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NMR and Computational Evidence That High-Affinity Bradykinin Receptor

Antagonists Adopt C-Terminal 8-Turns
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Three tetrapeptides were prepared, each corresponding to the four C-terminal amino acid residues
of highly potent, second-generation bradykinin receptor antagonists. The tetrapeptides are (IA)
Ser-D-Phe-Oic-Arg, (1IA) Ser-D-Tic-Oic-Arg, and (IIIA) Ser-D-Hype(trans-propyl)-Oic-Arg. Solution
conformations for each were determined by incorporating interproton distance restraints, determined
by 2D NMR experiments performed in water at neutral pH, into a series of distance geometry/
simulated annealing model building calculations. Similarly, systematic conformational analyses
were performed for each using molecular mechanics calculations. Boththe NMR-derived structures,
as well as the calculated structures, are shown to adopt a 8-turn as the primary conformation.
Excellent agreement between the predicted structures and the NMR-derived structures is
demonstrated. Aside from being the first examples of linear tetrapeptides reported to be ordered
in aqueous solvent, the results presented support the hypothesis that high-affinity bradykinin
receptor antagonists must adopt C-terminal 8-turn conformations.

Introduction

Bradykinin is alinear nonapeptide hormone (Argl-Pro?-
Pro3-Gly4-Phe’-Seré-Pro’-Phe8- Arg?) generated asaresult
of the activity of kallikreins, a group of proteolytic enzymes
present in most tissues and body fluids, on kininogen.
Oncereleased, bradykinin elicits many pathophysiological
responses including pain and hyperalgesia by stimulating
C- and A-fibers in the periphery.!-” There is also con-
siderable evidence that bradykinin contributes to the
inflammatory response, sepsis, airway disorders including
asthma, and symptoms associated with rhinoviral in-
fection.®!3 These dramatic activities of bradykinin have
been intensely studied for several decades with the long-
term vision of developing potential therapeutic agents
which could act as competitive antagonists at the brady-
kinin receptor.

The ultimate preparation of novel nonpeptide brady-
kinin receptor antagonists is a formidable challenge. The
severity of the problem is enhanced significantly due to
the lack of either X-ray crystallographic or NMR data
pertaining to the receptor-ligand complex. Moreover,
there has never been a report describing any nonpeptide
antagonists that are potent, selective, and competitive for
the bradykinin receptor, thereby eliminating the typical
formulation of a structure-activity relationship. In the
absence of this type of information, the approach of
preparing conformationally constrained peptide analogues
of the native ligand represents prudent methodology. This
approach has led to the recent discovery of two new classes
of second-generation peptide bradykinin antagonists with
very high affinities for the B2 receptor.!+17

Both classes are of the general sequence D-Arg®-Arg!-
Pro2-W3-Gly*-X5-Ser8-Y7-Z8-Arg®, where W is either pro-
line or hydroxyproline and X is an aromatic side chain-
containing amino acid such as phenylalanine or thienyl-
alanine (Thi). Historically, it has been shown that position
7, “Y”, must be held by a D aromatic amino acid in order
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to obtain a competitive antagonist.!® One of the two new
classes fits into that profile since its members contain either
the conformationally constrained phenylalanine residue,
D-Tic (tetrahydroisoquinolinecarboxylic acid), or D-Phe
itself at position 7. The other class represents a break
from this historical requirement in that among its members
are alkyl ethers of D-4-hydroxyproline at position 7. For
both classes, however, position 8, “Z”, is held by another
conformationally constrained amino acid, usually L-Tic
orL-Oic (octahydroindolecarboxylicacid). Representative
amino acid sequences from each of these classes as well
as their in vitro pharmacology are shown in Table I.

On the basis of empirical energy calculations and
systematic conformational searches performed on model
peptides, it has been suggested that the high receptor
affinities of some of these new constrained peptides is
related to their high propensities for adopting C-terminal
B-turn conformations.!>'® We recently reported in a
communication that a linear tetrapeptide corresponding
to the C-terminal four residues in one of the new class of
antagonists adopts a 8-turn in aqueous solution.!® Here
we extend the computational and spectroscopic detail with
respect to that specific compound and include for the first
time similar structural analyses for model tetrapeptides
corresponding to the other classes of highly potent second-
generation bradykinin receptor antagonists.

Methods

NMR and computational studies were performed on tetrapep-
tides IA, IIA, and IITA (Table II) and IB, IIB, and IIIB (Table
III), respectively, to determine if these linear tetrapeptides are
capable of adopting 8-turns. These peptides serve as represen-
tatives of the C-terminal portion of the two generations of known
bradykinin antagonists.

