,11-13]. The lactam bridges
connecting the side chains of Lys and Asp residues
at positions i, i+4 were designed to enhance the
stability of the helical segments at the N- and C-ter-
mini of the analogs. In particular, the agonist series
[(Lys'3-Asp’?,)]PTHrP(1 -34)NH,[(Lys?¢-Asp®°)|PT-

HrP(1-34)NH,, [(Lys'®-Asp'7?, Lys?¢-Asp?®9)]-
PTHrP(1-34)NH, was extensively investigated by
combined 2D-NMR, distance geometry (DG) and
molecular dynamics (MD) simulations in 1:1 TFE/
H,O [3]. The results indicated that the lactam con-
straints effectively favor the formation of the helical
domains. The chiroptical properties revealed that
the bis-lactam analog is 40% helical even in
aqueous solution in the absence of the helix sup-
porting solvent TFE [3]. This initial observation
prompted the more detailed studies reported in this
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paper on the conformational preference of the
highly potent bis-lactam analog: [(Lys'3-Asp'?,
Lys?6-Asp39)]PTHrP(1-34)NH,, in aqueous solution.

MATERIALS AND METHODS

Materials

The synthesis and the chemical and biological char-
acterization of the agonist were reported elsewhere
[11]. The pure peptide, recovered by lyophilization
from the aqueous solution, contained some mois-
ture. The peptide content of our sample, determined
by quantitative amino acid analysis, was 68%. Milli-
Q water was obtained by treating deionized water
with a Millipore reagent grade water system. Te-
tramethylsilane (TMS) was purchased from Fluka
AG.

Circular Dichroism

CD measurements in the range 185-250 nm were
carried out at room temperature on a JASCO J-715
spectropolarimeter interfaced with a PC. Spectra
were elaborated with a J-600 program for Windows.
All experiments were carried out using quartz cells
from Hellma with suprasil windows and with optical
path lengths in the range 0.005-0.1 cm. The pep-
tide concentration was in the range 10-3-10-5 m.
The spectra were recorded using a bandwidth of 2
nm, and a time constant of 4 s at a scan speed of 10
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Figure 1 CD spectra of the bis-lactam analog in water, pH 4.5, at various concentrations (indicated).
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Table 1 Proton chemical shifts (ppm), relative to TMS, of [(Lys'®-Asp'”, Lys2?6-Asp>°)]PTHrP(1-34)NH,, in

water

Residue  NH (ppm) o (ppm) £ (ppm) Other (ppm)

Ala’ 4.17 1.55

Val? 8.55 4.22 2.08 y 0.97

Ser® 8.52 4.49 3.86, 3.92

Glu* 8.56 4.31 1.98, 2.06 y 2.43

His® 8.59 4.64 3.19, 3.25 H, 8.67, H, 7.38

GIn® 8.37 4.30 2.01, 2.06 y 2.38, NH, 6.92, 7.52

Leu” 8.32 4.32 1.66 y 1.59, J, 0.89, J, 0.92

Leu® 8.18 4.28 1.65 y 1.48, ¢, 0.87, 6, 0.93

His® 8.47 4.68 3.21, 3.33 H, 8.67, H, 7.39

Asp!® 8.40 4.68 2.85

Lys!! 8.51 4.27 1.88, 1.94 7y 1.47, y, 1.51, 6 1.72, ¢ 3.03, NH,, 7.58
Gly!'2 8.43 3.92, 3.97

Lys!'3 7.95 4.19 1.86, 1.92 1 1.21, 9, 1.38, 6, 1.46, §,1.62, ¢ 2.63, & 3.70, NH 7.95
Ser!+ 8.41 4.22 4.00

Ile!'® 7.70 3.96 1.92 71 1.31, y5 1.59, ycp,+9dcn, 0.97
GIn'® 8.05 4.08 2.14 y 2.43, NH,, 7.51, 6.92

