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ABSTRACT. Parathyroid hormone-related protein (PTHrP) is expressed in a wide variety of cells where it
acts as an autocrine and/or paracrine factor involved in regulation of cellular growth, differentiation, and
embryonic development. It may also play a physiological endocrine role in calcium transport across the
placenta or during lactation. The N-terminal portion, PTHrP-34), retains all the calciotropic parathyroid
hormone-like activity and is a lead structure for the design of novel, bone anabolic agents for the treatment
of bone disorders such as osteoporosis. To characterize the putative bioactive conformation, we have
carried out a detailed structural analysis of a series of three conformationally constrained PFHrP-(1

1
34)-based mono- and bicyclic lactam-containing biologically active analogsfLys3 Asp'/]PTHrP-

1 [ 1 [ 1
(1-34)NHy; (I) [Lys?8,Asp)PTHIP-(1-34)NH,, and (Il ) [Lys?3, Asp'’, Lys?S, Asp]PTHrP-(1-34)NH,.
The conformational properties were studied by circular dichroisim, nuclear magnetic resonance
spectroscopy, distance geometry calculations, and molecular dynamic simulations in water/trifluoroethanol
(TFE) mixtures. The helical content in water of both monocyclic analogisd1l is ~22%; that of the
bicyclic analoglll is ~40%. In 30% TFE, all analogs reached a maximal helical content of 80%,
corresponding to 26 or 27 residues out of 34 in a helical conformation. High-resolution structures obtained
with 50:50 TFE/water revealed that all three analogs display two helical domains and a hinge region
around Gly%Lys!3. The highly potent mono- and bicyclic agonisdtand Il display a second hinge
around Arg®Arg?° which is shifted to Séf-Asp!’ in the weakly potent monocyclic agonist We suggest
that the presence and localization of discrete hinges in the sequence together with the high propensity for
helicity of the C-terminal sequence and the enhancement of helical nucleation at the N-terminal sequence
are essential for generating a PTH/PTHrP receptor-compatible bioactive conformation.

The sequence homology between parathyroid hormoneacids, is concentrated at the amino terminus. Eight out of
(PTH) ! an 84-amino acid peptide hormone, and parathyroid the first 13 residues are identical in the two hormones;
hormone-related protein (PTHrP), containing 141 amino beyond position 13, the primary sequences diverge. Despite
this sequence divergence, both hormones act through the
same PTH/PTHrP receptor, a seven helix transmembrane

T This work was supported, in part, by Grants RO1-DK47940 (to i ini _ i ;
M.R.) and GM54082 (to D.F.M.) from the National Institutes of Health. domal.n cont.al'r!lng G-protein-coupled reqeptor. .T!hemo .
*To whom correspondence should be addressed: Division of Bone PTH-like activities and the bone-remodeling activities reside
and Mineral Metabolism, Harvard-Thorndike and Charles A. Dana in the first N-terminal 34-amino acid regions of both
Laboratories, Department of Medicine, Beth Israel Deaconess Medical hormones 0.
Center and Harvard Medical School, 330 Brookline Ave. (HIM 944), . o . .
Boston, MA 02215. Phone: (617) 667-0901. Fax: (617) 667-4432.  While PTH, which is produced in the parathyroid gland,
E-mail: mchorev@warren.med.harvard.edu (M.C.). To whom cor- is abona fidecalciotropic hormone, PTHrP is expressed in

respondence should also be addressed: Department of Chemistry, Clar ; ; : ;
University, 950 Main St., Worcester, MA 01610. Phone (508) 793- ' wide variety of cells where it acts as an autocrine and/or

7220. Fax: (508) 793-8861. E-mail: dmierke@black.clarku.edu (D.F.M.). Paracrine factor involved in regulation of cellular growth and
University of Massachusetts Medical School and Clark University. differentiation. It appears to play a key role in the early

§ University of Padova. ;
' Beth Israel Deaconess Medical Center and Harvard Medical School. SLagesl of Skteletal deV?lofpm_?tntt In tf;e_ em?ryo' Int normal
® Abstract published irAdvance ACS Abstract#ugust 1, 1997. physiology, It appears 1o facilitate calcium transport across

1 Abbreviations: CD, circular dichroism; COSY, correlation spec- the placenta and during lactation. Secretion of PTHrP by
troscopy; DADD, distance- and angle-driven dynamics; DG, distance certain tumor cells into the circulation and subsequent
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magnetic resonance; NOESY, nuclear Overhauser enhancement spedfoduce the devastating humoral hypercalcemia of malig-
trometry; PTH, parathyroid hormone; PTHrP, parathyroid hormone- nancy syndrome2 3).

related protein; RP-HPLC, reverse phase high-performance liquid . . . .
chromatography; TFE, trifluoroethanol; TOCSY, total correlation ~ OUr working hypothesis is that, despite major sequence

spectroscopy. differences, both PTH and PTHrP assume very similar
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Table 1: Biological Activitie3 of the Lactam-Bridged PTHrP-(34)-Derived Agonists(in Nanomolar)

— — — —
PTHrP [Lys?® Asp] (1) [Lys?6,Asp® (I1) [Lys™3 Asp'’,Lys?6, Asp®] (lIl)

Kp¢ 1.0+ 0.05 3.2+ 0.8 410+ 180 2.1+ 0.6

Kmd 0.57+0.04 0.17+ 0.03 19+ 1 0.224 0.02

a Published previously in ref .Values are meas: SEM of three independent experiments performed in triplica@ompetitive inhibition of
binding of monof?3]Nle818 Tyr3 bPTH-(1-34)NH, in Saos-2/B-10 cells! Activation of adenylyl cyclase in Saos-2/B-10 cells.