1. Computational Methodology. Systematic conformational
searches were performed on model compounds representing the
four tetrapeptides described in Table II. These models are
structurally depicted in Table III. Unlike peptide IIIA, no
conformational analysis describing the C-terminal end of peptides
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Table I. Primary Amino Acid Sequences and in Vitro Pharmacology for Three Representative Second-Generation Bradykinin B2

Receptor Antagonists
peptide K; (nM) guinea PA: guinea
number amino acid sequence pig ileum?® pig ileum
I D-Arg®-Arg!-Pro®-Pro®-Gly!-Phe?-Serf-p-Phe’-Oict-Arg?® 0.75 £ 0.02 8.3+ 0.07
II D-Arg?-Arg!-Pro?-Hyp3-Gly*-Thi’-Serf-p-Tic’-Oic8-Arg® 0.11 £ 0.04 8.7+ 0.06
11 D-Arg®-Arg!-Pro?-Hyp3-Gly*-Thi’-Serf-p-Hype(trans-propyl)?-Oic®-Arg® 0.16 £ 0.04 8.5+ 0.02

¢ K; values and pA; data were determined using standard methods previously reported.3?

Table II. Tetrapeptide Model Compounds Representing the
C-Terminal Portion of Representative Second-Generation
Bradykinin B2 Receptor Antagonists

peptide amino acid sequence
IA H-Ser-p-Phe-Oic-Arg-OH
I1A H-Ser-p-Tic-Oic-Arg-OH
ITIA H-Ser-p-Hype(trans-propyl)-Oic-Arg-OH

Table ITII. Model Structures Used in the Conformational
Analysis Experiments

model
peptide

1B

1B
AN 1L< i

CH
I1IB

—ech,
\/\O
O&Qwo
A A AT

IA or IIA has been reported. To complete the series, an analysis
similar to that reported for peptide IIIA was performed asfollows.

All energy calculations were carried out using the program
CHARMmM,? version 21, on a Silicon Graphics 4D120GTXB
workstation. Ineach case all amide bonds were assumed to exist
in the trans geometry in conformity with the observations made
in previous NMR experiments.?!-22 With the exception of model
IB, the dihedral angles corresponding to ¢;, ¢. (where ¢;
corresponds to the backbone dihedral angle for residue i defined
by the four adjacent amino acid backbone atoms C;.;|-N—~Ca~C))
in each model peptide are incorporated into either a five- or
six-membered ring, thereby limiting their rotational degrees of
freedom. Hence, a 10° grid search was performed on those
dihedral angles corresponding to ¥, and ¥ (where y; corresponds
to the backbone dihedral angle for residue i defined by the four
adjacent amino acid backbone atoms N~Ca~C~N;+1) which
dominate the overall backbone conformational states. At each
grid point the y,, ¥, dihedral angles were constrained to the
specific grid value and 500 steps of Adopted-Basis-Newton-
Raphson energy minimization were performed. Since the back-
bone dihedral angle ¢ in D-Phe is not inherently constrained as
is the case for both D-Tic and the trans-propyl ether of D-4-
hydroxyproline (D-Hype(trans-propyl)), the ¥, ¥: 10° grid search
was performed on IB while holding ¢, fixed at 54°. That this is
a highly favored value for this particular dihedral angle is clear
on the basis of the classical Ramachandran plot for any D-amino
acid wherein the favorable ¢,J angles corresponding to an L-amino
acid are inverted. In peptide IIB, which contains a tetrahy-
droisoquinolinecarboxylic acid (Tic) residue, both endo and exo
boat forms of the saturated ring were considered explicitly.
Moreover, each conformational search was performed with and
without the contribution from the Coulombic potential in the
overall potential energy expression. In each instance, the
structural results obtained were the same, thus suggesting that
the observed conformational preferences were driven by forces
other than poorly represented atomic charges. Throughout this
report the data presented have been taken from the simulations
in which the complete CHARMm force field (including the
electrostatic term) was used.

structure

Table IV. Experimentally Determined Analytical Data for
Peptides IA, TIA, and IIIA

amino acid

fast atom :
bombardment MS analysis aﬁ%i%c:l
peptide [M+ H].e [M+Hlys Ser Phe Arg R: (min)
1A 572.59 572.59 1.00 1.21 19
I1A 560.51 560.51 1.00 092 1.10 15
ITIA 568.09 568.09 1.00 0.83 18

@ HPLC performed using a C;s Vydac, 250 mm X 4.6 mm, 300-A
resin. Solvent gradient was from 5% to 40% acetonitrile in water,
at a flow rate of 1.0 mL min-1. UV detection was done at 220 nM.