Asp'”? 8.82 4.67 2.79, 2.87

Leu'® 7.90 4.21 1.89, 1.75 y 1.75, § 0.95

Arg'® 8.03 4.19 2.00 y 1.77, y, 1.86, 0 3.22, NH 7.26
Arg2° 8.03 4.26 2.00 v 1.77, y, 1.86, 0 3.28, NH 7.28
Arg?! 7.95 4.12 1.93 71 1.56, y, 1.72, 6 3.19, NH 7.23
Phe?2 8.14 4.44 3.19 aromatic 7.20, 7.38

Phe?3 8.27 4.43 3.22, 3.28 aromatic 7.38, 7.46

Leu?* 8.26 4.13 1.79 y 1.61, 6 0.97

His2® 8.15 4.35 3.29 H, 8.65, H, 7.30

Lys26 7.98 4.10 1.67, 1.88 y 1.50, ¢, 1.23, 0, 1.40, ¢ 2.69, ¢ 3.62, NH 8.05
Leu?” 7.90 4.00 1.61, 1.66 y 1.67, J, 0.85, J, 0.90

Ile2® 7.37 3.90 1.82 y1 1.23, p5 1.55, ycp, 0.85, dcns 0.90
Ala?® 7.97 4.10 1.35

Asp®° 8.12 4.75 2.70, 2.89

Ile3! 7.62 4.07 1.89 1 1.19, p5 1.54, ycp, +0cn, 0.85
His32 8.44 4.84 3.24, 3.35 H, 8.67, H, 7.40

Thr33 8.15 4.24 4.34 y 1.28

Ala®* 8.35 4.33 1.43

nm/min. The signal-to-noise ratio was improved by
accumulating four to eight scans. The helix content
of the peptides was determined according to the
method of Greenfield and Fasman [14].

NMR Experiments

Two-dimensional 'H-NMR spectra were recorded at
298 K without spinning on a Bruker Avance DMX-
600 spectrometer. The data were processed on a
Silicon Graphics workstation using the XWINNMR
program. All NMR experiments were carried out in
aqueous solution at 2.0 mMm peptide in water at pH
4.5. TMS was used as the internal standard. All 2D
D@QFCOSY [15], CLEAN-TOCSY [16,17] and NOESY

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

experiments were carried out in the phase-sensitive
mode using the time proportional phase increment
(TPPI) method [18], collecting 512 experiments of
2048 data points. Prior to Fourier transformation,
the time-domain data were multiplied by 7/2 — /3
shifted squared sine bell window functions in the F1
dimension and Gaussian window functions in the
F2 dimension and zero-filled to 2048 x 1024 real
points. The water peak was suppressed during the
relaxation delay and, in the NOESY experiments,
also during the mixing time. Baseline correction
was performed after Fourier transformation, by a
fifth-order polynomial function. CLEAN-TOCSY
spectra were obtained with a mixing time of 70 ms;
trim pulses were of 2.5 ms.

dJ. Peptide Sci. 5: 330-337 (1999)



NOESY spectra were recorded using mixing times
of 70, 120, 170, 200 and 220 ms, with a 5-10%
random variation of the mixing period to reduce ZQ
coherence contributions [19].

Structure Calculations

Inter-proton distances were calculated from the vol-
umes of the integrated cross-peaks of the NOESY
spectra at 200 ms mixing time, extracted from the
NOE buildup curve, using the AURELIA software
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package. The calibration in the amide region was
based on the sequential NH-NH cross peak origi-
nated from the interaction of amide protons of GIn'¢
and Asp'”, included in a well-defined helical seg-
ment, set to a distance of 2.8 A. The calibration in
the aliphatic region was based on the cross peak
originated from the interaction of the geminal
methylene protons of Asp3°, set to a distance of 1.8
A. The upper and lower distance restraints were
obtained by addition and subtraction of 10% of the
calculated distance.
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Figure 2 Fingerprint region of the NOESY spectrum at 600 MHz (200 ms mixing time) of the bis-lactam analog in water.
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Figure 4 NOE build-up curve of NOESY cross peaks at
different mixing times.