secondary structures which are indistinguishable with respectPTHrP-related bone anabolic agents which will play an
to binding to the PTH/PTHrP receptor. Large linear peptides, important role in osteoporosis therapy.

such as PTH-(234) and PTHrP-(£34), are difficult to

crystallize and very flexible and display a large ensemble MATERIALS AND METHODS

of different conformations in a dynamic equilibrium when

in aqueous solution. Therefore, the biologically relevant Br
conformation is not readily discerned. A common practice
undertaken to identify the so-called “bioactive conformation”

is to gradually reduce the conformational freedom by gy for coupling (for details, see ref 5). Peptides were

transforming linear peptides into bioactive cyclic analogs, purified by reverse phase high-performance liquid chroma-
thereby eliminating a wide range of otherwise accessible tography (RP-HPLC) and analyzed by analytical RP-HPLC
conformations. To this end, we have succeeded in designingamino acid analysis, and fast atom bombardment maés
highly potent cyclic PTI—!rP-bas.ed 'agomstfs—GA) ?‘”d spectrometry%). The purity of the peptides exceeded 97%.
antagonists (734) emp'oy'”g t.he'p_(' T 4.) side ?ha'n 0 Taple 1 contains previously published biological activities
side chain lactam bridge cyclization. This modification is of the lactam-bridged PTHrP-(234)NH, analogs and the
known to stabilize helical domains and therefore provide a corresponding linear parent peptids).( Receptor binding

means of valldatlng the relgvance of thesc_a domains to theaffinity and efficacy in stimulating adenylyl cyclase were
bioactive conformation previously hypothesized on the basis determined in human osteoblast-like Saos-2/B10 cé)is (
of structure-activity studies, predictive methods, and con- CD Spectroscopy Spectra were obtained on a JASCO
form%tlonal analyses of linear PTH- and PTHrP-derived J-715 spectropolarimeter at room temperature in the wave-
pepti e_s' ] ) length range between 185 and 255 nm using quartz cells
Previous conformational studies of PTHrP-@4)-based  wjith an optical path length of 0.001, 0.005, 0.01, and 0.1
mono- and dilactam antagonists employing circular dichroisim ¢m. Typically, four to eight spectra were averaged and
(CD), nuclear magnetic resonance (NMR), and distance corrected for peptide content, as determined by quantitative
geometry (DG) calculations provided evidence regarding amino acid analysis. Calibration was carried out with
what may be the relevant PTH/PTHrP bioactive conformation ammoniumD_camphorsu|f0nate as Specified by the manu-

(4). There appear to be two helical domains spaning facturer. The helical content was determined according to
sequences 1318 and 26-34. The midregion lactam (13 the method of Greenfield and Fasmaf). (
17) is instrumental in nucleating an N-terminal helical  NuR Spectroscopy and Signal Assignmerithie con-
domain, whereas the C-terminal lactam {2®) stabilizes centration of samples for NMR experiments was 3 mM
an _exisiting helical propensi_ty. The _unstr_uctured hinge peptide in a 1:1 (v/v) mixture of TFBEyH.O (CIL, Cam-
region centered about ARyin the midregion lactam-  pigge MA). Spectra were recorded on Bruker AM 400 and
containing PTHrP-(734) is thought to play a critical role  ApMx 600 spectrometers without spinning at 298 K. Data
in yielding an antagonist. processing was performed on a Bruker X-32 workstation.
The aim of the present study is to gain insight into the All two-dimensional spectra were acquired using the time-
conformational requirements for association to and activation proportional phase incrementation methd), (collecting
of the PTH/PTHIP receptor. In this report, we extend our 320-640 experiments of 2048 (TOCSY and COSY) and
conformational analysis studies to the new series of PTHrP-4096 (NOESY) data points. Prior to Fourier transformation,

. . ! the time domain data were multiplied by/2—7/3-shifted
—34)- . 13 -
(1-34)-based mono- and dilactam agonists[l(ys™Asp"] squared sine bell or Gaussian window functions in both

PTHrP-(+-34)NH, (II) [Lys?8,Asp]PTHIP-(1—34)NH, dimensions and zero-filled to 2048 1024 (TOCSY and
| 1 | 1 COSY) or 4096x 1024 (NOESY) real points. Fifth-order

and (Il') [Lys'3Asp",Lys?® Asp|PTHrP-(1-34)NH,. polynomial baseline correction was performed in e

Analogs| andlll containing the lactam bridge between dimension after transformation. DQF-COSY spect& (
Lys® and Asp’ display subnanomolar efficacK{ = 0.17 were acquired using appropriate phase cycling to suppress
and 0.22 nM, respectively) which exceeds that of the linear rapid pulse artifacts10). In CLEAN-TOCSY spectral(l,
parent peptide PTHrP-{434)NH, (K, = 0.57 nM), while 12), obtained with a MLEV-17 spin-locking sequence, the
analogll is about 30-fold K, = 19 nM) less potent than  mixing time ranged between 65 and 75 ms, the trim pulses
the linear parent peptidé), CD and two-dimensional NMR  were 2.5 ms, and the spin-lock field strength was 6.2 kHz.
measurements in TFE/water mixtures as well as DG and MD NOESY spectra were recorded using mixing times of 200
calculations were performed. The results obtained arems with a 10% random variation of the mixing period to
compared with those previously reported for conformational reduce ZQ coherence contributiods8). Tetramethylsilane
studies of mono- and bicyclic PTHrP-derived antagonists and was used as an internal standard.
linear PTH- and PTHrP-derived agonists. Taken together, Structure Calculations.The volumes of the integrated
these data are likely to contribute to the design of novel PTH/ cross-peaks from the NOESY spectra were determined using