2. Synthesis. Thethreelinear tetrapeptides shown in Table
IT were synthesized by the solid-phase method of Merrifield2
using standard procedures on a MilliGen Biosearch 9600 peptide
synthesizer. Protected (tert-butyloxycarbonyl) amino acids were
purchased from Bachem Bioscience (Philadelphia, PA) with the
exception of the Boc-protected trans-propyl ether of D-4-
hydroxyproline (Boc-D-Hype(trans-propyl)), whose preparation
has been described elsewhere,!® and Oic which was prepared by
the literature method.>* Boc-protected amino acid PAM (phen-
ylacetamidomethyl) resins were purchased from Applied Bio-
systems (Foster City, CA). Single diisopropylcarbodiimide-
mediated coupling reactions were run on the automatic synthe-
sizer with the first amino acid routinely recoupled to the resin.
Peptides were liberated from the resin by anhydrous liquid HF
(10 mL/g of resin) containing 10% anisole at 0 °C for 1 h. All
peptides were purified by RPHPLC on a Vydac C,s column using
an CH;CN/H;O (0.1% TFA) gradient. All peptides were
characterized by analytical HPLC, amino acid analysis, and
FABMS, the results of which are summarized in Table IV,

3A. NMR Data Collection and Processing. NMR studies
were carried out on the three tetrapeptides listed in Table II.
To ensure that the structural tendencies of these peptides were
not influenced by ordering solvents (e.g., dioxane), all NMR
studies were carried out exclusively in aqueous solution.

Two-dimensional NMR data were obtained for all peptides in
either 90% H;0/10% D,0 or D;O, T = 37.5 °C, and pH* values
in the range 4.4-4.8. Amide-exchange studies were carried out
with the solution pH values adjusted to ca. 7.6. NMR data were
obtained with GE GN-500 (500.1 MHz, 'H) and Omega-PSG 600
(599.7 MHz, 'H) NMR spectrometers. 2-Dimensional (2D)
homonuclear data were collected at 500 MHz with a spectral
width of 7692.3 Hz in the acquisition dimension (3.76 Hz/point)
and 256 complex states?® blocks in the t; dimension. Suppression
of the H,O resonance was achieved using a 2-s Dante pulse train?
consisting of 5° pulses separated by 100 us. To allow for dipolar
relaxation of proton resonances residing close to water,a SCUBA
sequence?” was inserted prior to the first pulse of the 2D sequence.
For HOHAHA data, a 90¢*'-homospoil-90¢-! pulse train2® was
inserted prior to acquisition to aid in suppression of the dispersive
base line due to residual H;O which had relaxed during the ¢,
delay and 8.8-kHz spin lock period. Data were transferred via
ethernet to Silicon Graphics computers for processing using either
FTNMR or FELIX. All datawere processed with a 3-Hz Gaussian
broadening function in t; and a 70°-shifted sine squared window
function in ¢;,. The double quantum filtered COSY data were
processed with an additional 90°-shifted sine squared filter in
the t; dimension.

3B. NMR Signal Assignments. Proton spin systems were
identified on the basis of scalar coupling networks defined by
(2D) homonuclear Hartmann Hahn (HOHAHA) data.?%% For
specific assignments of the side chain protons of Oic, 'H-correlated
spectroscopy?® (COSY) data alone was insufficient due to spectral
crowding and overlap in the upfield region of the spectrum. As
such, the collection of heteronuclear multiple quantum corre-
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lated?? (HMQC) spectra was employed to make complete and
unambiguous assignments for this side chain. 2D nuclear
Overhauser effect?33 (NOESY) data were subsequently employed
to identify through space proton-proton distances for the use in
distance geometry (DG)-based structure calculations.

4. NMR-Based Structure Calculations. Structural mod-
eling was performed with the DSPACE software package on
Silicon Graphics computers. Templatesthat define the primary
distance restraints were generated using idealized covalent bond
distances and bond angles. Distance geometry/simulated an-
nealing (DG/SA) models were generated with primary restraints
only in order to establish that the models were sufficiently flexible
in the absence of NOE restraints.?® Structures were generated
subsequently with the addition of “loose” distance restraints that
represent the experimentally-observed nuclear Overhauser effect
(NOE) data. Thus, distance restraints of 1.8-2.7, 1.8-3.3, and
1.8-4.5 A were employed to represent qualitatively observed
strong, medium, and weak NOE cross-peak intensities, respec-
tively. Rotating frame Overhauser effect* (ROE) data were
collected to enable differentiation of cross peaks resulting from
direct NOE and spin diffusion effects.

For each peptide, 30 independent DG structures were generated
by performing 10-A randomizations of all atomic coordinates,
followed by sequential steps of simulated annealing and conjugate
gradient minimization (SA/CGM).3"3 The lowest penalty value
obtained from these calculations was used to generate aminimum
penalty target (value increased by ca. 60%) for subsequent
variable velocity structure refinement calculations. Final struc-
tures were generated from random initial coordinates using cycles
of SA/CGM in an automated manner. An average of three passes
through the DG/SA routine were necessary to achieve the low-
penalty target. A total of 60 structures were generated in this
manner for each tetrapeptide, 30 of which were generated with
inclusion of NOE-derived distance restraints and 30 generated
with primary distance restraints only.