DG and MD calculations were carried out using
the XPLOR 3.0 program [20]. From the DG protocol,
150 structures were generated and optimized by
restrained MD calculations using the simulated an-
nealing procedure. The detailed protocol was the
following. Cycle I: (1) 20 ps of dynamics at 1500 K,
with 10000 cycles, each one of 2 fs; (2) 30 ps of
cooling from 1500 to 100 K (steps of 50 K), with
15000 cycles, each one of 2 fs; (3) 200 cycles of
minimization. Cycle II: (1) warming at 1000 K and
25 ps cooling from 1000 to 100 K (steps of 50 K)
with 25000 cycles, each one of 1 fs; (2) 200 cycles of
minimization.

0.0%

RESULTS

CD Results

The CD spectra of the peptide recorded in aqueous
solution at pH 4.5 are shown in Figure 1. The
spectrum is independent of peptide concentration
in the range 1 x 10 ~5-1 x 10~ 3 M. In contrast with
the corresponding linear analog, the CD pattern
indicates that the «-helix content, calculated ac-
cording to the method of Greenfield and Fasman
[14], is of the order of 40%. This result confirms the
stabilizing effect of the i, i + 4 lactam bridges on the
o-helical structure.

NMR Results

The elements of secondary structure and their loca-
tion along the sequence were determined by 2D
NMR experiments. The assignment of proton reso-
nances was achieved using standard procedures. In
particular, all spin systems were identified using
DQF-COSY and TOCSY spectra, while sequence
specific assignments were performed using NOESY
spectra. The complete assignment of all proton res-
onances is reported in Table 1. As an example, the
fingerprint region of the NOESY spectrum is shown
in Figure 2, where sequential and medium range
connectivities are clearly evident. The summary of
NOESY connectivities relevant for the assessment of
secondary structure are shown in Figure 3. The
resulting distances were placed in three different
classes, with upper limits of 3.0, 4.0 and 5.0 A,
respectively. The NOE build-up curve is a linear
function of the mixing time (Figure 4) and indicates
that up to 220 ms mixing time there is no spin
diffusion. Medium and short range connectivities
(NH-NH,_ ,, «H,-NH,, 5, «H;-NH,, , and «H,-fH,  5)

HT

Figure 5 Chemical shift differences of «H protons in water.
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Table 2 Average torsion angles (degree), with rela-
tive standard deviations, of the final lowest energy
structures of the bicyclic lactam-constrained
PTHrP-derived agonist in water

Residue ¢ 7
Lys'! —112 + 36 (40) —15+21 (40)
Gly'? —91+23 —24+8
Lys'® —-72+9 —46 +20
Ser!4 —474+ 14 —-59413
Ile'® —59+9 —28+3
GIn'® —77+4 —28+8
Asp'” —76+6 —27+3
Leu'® —74+7 —33+17
Arg!'® —81+21 —39+22
Arg?° —40+2 (39) —31+3 (39)
Arg?! —82+5 (39) —22+31 (39)
Phe?? —103 + 35 (40) —20+ 11 (40)
Phe?3 —56+ 16 (43) —41+24 (43)
Leu?* —66 + 19 (40) —26 +4 (40)
His?® —73+6 (41) —24+7 (41)
Lys26 —68+13 (41) —44+19 (41)
Leu?” —157 + 18 (23) +40+ 11 (23)
—71+22 (22) —32+6 (22)
Ile?8 —1+24 (23) —53+ 17 (23)
—68+17 (22) +45+ 57 (22)
Ala2® —68+ 15 (31) +31+11 (31)
+44+2 (11) +33+1(11)
Asp3° —64+ 18 (34) —25+ 17 (34)
+36+2 (11) +36+5 (11)

The averages are calculated over 45 structures except in
cases where the values for some structures fell outside
the +2¢ range from the average. In those cases, the
number of structures included in the average is indicated
in parenthesis. Two sets of values are indicated when the
structures clustered in two separate families. Here again,
the number of structures included in each average is
indicated in parenthesis. The average torsion angles of the
first ten and the last four residues in the sequence are not
reported because of the extremely high standard devia-
tions.

indicate the presence of an «-helical segment span-
ning the sequence from D' to I3!. No long range
connectivity was observed between N-terminal and
C-terminal segments of the molecule. The «H pro-
tons chemical shift differences with respect to the
values of the random coil [21] are shown in Figure
5. Consistent with NOESY results, negative values
higher than 0.1 ppm (typical of helical structure)
are observed in the central part of the sequence
from Gly'? to Asp>°. These data indicate that 19-22
out of 34 residues (56-65%) are present in the
helical segment. The helix content is lower than
that obtained by CD and NMR results in 1:1 H,O/

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.
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TFE (80%) [4], but higher than that obtained in
water from the CD data reported above (40%). These
results confirm that in aqueous solution the struc-
ture is more flexible than in the partially organic
solvent system, and that there is a rapid exchange,
on the NMR time-scale, among conformers with
different helix content.