Peptide Synthesis, Purification and Biological Autj.
iefly, solid phase peptide synthesis was carried out by
employing No-Boc protection andN,N-dicyclohexylcarbo-
diimideN-hydroxybenzotriazol&l-methylpyrrolidone chem-
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the AURELIA software package. The calibration in the
amide region was based on sequential-N¥H cross-peaks
(set to a distance of 2.8 A for a cross-peak in a well-defined
a-helix). Aliphatic regions required a different calibration
based on the cross-peak of two methyl@agrotons (set to

a distance of 1.8 A) and the cross-peak betweerand
B-protons of an alanine residue (set to a distance of 2.1 A).
The resulting distances were then placed into one of four
different classes, with upper limits of 2.8, 3.2, 3.5, and 4.0

A, respectively. In cases where a stereospecific assignment
was not possible, the upper distances were further relaxed

by the appropriate pseudoatom correctibd)( yielding two

classes of 5.0 and 6.0 A. The resulting distances were used

as upper limits in the distance geometry calculations, while
the lower limit was 1.8 A in all cases.

The distance geometry calculations were carried out with
a home-written program utilizing the random metrization
algorithm of Havel 15), run on Silicon Graphics (R5000)
workstations. Experimentally determined distances, more
restrictive than the geometric distance bounds (holonomic
restraints) {6), were added to create a distance matrix. The
structures were first embedded in four dimensions and then
partially minimized using conjugate gradients followed by
distance- and angle-driven dynamics (DADDY(18. The
DADD simulation was carried out at 500 K for 100 ps, and
then the temperature was gradually reduced K over the
next 40 ps. The DADD procedure utilizes the holonomic
and experimental distance restraints plus a chiral penalty
function for the generation of the violation “energy” and

forces. The resulting structures were then reduced to three

dimensions using metrization and the optimization and
DADD procedures repeated. Analyses of the structures in
terms of NOE violations, order parameter values, and
dihedral angle distribution were performed using home-
written programs.

The molecular dynamics simulations were carried out
using the Discover force field within the Insight Il suite of
programs (Biosym/MSI Inc.). The structure with the lowest
penalty violation from the DG calculations was chosen as
the starting structure. The structure was placed in a periodic
simulation cell of trifluoroethanol with dimensions of 60,
50, and 50 A. All solvent molecules within 2.5 A of the
peptide were removed, resulting in 1093, 1094, and 1091
solvent molecules for the simulation of analogslll,
respectively. All potential energy parameters for TFE were
taken from De Loof et al.19). After solvation, the system
was relaxed by energy minimization, consisting of steepes
descent and conjugant gradient minimization, first with
position restraining of the peptide, followed by energy
minimization with all atoms free to move. The temperature
of the system was slowly increased to 300 K in 50 K
increments for a duration of 1 ps at each temperature. An
equilibration period of 10 ps preceded the 120 ps simulation.
The NOE restraints, as described above for the DG calcula-
tions, were applied throughout the simulation with a force
constant of 100 kcal/mol.

t

RESULTS

CD MeasurementsThe CD spectra of the three peptides

Mierke et al.
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Ficure 1: CD spectra of analog(12 M) in a TFE/water solution
at various TFE concentrations (v/v indicated). The shift of the 208
nm absorption band is evident for the 100% water solution.

Wavelengt

T T ¢ 1t
30000 - s g : g
2
A ©O
20000 + , 8
[©] N
R .
10000 4 $
0 +—m+— — t T +—A
0 20 40 60 80 100
% TFE
FiIGURe 2: Onset ofa-helix in analogd —1ll on addition of TFE.

Plots are of molar ellipticity at 220 nm as a function of TFE
concentration in acidic agueous solutions: andl¢®), analogll
(0), and analodll (a).

corresponding to seven or eight helical residues. The double-
bridged analodll is 40% helical, corresponding te'13
helical residues. Thus, the induction of helix by the lactam
cyclization is independent of the position of lactam in the
sequence (1317 and 26-30 are similar) and is additive in
the case of analolil , which contains both lactam bridges.

As anticipated, CD spectra recorded with increasing TFE,
a structure-inducing solvent, indicate an increase in helix
content (Figure 1). More importantly, the spectra recorded
in water or in the presence 6f10% TFE(v/v) do not fit the
isodichroic point, typical of the two-state ceihelix transi-
tion, of the spectra recorded at higher TFE concentrations.
This fact and the blue shift of the negatixe-z* transition
band to 205 nm in water, distinctly observed in the case of
analogsl andll, indicate the presence of a contribution to
the optical activity attributed to a coexisting ordered con-
formation in addition to helix and random coil. In addition,
a different TFE-induced folding pathway of the three analogs
is revealed by the profiles of the plots of molar ellipticity at
220 nm versus TFE content (Figure 2). In the case of
analogsl andll, an S-shaped profile is observed (more
pronounced for analod), while analoglll exhibits an
exponential profile. The pronounced sigmoid TFE-titration
curves observed for analodgsand Il, in contrast to the

in aqueous solution are concentration- and pH-independentexponential titration curves observed for analbbg(Figure

in the range of 10°—10° M and pH 3.5-9.0, respectively
(data not shown). Analodgsandll exhibit CD spectra with
a similar shape and an estimated helix content-@2%,

2), suggest that the monocyclic analogs undergo a helix
nucleation process resulting in a “lag period”. The folding
for the bicyclic analodll , which contains lactam bridges at
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Ficure 3: Amide region of a NOESY spectrum in 1:1 Tkk&-
H,O for analoglll (concentration, 3 mM; mixing time, 200 ms;
temperature, 298 K; pH4.5). Some of the sequential connectivities
are indicated.
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[aH(23)—NH(25), aH(27)—NH(29), andoH(32)—NH(34)].