5. In Vitro Assays. Bradykinin B2 receptor affinities were
determined by K; and pA; values measured in guinea pig ileal
membrane or tissue preparations respectively using methods
previously reported.®® These data are presented in Table I
Guinea pig ileum is known to express only B2 bradykinin
receptors.®® At concentrations up to 10 uM, none of the peptides
showed any agonist activity on the tissues and were competitive
antagonists. Cumulative dose-response curves were constructed
to bradykinin in the absence and in the presence of increasing
concentrations of bradykinin antagonists (0.1-10.0 uM).

Results and Discussion

1A. Computational Analysis of Model Compounds.
Potential energy contour plots describing the lowest 5 kcal
mol-! of the overall potential energy surface for each of
the three model peptides are shown in Figure 1. The
contour interval is 0.5 kcal mol-!. Inspection of each plot
leads to the conclusion that each pair of unnatural amino
acids, D-Tic-Oic, D-Phe-Oic, D-Hype(trans-propyl)-Oic
impose severe conformational restriction. In particular,
the angle ¥, is restricted to values within the range of
—-180° to -120°, for each of the three model systems. One
exception is for model IIB wherein a second range of ¥,
(-90° to —50°) is allowed due to the presence of another
local energy minimum which is 1.5 kcal mol™! higher in
energy than the global energy minimum. The dihedral
angle y, ranges in each model from +90.0° to -90.0°,
although there are only two local energy minima centered
approximately at ¥, = +45° and y» = —45°. For model
IIB, the additional potential energy well corresponds to
a Y, value of +45.0°.

1B. Analysis of Model IB. There is a single, broad
potential energy well apparent in the lowest 5 kcal mol-!
of the overall potential energy surface obtained from a
10° grid scan about the dihedral angles y; and ¥z in model
IB. The deepest portion of this well is centered about ¥,
= -150°, y» = —40.0° and has an energy value of 2.5 kcal
mol-!. The ¢,y values and corresponding potential energy
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Figure 1. Lowest 5 kcal mol-! of the calculated overall potential
energy surface for (a) model IB, (b) model IIB, and (c) model
IIIB. The contour interval is 0.5 kcal mol-!, and for each the
highest (outermost) and lowest contour energy values are labeled.
Superimposed on the contour plots are values for y;+1 and ¥;+;
from each of the 30 structures generated from the NMR data for
(a) peptide IA, (b) peptide IIA, and (c) peptide IIIA.

for a representative conformation extracted from the well
is presented in Table V. This single potential energy well
is centered about ¥, ¥, values corresponding to S-turn
conformations. For this particular model, the S-turn
conformation appears highly favored above all others with
only slight fluctuation in the carbonyl oxygen (residue i)
to amide proton (residue i + 3) hydrogen bond angle. A
representative conformation extracted from this local
energy minimum is shown in Figure 2a.

1C. Analysis of Model IIB. There are three local
energy minima of approximately equivalent area in the
lowest 5 kcal mol-! of the overall potential energy surface
obtained from a 10° grid scan of the dihedral angles, ¥,
Yo in model IIB. The deepest well is centered about ¢, =
—-150.0°, 2 = —40.0° and has a lowest energy contour of
19.5 kcal mol-l. Related to this well is a second which
differs in potential energy from the first by 0.5 kcal mol-!
and is centered about y; =-150°, » = +45.0. The barrier
between the two conformations is approximately 1.0 keal
mol-!. Representative conformations extracted from each
of these energy wells correspond to 8-turn-like structures.
Finally, a third potential energy well, separated from the
other two by a barrier greater than 5 kcal mol-!, is centered
abouty; =-60.0°,y2 = +60.0°. Thelowest energy contour
in this third well is 1.5 kcal mol-! higher than the global
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Table V. ¢, ¥ Angles for Representative Conformations Extracted from the Calculated Local Energy Minima® and the Average ¢, ¢
Angles Computed from the NMR-Derived DG/SA Structures®

energy population of local
structure h 1 b2 Y2 (kcal mol-1) energy minimum, %
IB (calculated) (1) 53.9 -149.8 -54.0 -39.8 2.52 100
IA (NMR average) 97.0 £ 23.7 -143.9 £ 10.9 ~72.0+4.8 -10.0 £ 5.9
IIB (calculated (1) 71.1 -149.9 ~-55.2 -39.9 19.5 66
2) 78.2 -149.9 -39.9 60.0 20.0 29
3) 128.1 -59.9 -76.2 60.0 21.0 5
ITA (NMR average) 64.4 = 6.6 -151.56 £ 8.2 -85.9% 1.4 -443 % 3.4
ITIB (calculated) (1) 68.9 -150.1 -58.9 -39.9 9.5 43
2) 71.2 -159.9 -70.1 60.0 9.0 57
ITIA (NMR average) 57.1+£24 -144.3 = 14.4 -84.0% 1.7 45.0 £ 5.2

@ Only local energy minima found in the lowest 5 kcal mol-! of the overall potential energy surface were considered for the model compounds
IB, IIB, and ITIB. ¢ The average ¢, ¥ dihedral angle values for residues i + 1 and { + 2 in peptides IA, IIA, and IIIA were calculated from the
30 DG/SA structures which incorporated NMR-derived distance restraints.