Structure Calculations

Integration of the NOESY spectra provided 299 con-
formationally informative constraints. By DG and
subsequent structural refinement with MD calcula-
tions, 70 structures were obtained fulfilling the ex-
perimentally-derived inter-proton distances. The
dihedral angles extracted from the 45 lowest energy
structures are reported in Table 2. The minimum
energy structure resulting from the MD protocol is
shown in Figure 6. In all the low energy structures,
two short helical segments are consistently present
in the sequences 13-18 and 26-30, around the
lactam bridges. The first helical turn is better de-
fined than the second. This result is in agreement
with the «H protons chemical shift differences in
these portions of the sequence (Figure 5). The dis-
persion of the values of dihedral angles extracted
from the 45 low energy structures indicates that the
first ten and the last four residues are completely
flexible. The standard deviations of the dihedral
angles of the sequences 1-10 and 31-34 were so
high that these residues were omitted from Table 2.
In the region between the two helices, the prefer-
ence for helical ¢ and ¥ angles is maintained. How-
ever, the dispersion of the values of dihedral angles
indicates flexibility at the level of Arg'® and in the
sequence starting from Phe?? (Table 2). The stan-
dard deviations of ¢ and ¥ dihedral angles is partic-
ularly relevant in the C-terminal portion of the helix
(sequence 26-31) indicating flexibility despite the
presence of the lactam bridge.

DISCUSSION

The characteristic structural motif, observed for
PTH(1-34) and PTHrP(1-34) in H,O/TFE and con-
sisting of two N-terminal and C-terminal helical
domains [3-10], is maintained in aqueous solution.
The helical segments are located in the region
around the lactam bridges. The most significant
difference with respect to the results previously re-
ported for the same analog in H,O/TFE [4] is the
substantially higher flexibility in aqueous solution.

dJ. Peptide Sci. 5: 330-337 (1999)
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Figure 6 Lowest energy structure of the analog resulting from restrained MD calculations.

In H,O/TFE, both CD and NMR data yielded an 80%
helix content. In water, NMR data yielded a helix
content in the range 56-65% against the 40% ob-
tained by CD. The difference between the values
obtained by CD and NMR is attributed to rapid
exchange, on the NMR time-scale, among conform-
ers with different helical contents. This is an indica-
tion that there is inherent flexibility of the sequence
in the aqueous medium. This indication is further
supported by the results of «H chemical shift differ-
ences (Figure 5) and by the dispersion of the dihe-
dral angles extracted from the ensemble of the low
energy structures. In fact, the first ten N-terminal
and the last four C-terminal residues appear to be
highly flexible (Table 2). In the central sequence
19-26, ¢ and ¢ dihedral angles typical of the «-heli-
cal structure are observed in many of the low energy
structures obtained by MD calculations. Thus, the
conformational preference for «-helix in this se-
quence also is maintained, but with a high degree of
flexibility.

Previous conformational studies of PTH/PTHrP-
derived agonists and antagonists [4,5] and of
PTHrP/PTH hybrids [22,23] indicated that flexibility
points around positions 12 and 19, connecting heli-
cal segments, seem to be a biologically relevant
structural motif in all potent (1-34) PTH and PTHrP
analogs. From the results presented in this paper,
we conclude that the essential features of secondary
structure of the bis-lactam agonist, first observed in
H,O/TFE, are maintained in aqueous solution. In

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

contrast, active and inactive linear analogs so far
investigated were found to be mostly in an un-
ordered conformation in aqueous solution. This re-
sult confirms the general stabilizing effect of the i,
i+ 4 lactam bridges on «-helical structures.
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