A turn of a 3¢-helix at the end ofx-helices is commonly
observed in protein structure®d). The secondary shifts of
the Ho protons, illustrated in Figure 5A, are negative for
residues 734, with a cluster of values of less thatrD.2

for residues Aréf—lle3!, especially indicative of an-helix.
The segment consisting of residues34 corresponds to
~80% of the peptide, which is in agreement with the extent
of helix estimated from the CD spectra.

For analodl , medium-range connectivities consistent with
an a-helix [i.e., ()—(i + 3) and ()-(i + 4)] are observed
from residue Gléito residue Al&* corresponding to-85%
of the peptide. As with analoly there is a distinct lack of
a-helix NOEs centered about L¥gsee Figure 4B), which
may be attributed to a kink in the helix. There are two NOEs
[i.e.,aH(12)—pH(15) andaH(10)—NH(14)] which connect
the helical segments before and after BysUnfortunately,
some informative NOEs in this region could not be unam-
biguously assigned due to resonance overlap. Cross-peaks
diagnostic of a g@-helix, oH(i)—NH(i + 2), appear at the
ends and in the middlexH(15)—NH(17)] of the sequence,
in accordance with a structure comprising two helix stretches.
The secondary shifts of the oH protons (Figure 5B),

both the midregion and the C-terminal portion, is a linear characterized by two minima, centered around &.and

propagation of helicity upon addition of TFE. Unlike in the

Lys?5, are consistent with the presence of two-helix segments

monocyclic lactams, where there remains an extended linearseparated by a kink or turn.
portion in which nucleation may occur, the presence of both  The largest number of NOEs is observed for the double-
lactam bridges may provide the elements needed for initiation lactam-bridged analodil . Similar to the single-lactam-

of helix formation. Interestingly, the sigmoid titration curve
for the midregion-containing lactarnis much more pro-

bridged analogs, the NOEs (Figure 4C) indicate a helical
region from residue 4 to 34, with distinct NOEs around £ys

nounced than that of the C-terminal region containing lactam [i.e., aH(12)—NH(15)] absent. InterestinglyaH(i)—NH(i
Il. This may support the notion that, in the linear parent + 2) signals of weak intensity are equally distributed along

peptide, the binding domain 284 isa priori more helical

the peptide chain, suggesting a slightly stretched helical

and has a greater tendency to form a helix than the midregionconformation. The secondary shifts of thetlgrotons are

domain Q0—23). For all three analogs, the maximum helix
content is reached at30% TFE. At a 1:1 (v/v) ratio of
TFE and water, the helical contenti$80%, consistent with

consistent with two helical stretches separated by a kink or
turn (or less well-definedr-helix) centered around Gl§
Distance Geometry CalculationslIntegration of the

26 or 27 out of the 34 residues being in a helix conformation. NOESY spectrum of analdgprovided 410 constraints, 385

NMR MeasurementsThe assignment of the NMR proton

of which were conformationally informative (195 intra-

signals of the three peptides was achieved by standardresidue and 190 inter-residue). The DG calculations pro-

proceduresd4). Spin systems were assigned using DQF-

duced 83 structures which fulfilled the experimental NMR

COSY and TOCSY spectra; sequence-specific assignmentslata (no distance violation was larger than 0.15 A). The
were achieved through NOESY experiments. The assign-data for the backbone dihedral angle order parameg@y (

ments are reported in Tables-lll of the Supporting
Information. An exemplary NOESY spectrum of analtg

an indication of the conformational distribution, are shown
in Figure 6A. The conformation is well-ordered (order

is given in Figure 3. In Figure 4, the summary of NOESY parameter of>0.75) for the segment comprising residues
connectivities relevant for the assessment of secondary3—34, with the exception of two hinges, +23 and 17

structure is reported.

From the NOE patterrofH(i)—NH(i + 3) andaH(i)—/(i
+ 3), Figure 4A] of analod, it is possible to identify a long
helical segment from residue Séw Ala®%. There is a partial
lack of helical NOEs centered around &hys! [e.g., the
cross-pealotH(12)—NH(15) is not present] which may be

18, located at the extremities of the lactam bridge. The low
order parameter values for residue 8lgnd Lys® are the
result of two equally populated conformations: &g
—100°, ¥ —80°),Lys™¥(® —18C, W 90°) and GIy4(® —30°,

¥ 0°),Lys' (@ 12C°, W 0°). In contrast, the low order
parameters for Aspand Leud® can be attributed to a spread

consistent with a kink or bend in the helix. Nevertheless, of conformations, centered abawthelical ® andW values.
there are NOEs in this region consistent with a continuous The residues comprising the lactam bridge fold into a helix

helix: aH(10)—NH(14) (weak)oH(11)—NH(15) (medium),
andaH(12)—pH(15) (strong). In additionetH(i)—NH(i +

loop, although certainly not am-helix; the® andW values
of Sef*and €5 are well-removed from typical values [i.e.,