S 34
4 44

Figure 2. Calculated structures representing each of the local energy minima from the lowest 5 kcal mol™! of the overall potential
energy surface for (a) model IB, (b) model IIB, and (c) model IIIB.

minimum. Representative conformations extracted from
this well are not 8-turn-containing, but instead adopt a
twist backbone which incorporates an inverse y-turn about
the Oic residue. On the basis of a Boltzmann population
analysis, the relative populations for each potential energy
well containing an ensemble of related structures are 66 %,
29%,and 5% ,respectively. The §-turn-like conformations
are expected to be populated to the extent of 95 %, overall.
The ¢, Y values and corresponding energies for represen-

tative conformations extracted from each of the three

energy wells are tabulated and presented in Table V. Three
representative conformations, one from each local energy
minimum, are shown together in Figure 2b.

1D. Analysis of Model IIIB. There are two local
energy minima of approximately equivalent area in the

lowest 5 kcal mol-! of the overall potential energy surface
of the two obtained from 10° grid scan about the dihedral
angles ¥, and ¥, in model ITIB. The deepest potential
energy well is centered about ¥, = -165.0°, {», = +45.0°,
has a value of 9.0 kcal mol-!, and is separated by a barrier
of 1.0 kcal mol-! from the other local energy minimum.
Overall, these backbone conformations are very similar to
those determined for model IIB; therefore, both are S-turn-
like. From Boltzmann calculations, the relative popula-
tions are 43% and 57 %, respectively. Moreover, with an
energy barrier of 1.0 keal mol-! separating these two related
conformers, arapid rate of conformational interconversion
might be anticipated. The ¢, ¥ values and corresponding
potential energies for representative conformations ex-
tracted from each of the two wells are presented in Table
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Figure 3. Downfield regions of the !H NMR spectra of tetrapeptides IA, IIA, and IIIA (spectra A-C, respectively) as a function of
pH. All spectra were collected with 2.0 s of Dante solvent presaturation for the suppression of the water resonance. The top spectra
were collected at low pH values (~4.4) while the lower spectra were collected at pH values of ~7.7. The relative intensity of the amide
signal of Arg* in all three tetrapeptides is unaffected by increasing pH values indicating that it is involved in a hydrogen bond. Signals
for rapidly exchanging protons (e.g., the amide proton of Phe?) are unobservable at elevated pH. The weak amide resonances in B
and C that are denoted by daggers are due to minor conformational isomers.

V. Tworepresentative conformations, one from each local
energy minimum, are shown together in Figure 2¢c.

2. NMR Spectra of Bradykinin Antagonist Models.
The downfield regions of the 'H NMR spectra of IA-TITA
are shown in Figure 3. As can be seen in this figure, JA
exhibits a single set of 'TH NMR resonances, whereas ITA
and IIIA each exhibit signals for a major species and two
minor species. Exchange cross peaks observed in the 2D
NOESY data (below) indicate that these species are
conformational isomers rather than impurities, and a rate
analysis indicates that these conformational isomers
undergo interconversion at a rate that is “moderately-
8low” (Rexch ca. 10 87! at 37.5 °C) on the NMR time scale.

Figure 3 also shows the important pH behavior of the
exchangeable amide protons of peptides IA-IIIA. 'H
NMR data obtained at low pH (4.4) and high pH (7.7) are
shown at the top and bottom of Figure 3, respectively. For
IA, the backbone amide proton of Phe? is observable at
low pH, where exchange with water protons is relatively
slow. However, at neutral pH, this signal is not observed
due to rapid chemical exchange with the presaturated
water protons. This behavior is typical of solvent-
accessible amide protons that do not participate in
significant intrapeptide hydrogen bonding. In contrast,
the backbone amide proton of Arg* is virtually unaffected
by the increase in pH, and this reduced exchange rate
indicates that the Arg? amide proton is involved in internal
hydrogen bonding. For large, globular proteins, reduced
amide proton exchange rates are also observable for
protons that are effectively sequestered from solvent in
the hydrophobic core. However, this explanation for the
reduced exchange rate of the Arg* backbone amide proton
of tetrapeptide IA seemsimplausible. Essentiallyidentical
results were obtained for peptides ITA and IITA, where the
amide protons of Arg* were the only exchangeable protons
observed to be insensitive to solvent presaturation at
neutral pH.