4) signals are uniformly present from position 5 to the end Sef4(® —150°, ¥ 30°),lle’3(® —110°, ¥ —90°)]. The

of the sequence while sequentidil —NH signals of medium

backbone dihedral angles of GluLys' and Arg'—Ala3*

intensity are present all along the sequence. The presencdie in the helix region of the Ramachandran map. The best

of anaH(i)—NH(i + 2) NOE is indicative of a g-helix. In
analogl, such signals appear in the N-terminal regiofif
(3)—NH(5)], across the lactam bridge regianH(15)—NH-
(17) andaH(19)—NH(21)], and in the C-terminal portion

structure in terms of violation of the penalty function is
shown in Figure 7A. The global picture consists of a long
helical segment, 434, containing two discontinuities at the

ends of the lactam bridge.
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Ficure 4: Summary of observed NOEs for (A) analbgB) analogll , and (C) analodll in 1:1 TFEds/H,0. Peaks are grouped in three
classes on the basis of their integrated volumes. Asterisks indicate the likely presence of a peak which could not be confirmed because of
signal overlap.
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Ficure 5: Chemical shift differences of the*@rotons of analog) (A), analogll (B), and analodll (C) in 1:1 TFEds/H,0. The chemical
shifts have been averaged with the adjacent residues.

Distance geometry calculations on analbgvere carried (there were no violations greater than 0.1 A). The dihedral
out using 485 distance constraints, 437 of which are angle order parameters indicate a well-ordered structure with
conformationally informative (209 intra-residue and 228 one region of flexibility centered about residues 13 and 14.
inter-residue). The resulting 76 structures fulfilled the NOEs Inspection of thed, W maps of the 76 structures indicates
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Molecular Dynamics Simulations The lowest-energy
structure from the DG calculations described for each of the
three analogs was subjected to extensive MD simulations to
further refine the conformation. The metric matrix DG
method is specifically designed for exploration of confor-
mational space which is consistent with applied experimental
restraints (i.e., distance restraints derived from NOEs). Many
energetic features important for conformation are ignored:
Coulombic attraction of partially charged atoms or fully
charged side chains, Lennard-Jones nonbonded function for
atomic attraction and repulsion, and favorable rotamer
populations about dihedral angles. Therefore, it is important
to carry out a two-step protocol: DG for a complete
searching of conformational space compatible with the NMR
data followed by extensive MD simulations using explicit
solvent and an all-atom force field for the development of
high-resolution structures.

The MD simulations were carried out employing an
explicit, full-atom representation of TFE, using previously
published potential energy parametel8)( The use of pure
TFE eliminated the use of combinatorial rules for the water
TFE interactions. In addition, the CD results, presented
above, indicate no change in conformation from 50% TFE
up to 100% TFE. The average and standard deviations of
the backbone dihedral angles, over the last 80 ps of the
simulation, are given in Table 2.

The resulting structure from the MD simulation of analog
I can be described as twa-helical domains: GlHHis®

S 2\ / \ continuing into a turn of a 3-helix and an extended helix
Asp™® /\(\ from Phé2 to Thr3. Between these two well-defined
—/ Lys™" a-helices, there is a helical-like turn consisting of residues

bridge GIn*—Arg?®. Analog Il also displays twoo-helical re-

s e o
Ficure 7: Ball-and-stick depiction of analdg(A), analogll (B), glor;i H'§7 His® followed by one trn of a ﬁ_hellx and
and analogll (C) of the DG-generated structure with the lowest Arg*—Lew’ followed by two twists of a helix-like confor-
penalty function. mation. The resulting conformation of analb is almost

a continuousx-helix. There is a small deviation from helix
that the low order parameters result from a great conforma- in the region about residues GiaArg*® which leads to a
tional freedom about Ly and the presence of two families slight hinge in the extended structure.
of conformations for residue Sér (® —60°, ¥ 0°) and @ In terms of helical content, CD and NMR results agree
—90°, W —60°). The remaining residues are mainly located fairly well, within 5—10%. DG and MD calculations
in the helix region with the exception of the amino acids allowed for the refinement of the structures of the three
Phe? and Led?, in which a deviation ofP(23) andW(24) lactam-containing PTHrP analogs and for the achievement
dihedral angles produces a slight bend in the helical segment.of low-energy structures which fulfil the experimental NOE
The conformation with the smallest penalty violation is constraints in the presence of an explicit representation of
shown in Figure 7B. the TFE solution.

The DG calculations of the double-bridged analdig
made use of 512 experimental NOEs, 458 of which were DISCUSSION
informative (211 were intra-residue constraints and 247 inter-  The conformational predominance afhelix in PTHrP

residue). The resulting 86 structures had no distanceijs poth predicted by ChotFasman analysis and frequently
violation greater than 0.09 A. The order parameters for the gpserved by CD and NMR studies carried out in membrane-
backbone dihedral angles are shown in Figure 6C. They mimetic conditions and in structure-promoting solvents such
are consistent with a well-defined structure, comprising as trifluoroethanol (TFE). These studies indicate that TFE
almost the entire sequence, with some flexibility aboutys  produces structures similar to those observed in membrane
generated by two populated conformations (-60°, ¥ mimetics and therefore may be suitable for the determination
—60°) and @ —12C°, W 20°). Residues Véland Setadopt  of membrane-bound conformations. Therefore, the prevail-
an extended conformation followed by an N-terminal helix ing hypothesis argues thathelicity is a highly abundant
spanning residues GhtLys!™. The nonhelical geometry of  conformational motif in the calciotropic-relevant PTHrP
residue Gly? (® —150°, ¥ 0°) introduces a kink. The  conformation. The lactam-containing PTHrP analbg#l
second helical region consists of 8efThr33, with two major were designed in an attempt to stabilize and perhaps extend
deviations located at residue APg® —120°, ¥ 0°) and helical segments in either the C-terminus or the midregion
Lys?® which do not affect the general helical conformation, of the molecule. The results presented in this study confirm
as illustrated in the conformation with the lowest penalty that, in aqueous solution, all three analogs have enhanced
violation (shown in Figure 7C). helicity (22—40%) compared to the linear parent compound
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Table 2: Average and Standard Deviations of the Backbone
Dihedral Angles from the NOE-Restrained Molecular Dynamics

Simulations in TFE

analogl analogll analoglll
residue torsion av SD av SD av SD
Al Y 92.8 16.6 105.9 247 102.2 244
V2 ) —144.9 83 —-918 167 -—-921 201
P 46.9 10.7 166.0 17.8 1445 11.9
S3 ¢ —-120.9 147 —-925 13.0 —131.4 149
Y 166.5 7.5 —129.5 6.2 169.8 6.1
E4 ) —-78.3 123 173.5 8.7 —57.3 7.4
Y —43.7 56 —56.4 6.1 —35.0 6.6
H5 ¢ —53.5 7.7 —66.1 6.6 —69.4 8.5
Y —30.2 8.7 —33.8 6.7 —19.0 9.5
Qs ¢ —59.0 82 535 8.7 —727 9.0
Y -51.5 55 —429 6.0 —50.5 6.1
L7 ¢ —64.8 6.8 —62.0 74 —59.4 6.0
P —23.2 85 216 7.2 —29.4 10.0
L8 ¢ —63.9 8.0 —61.8 80 —549 124
Y —40.7 8.1 —52.7 50 —47.7 6.4
H® ) —62.3 7.7 =577 6.8 —554 7.9
P —56.6 81 -—-30.2 7.7 —50.6 5.8
D10 ¢ —-67.5 95 —-68.0 104 —48.9 8.7
Y —-15.8 7.7 —305 6.5 —32.9 7.5
K1t ) —62.8 8.7 —84.2 87 —721 105
Y —-8.4 6.6 1.4 8.4 —33.6 9.5
G2 ) —95.7 6.7 —73.9 6.7 -—725 115
Y —62.5 51 —99.8 6.7 —41.7 113
K13 ¢ —60.7 5.6 25.9 9.3 -—-46.0 101
Y 0.2 73 -911 6.3 —54.7 5.9
St4 ¢ —140.7 5.8 —50.6 9.6 —47.6 6.0
P 57.3 5.4 9.8 104 -—-326 8.7
115 ¢ —122.2 6.5 —105.9 86 —81.3 7.6
Y —-77.5 48 —59.7 6.8 —54.2 6.1
Q16 ) —36.0 88 —-643 108 —351 7.0
P —49.6 6.0 18.4 19.2 -—-43.6 6.6
DY’ ¢ —-99.2 6.6 —120.6 114 -82.6 8.4
Y —-12.6 6.9 —58.5 55 —42.2 6.8
L8 ) —49.0 56 —534 9.2 —420 7.6
Y —60.1 56 —24.7 8.7 —429 5.9
R19 ) —-57.9 7.0 —85.0 59 775 7.5
P —43.0 8.8 —4.1 7.3 —138 7.8
R20 ) —88.1 7.8 —131.2 6.7 —-77.1 7.3
Y 276 10.0 -63.0 51 —39.2 8.6
R21 ) -107.4 10.7 -53.3 6.1 -—-614 9.4
P —42.9 57 —-379 54 —39.8 54
F22 ¢ -53.1 8.4 —59.3 55 —65.8 6.7
Y —45.1 6.0 —554 59 -36.2 6.6
F23 ) —65.8 76 —423 6.9 -—709 7.4
P —28.2 7.0 —49.8 56 —246 6.9
L24 ¢ -52.0 7.7 —63.8 7.0 -81.0 7.9
Y —43.9 11.0 —25.8 6.5 —29.7 6.6
H25 ) -71.3 8.8 —64.0 6.9 —57.7 8.1
Y —-16.5 6.2 —54.1 6.4 —50.8 6.6
K26 ¢ —70.0 6.8 —60.7 8.0 —476 7.1
P -37.7 6.9 —49.0 53 —-703 51
L2’ ¢ —58.7 72 —30.8 6.5 —36.9 7.0
Y —40.9 6.1 —40.1 52 547 5.7
|28 ) —65.2 76 —80.2 6.8 —70.3 6.2
P —29.7 6.7 —41.7 7.7 —37.6 6.4
A9 ¢ —65.5 7.1 —57.6 7.3 —70.0 6.5
Y —28.9 144 240 7.7 —315 6.7
D30 ) —79.0 23.2 —93.6 75 —69.6 6.6
P —43.2 9.6 —233 56 —-31.1 5.6
|31 ¢ —49.8 87 —46.7 119 -63.6 8.2
Y —46.5 57 —-61.7 8.8 —52.8 6.3
H32 ) —55.3 6.6 —91.7 82 543 5.3
Y —-47.5 9.5 —-2.5 89 —405 111
T33 ¢ —58.8 9.4 —28.8 73 —60.8 125
P —-35.4 9.4 —49.0 70 —49.0 104
A3 ¢ —74. 105 —93.7 101 -684 11.6
Y —=77.4 59.0 524 274 -505 17.1

Mierke et al.