'H NMR signals for the major isomers of IA-IITA were
assigned from the two-dimensional homonuclear-corre-
lated NOESY, HOHAHA, and DQF-COSY spectra and
the heteronuclear-correlated 'H-13C HMQC spectra fol-
lowing standard procedures. Portions of the 2D NOESY
spectrum obtained for IIIA are shown in Figure 4, and
examples of the 2D HOHAHA, COSY, and 'H-13C HMQC
spectra obtained for IITA are provided in the supplemen-
tary materials (Figures S1-S3, respectively). As can be

seen in Figure 4, an antiphase relationship exists between
the auto and cross peaks, and this reflects the positive

_ Overhauser effect expected for this small, rapidly tumbling

molecule.

'H and 3C NMR signal assignments were made following
a standard protocol, whereby proton scalar spins systems
are identified in the HOHAHA spectrum (Figure S1), and
direct scalar interproton connectivities are determined
from the COSY spectrum (Figure S2). Chemical shift
degeneracies precluded the assignment of the Oic protons
on the basis of the homonuclear correlated spectra alone,
however, by correlating protons with their attached 13C
resonances, these degeneracies could be easily overcome
(Figure S3). This method is particularly useful for
assigning geminal protons since they correlate with asingle
carbon frequency. 'H NMR signal assignments for A
and for the major isomers of IIA and IIIA are listed in
Table VI. Unfortunately, efforts to unambiguously assign
the 'H NMR signals of the minor isomers were unsuccessful
due to (i) the low signal intensities for the minor isomers,
which represent no more than 10% concentration relative
to the major isomer, (ii) the high amount of chemical shift
degeneracy, and (iii) the relatively weak NOE cross peak
intensities obtained for these rapidly-tumbling, small
molecules with wr, values approaching 1.12.

Subsequent to 'H NMR signal assignment, the 2D
NOESY data obtained for IA-IIIA were analyzed in order
to identify proton pairs with internuclear separations less
than ca. 4.5 A. Intense cross peaks denoted by circles
(Figure 4) provide conformational information essential
for structural modeling. For example, interresidual cross
peaks are observed for the amide proton of Arg* to Oic-
He2s and D-Hype(trans-propyl)-He, D-Hype(trans-pro-
pyD)-He to Oic-Hé, and Oic-Hé to p-Hype(trans-propyl)-
HBr,s proton pairs. In addition, intraresidue NOEs
involving the OicHé and OicH{2r proton pair were
observed, which enabled identification of the conformation
of the Oic 6-membered ring.

The downfield portion of the 2D NOESY spectrum of
ITTA is shown in the left portion of Figure 4. This portion
of the spectrum is plotted at a 3-fold lower intensity relative
tothe upfield region in order toshow the Arg*amide proton
signals observed for the minor isomers. The amide proton
signals from Arg* at 7.56 and 8.10 ppm (which arise from
the major and one of the minor conformers, respectively)
exhibit NOE cross peaks to the b-Hype(trans-propyl)-Ha
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Figure 4. The 500-MHz 2D-NOESY spectrum of tetrapeptide ITIA in 90% H;0/10% D,0, pH ~4.4, T = 37.5 °C. Circled NOE cross
peaks define the turn structure conformation of this tetrapeptide in solution. The fingerprint region of the spectrum (left) is displayed
at a ~3-fold lower counter level to allow cross peaks arising for the minor conformers to be observed.

and Oic-He2s protons. As discussed below, the presence
of these NOE cross peaks provides strong evidence that
the Arg? amide proton is oriented in a manner consistent
with the calculated turn conformation described in pre-
vious sections. The intensity of the third isomer was not
sufficient to allow observation of similar NOE signals, and
it is possible that this isomer does not adopt the desired
turn.

3. NMR-Derived Bradykinin Antagonist Models.
Stereo figures showing the simulated annealing/distance
geometry (SA/DG) structures for all three tetrapeptides
are shown in Figures 5-7. Structures generated with only
primary distance restraints exhibit substantial scatter and
do not converge to a unique conformation (top stereo pair
of Figures 5-7), indicating that the primary restraints by
themselvesare insufficient to define a unique conformation
and that the small molecule modeling parameters are
appropriate.?® In contrast, the backbone atoms of Ser!-
(O) through Arg#(N) for structures generated with inclu-
sion of the NMR-derived distance restraints converged to
a unique conformation, with the Ser! carbonyl and the
Arg* amide atoms oriepted in a manner consistent with
tight-turn hydrogen bonding (Figures 5-7, middle and
bottom). Table VII lists the standard deviation values
obtained upon superposition of the backbone C, Ca, N
atoms of residues 2 and 3 for the structurés generated

with and without NMR restraints. Significantly larger
standard deviation values are obtained for the carbonyl
of residue 1 and the amide of residue 4 for structures
generated without NOE distance restraints (1.9-2.3 A)
compared to those generated with NOE restraints (0.1-
0.9 A), which is also reflected by the scatter of these atoms
in Figures 5-7. The average ¢ and y values exhibited by
the NOE-refined DG/SA structures (Table V) are con-
sistent with the presence of a -turn in all three tetrapep-
tides. In addition, for peptides IIA and IIIA, average ¢
and y values also indicate the presence of a y-turn within
the S-turn that is defined by a hydrogen bond between the
backbone oxygen atom of residue 2 and the backbone
amide proton of Arg% The backbone conformations of
the DG/SA models are fully consistent with the confor-
mations predicted from systematic searches performed
via empirical energy calculations as reflected by the
excellent agreement in observed and calculated ¥ and ¢»
values (Figure 1).