The biologically compatible conformational constraint
introduced in the mono- and bicyclic lactam-containig PTHrP
agonists and antagonists makes them superior reporters of
the biologically relevant bioactive conformatiogg). We
conclude, from our previoug(5, 29, 30 and current studies,
that bioactive PTHrP-based agonists and antagonists share
a common bioactive conformation (Figures 8 and 9). This
includes a relatively stable C-terminal amphiphilic helix and
an N-terminal inducible helix. Both helical domains are
combined by a molecular hinge centered aroundArd his
particular molecular hinge plays a critical role by allowing
the helices in PTHrP-derived ligands to achieve the optimal
interactions with the PTH/PTHrP receptor. The distinction
between the agonists and antagonists is the truncation of the
activation domain (residues—b) from the latter which
eliminates a critical agonist-mediated conformational change
in the PTH/PTHrP receptor, thus disabling an intracellular
signaling event.

The helical contents of lactam-containing PTHrP-derived
agonists and antagonists in aqueous solution and their TFE
titration profiles provide important insight on the relative
stability of the two helical domains and potential interactions
as well as the effect of TFE as a structure-promoting solvent.

The fact that the helix content of the bicyclic analibig
is only 2-fold higher than that of the monocyclic analdgs
and Il suggests that there is no cooperative interaction
between the bridged regions. The two lactams at the C-
terminus and midregion have different consequences on the
stabilization ofa-helices. The putative major binding region
at residues 2534 displays an almost perfect-helix in
analogl, which contains the midregion lactam. Despite the
design of analogl, which aimed to stabilize an already
existing helix by the introduction of a C-terminal lactam
bridge, we observed significant deviation from standard
helical ®,W values (Table 2). Therefore, the selection of

Lys(i),Asp( + 4) may not be the optimal cyclization mode
in terms of the ring size, orientation of the lactam ring, or
composition of the sequence included in the lactam raig (
32). Surprisingly, the helicity in the C-terminal lactam in
analoglll is restored; thed, W values are very close to
standard helix values in contrast with the same lactam region
in analogll (Table 2). Therefore, there seems to be some
subtle structural synergy between the midregion and the
C-terminal lactams in analoidl .

Unlike the design of the C-terminal lactam, the mid-
region lactam was designed to induce or enhance the
propensity of forming am-helix. Although there is some
agreement on the helical nature of the C-terminus in PTHrP-
(1—34) based on ChoeuFasman analysis, CD, FTIR, and
NMR studies, there is no consensus about the conformational
preferences of the N-terminal domaB8(-37). Introduction
of an isolated midregion lactam, as in analggpromotes
formation of a helical structure, albeit not a perfeehelix
(Figure 7A).

In all three cyclic analogs, the long and mostly helical
stretch includes residues-34 and differs only in the levels
and sites of distortion. NOEs (Figure 4), chemical shift

aThe averages are calculated from the last 80 ps of the 120 ps differences for the €protons (Figure 5), and order parameter

simulation.

PTHrP-(-34) in water (16-15%) 7). This confirms that
the ()—(i) + 4 side chain to side chain lactamization has a This perturbation is also present in DG-generated structures

helix-inducing effect.

values for the backbone dihedral values (Figure 6) suggest
a similar perturbation (kink or bend) in the helical structure
located at the midregion (G§~Lys!3) for all three analogs.

(Figure 7).
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C-Terminus

FIGURE 8: Superposition, using the heavy backbone atoms of residue832df analogd —Ill . The structures were taken from the MD
trajectories to illustrate the consequences of the flexible hinge centered aroutid Arg

The common organization into two helical domains and a have a hinge located at Ay-Arg® (Figure 9, top and

hinge region centered around @y Lys® is shared by the
highly potent midregion monolactam-containing andlagd
the dilactam-containing analdy , as well as by the weak

bottom). In the C-terminal lactam-containing antagonist,

which behaves as a weak partial agontgt this hinge was

not observed4) (Figure 9, middle). A comparison of the

agonist containing a monolactam modification at the C- agonists and antagonists is shown in Figure 9. In the

terminal region (analoy ). Therefore, our findings identify
the molecular hinge centered around Bras being essential
for bioactivity. Both active agonist$ and Ill display
flexibility in approximately the same region which is not
observed for the weakly active agonist DG identifies

comparison, the C-terminal helices have been superimposed,
illustrating the effect the hinge at residue 19 has on the
topological display of the molecules. Both of the C-terminal
lactam-containing analogs are extended, forming almost one
continuous helical conformation (Figure 9, middle). In

(Figure 6A, see the dip in the order parameter for these conirast, the biologically active analogs are kinked about

residues) a hinge region at residues Esibeu'®, located at
the C-terminal end of the lactam bridge of analogThe

relatively high standard deviations of backbone dihedral
angles extracted from the NOE-restrained MD simulations

(Table 2) suggest that residues ArgArg?, in both analogs
I andlll , exhibit a substantial degree of flexibility. This

hinge region is missing in the structures calculated for analog

Il. Instead, the most flexible region in anallbgs centered
around residues Sé+Asp'’ (Table 2). Additional minor
sites of flexibility in analogll are identified at the region
Arg'®—Lew?* (Figure 6B). A pronounced dip observed for
residue Ly%® in the order parameters of analtly suggests
a major site of flexibility located at the N-terminal end of
the C-terminal lactam (Figure 6C). As will be discussed

residue 19 (Figure 9, top and middle). It is important to

note that these are single structures taken from an MD
trajectory and therefore do not display flexibility. Our intent

is to illustrate the consequences of the flexibility with re-

spect to the topological arrangement of the two helical
domains.

We conclude that the lactams contribute to the stability
of helical (although not alwayg-helical) motifs. In contrast
to the cooperativity observed between midregion and C-
terminal lactam domains in the antagonist series, each of
the lactam-containing domains acts independently in the
agonist series. The bioactive conformation in both
PTHrP-derived agonists and antagonists requires well-de-

below, we attribute great significance to the presence andfined midregion and C-terminal helical domains which are

location of the hinge regions.
The bioactive conformational organization common to
agonistl and Illl (Figure 8), described above, is closely

linked by a hinge as seen in the most active agonists (

[ —
and Ill') and antagonist [Ly$ Asp’]PTHrP-(7—34)NH,

related to the one observed for the highly potent antagonist(Figure 8). Since the folding into a helical array is initi-

1
[Lys®3 Aspt]PTHrP-(7—34)NH, in which the two helical
domains, 13-18 and 26-34, are separated by a kink centered
about Ard® (4).

[ 1 [ 1
The bicyclic antagonist [LyS,Asp’,Lys?6, Asp*|PTHrP-
(7—34)NH,, which has one-third of the PTH/PTHrP receptor-
binding affinity of the most active monocyclic antagonist,

1
[Lyst3 Aspt’|PTHrP(7—34)NH,, is the one which contains
the most extensive and stable helix (residues348) among
the lactam-containing PTHrP-derived antagonidjs (Nev-

v
ertheless, both antagonists, [E§&sp/|PTHrP-(7—34)NH,

[ 1 [ 1
and [Lys8 Asp'’,Lys?6 Asp|PTHrP-(7—34)NH,, appear to

ated at the C-terminal portion of the ligands and gradually
extends toward the N terminus, we envisage the following
sequence of events upon binding to the PTH/PTHrP recep-
tor. (1) Binding begins with complementary hydrophobic
interactions between the amphiphilic C-terminal helical
domain of the ligand (which is the principal binding do-
main of the ligand) and extracellular loops of the receptor.
(2) Additional folding of the ligand is induced by interac-
tion with the hydrophobic membrane (propagation of heli-
city can be induced by increasing TFE in an aqueous
solution). (3) Formation of a midregion helical domain
occurs, either cooperatively or independently from the
previously formed C-terminal helical domain. (4) In the case
of PTH/PTHrP agonists, a “message domain” is formed
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FIGURE 9: Superposition, using the heavy backbone atoms of residue32df agonists and antagonists containing the (A, top) midregion
lactam, (B, middle) C-terminal region lactam, and (C, bottom) dilactam. The structures were taken from the MD trajectories to illustrate the
consequences of the flexible hinge centered around®Arg

which interacts with the receptor, causing conformational suggest that proper positioning of these two helical domains
change(s) in the receptor which is translated into intracellular maximizes specific affinity for the receptor. The low bio-
signal transduction. In the case of PTH/PTHrP antagonists, logical activity of the C-terminal lactam-containing analog
this folding of the midregion helical domain leads, in part, || may be attributed to the shift in register of the hinge region
to similar binding interactions. However, lacking the mes- away from 19-22 to the 16-17 region. In other words,
sage domain, we observe only competitive binding. the long-range N-terminally-directed structuring effect in-
Optimal interaction of the PTH/PTHrP receptor with the —

midregion helical domain (which includes the message duced by an isolated L¥$Asp® lactam bridge disrupts prop-
domain, in the agonist, and is missing it in the antagonist) er positioning of the two helical domains. The midregion
will take place provided a suitable hinge is present. We lactam-containing agonidtdoes not exhibit this problem.
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1

Instead, the isolated lactam L%j#sp!” assists the nucle
ation of a helical motif at the N-terminal domain and
stabilizes the C-terminal helical domain, thereby conferring
high binding affinity and enhanced efficacy. The mutual
conformational compensatory effect generated by the com-
bination of midregion and C-terminal lactams may be the
source of the conformational properties and high biological
potency of the dilactam-containing analdlg. The deviation
from perfect helicity of the midregion lactam (analby
disrupts the N-terminally oriented propagation of the helicity
displayed by analotj . This restores the flexibility at Af§—
Arg?® to achieve a functional hinge and high agonistic
activity.

The highly potent bicyclic lactam-bridged analog is the
most rigidified PTHrP-derived agonist known to date and
therefore an excellent candidate for use in elucidating the

putative bioactive conformation of agonists.

Our study

provides additional insight regarding the importance of
maintaining sufficient molecular flexibility around Attand
stabilizing helical conformational motifs in order to obtain

potent agonists and antagonists in the PTH/PTHrP receptor.

Although we are not in a position to deduce the tertiary

structure of PTH/PTHrP agonists, we have made progress

in this direction.

SUPPORTING INFORMATION AVAILABLE

Proton chemical shifts of the three analogs (Tabtel$l)
and CD spectra of analogisandlll in TFE/water at various
TFE concentrations (5 pages). Ordering information is given
on any current masthead page.
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