Although the DG/SA models of all three tetrapeptides
contain a 8-turn, the degree of convergence is not identical.
Thus, for IA, the standard deviations in backbone atom
positions are generally larger than observed for IIA and
ITIIA, and this is also reflected by the increased scatter in
the stereo drawings (Figures 5-7). The scatter observed
for the amide proton of Arg* is likely due to the lack of
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Table VI. 'H Chemical Shift Assignments for Peptides IA-IIIA,
pH ~4.5, T = 375 °C

chemical shift 6 (ppm)®
residue HN Ha HB others

1A

Ser [1] 411  3.86,3.93

p-Phe [2] 8.8 494 3.01,3.08 aromatics 7.28

Oic [3] 4.22 1.78, 2.07 H~ 1.45; Hé 3.26
Hel,1’ 1.06, 1.59
He2,2’ 1.23, 1.83
H{1,1’ 1.14, 1.33
H{2,2' 1.03, 1.34

Arg [4] 759 418 172,1.84 ~CH, 157, 1.57
6CH, 3.19, 3.19
HN 7.22

I1A

Ser [1] 471  3.81,3.88

p-Tic [2] 5.01 3.04, 3.34 Hel,1’ 4.81, 4.81
aromatics 7.34

Oic [3] 437 199,230 Hy2.50;Hs4.12
Hel,1’ 1.26, 1.78
He2,2’ 1.40, 2.27
H{1,17 1.30, 1.51
H{2,2’ 1.21, 1.72

Arg [4] 745  4.22 1.74,1.83 +CH; 1.58, 1.58
sCH; 3.19, 3.19
HN7.19

ITIA

Ser [1] 4.41 3.95, 4.01

p-Hype(trans- 486 2.09,249 Hy4.39

propyl) [2] 6CH: 3.85, 3.85

¢CH, 3.53, 3.53
¢CH; 1.59, 1.59
{CH;0.90

Oic [3] 4.46 2.03, 2.32 H~y 2.43; H5 4.00
Hel,1’ 1.71, 1.77
He2,2’ 1.40, 2.20
H{1,171.28, 1.49
H{2,2’ 1.24, 1.51

Arg [4] 7.56 4.22 1.77,1.87 vCH: 1.63, 1.63

5CH, 3.23, 3.23
HN 7.22

@ Chemical shifts were referenced to H20, 4.653 ppm at 37.5 °C.

an observable Arg‘HN-to-Phe?Ha cross peak in the
NOESY spectrum of peptide IA. An associated distance
restraint, which was included to generate structures of
ITA and ITIA due to the observation of weak Arg*HN-to-
Phe?Ha cross peaks, could not be used to generate the IA
models. It is possible that this cross peak was not observed
for TA because the Ha proton NMR signal of Phe? is
situated near the presaturated H,O solvent signal in the
NMR spectrum. The higher degree of scatter observed
for the Ser! carbonyl of peptide IA is likely due to its
higher intrinsic conformational freedom, since the dihedral
angle ¢ in Phe? is not constrained. The dihedral angle ¢
in residue 2 is constrained in IIA and IIIA since it is
incorporated into 6- and 5-membered rings, respectively.
The degree of convergence of the remaining two peptides
(ITA, IITA) is almost identical, Table VII.

Substantial effort was made to determine the structural
properties of the minor isomers. Unfortunately, due to
the high degree of signal degeneracy and the weak nuclear
Overhauser effects (due to the fact that wr, =~ 1 for these
small molecules), detailed structure calculations were not
feasible. However,some insights into the structural nature
of these minor isomers could be gained from qualitative
analysis of the NMR data. ' Thus, the exchange rates of
the Arg* amide proton in all major and minor isomers
were insensitive to pH, suggesting that these protons are
all involved in hydrogen bonding. Interestingly, the
chemical shifts of the Arg* amide proton in the minor

Kyle et al.

isomers are at lower field compared to the major isomers
(ca. 0.5 ppm), indicating some local structural change. A
few signals for the Oic 6-membered ring were also shifted.
In some cases (i.e. for the minor isomers of II1A), the Arg*
amide proton to the D- Hype(trans-propyl)%-Cea proton and
Arg* amide proton to Oic-He2s NOE cross peaks were
sufficiently strong to add further support for the turn
structures (Figure 4). Thus, qualitative interpretation of
the limited chemical shift and NOE data for the minor
isomers suggests that the structural differences are related
to differential puckering of the 6-membered Oic ring, with
possible concomitant (minor) reorientation of the Arg-
NH bond.

Conclusions

Structural studies have been carried out on tetrapeptides
corresponding to the four C-terminal amino acid residues
of three highly potent bradykinin receptor antagonists.
NMR-derived modelsfor each tetrapeptide exhibit 3-turns
that are consistent with the conformations predicted by
empirical calculations. The high degree of correlation
between the calculated and experimentally-derived models
is illustrated in Figure 1. It is significant that the models
generated using a standard NMR-based DG/SA modeling
approach, which does not explicitly account for nonbonded
interactions, leads to structures that are essentially
identical to those predicted in the absence of experimental
data from empirical calculations.

These studies provide the first evidence that second-
generation bradykinin antagonists contain C-terminal
B-turn conformations. Although studies were performed
on C-terminal fragments of the decapeptides, the combined
results from computational simulations and NMR exper-
iments make it highly probable that similar turn structures
will exist in the full length antagonists. The high affinities
of the parent decapeptides, considered together with the
high propensity for induction of 8-turn conformations
about D-Phe-Oic, bD-Tic-Oic, and D-Hype(trans-propyl)-
Oic, as reported in this paper, strongly support the
hypothesis that high-affinity peptide bradykinin receptor
antagonists adopt C-terminal 8-turn conformations when
bound to receptor.

Our combined methodologies of NMR and computa-
tional chemistry led to the same overall results, making
this work an example of the synergy within these two
disciplines. The results presented in this paper lend
support to the hypothesis that contributing to the func-
tional difference between bradykinin receptor agonists and
antagonistsis the type of 8-turn adopted at the C-terminal
end of the ligands, since bradykinin has also been shown
to adopt a C-terminal B-turn in several different solvent
environments.2!,22

Experimental Section

H-Ser-D-Tic-Oic-Arg-OH. One gram of Boc-Arg-PAM resin
(0.6 mmol/g, 0.6 mmol), Boe-D-Tic, Boe-Oic, and Boc-Ser(O-Bz)
were loaded in the synthesizer according to the sequence starting
from the C-terminus. The resin waswashed twice with methylene
chloride (wash A) and three times with 1:1 dimethylformamide/
methylene chloride (wash B) at the beginning of the synthesis
and after each step. Each wash was for 40s. The removal of the
BOC protection was performed using a deblocking solution (15
mL), containing 45% trifluoroacetic acid, 50% methylene
chloride, and 5% anisole. Subsequently, the resin was washed
three times each with washes A and B, followed by three washes
with base (15 mL) containing 10% N,N’-diisopropylethylamine
in methylene chloride. This was followed by two washes with A
and three washes with B. The coupling step was performed using
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Figure 5. Stereoviews showing the best-fit superpositions of the C, Ca, and N atoms of residues 2 and 3 of tetrapeptide IA. The
top stereoview depicts the 30 DG/SA structures generated with only primary distance restraints, while the middle and lower images
depict the 30 DG/SA structures generated with the addition of NOE restraints. Atoms displayed in all stereoviews include Ca, C,
and O (1); C, Ca, N, O 2); C, Ca, N (3); Ca, N, HN (4); the bottom stereo pair also includes all heavy atoms of residues 2 and 3.

a 3-fold excess (1.8 mmol) of the protected amino acid, in
dimethylformamide, simultaneously mixed with an equivalent
quantity of activator solution containing 1,3-diisopropylcarbo-
diimide in methylene chloride. All amino acids were coupled
according to the sequence starting from the C-terminus, for 2h
and two times each. The peptide resin was dried, weighed, and
transferred to a Teflon tube containing a magnetic stirring bar
and was treated with anisole, 100 mL/g resin. Hydrogen fluoride
was condensed using a dry ice/acetone bath, from a tank attached
to hydrogen fluoride cleavage apparatus (Immunodynamics, La
Jolla, CA). After the condensation, the dry ice/acetone bath was
replaced with an ice water bath, and the reaction mixture was
stirred for 1 h. The hydrogen fluoride was then removed using
astream of nitrogen through a KOH trap. The peptide resin was
further dried using aspirator and high vacuum. Subsequently
it was washed with ether (3 X 20 mL/g resin) and extracted with
0.1% TFA (38 X 20 mL/g resin). The solution of the peptide was
frozen and lyophilized. The crude product was purified using
reverse-phase HPLC on a C;s Vydac column (22.5 X 250 cm,
300-A pore size). The solvent system was 0.1% TFA in water/
acetonitrile (0.1% TFA), and the gradient was 5-40% acetonitrile
over 30 min. Each fraction was analyzed by analytical reverse-
phase HPLC, and the clean fractions were combined and
lyophilized to give a homogeneous white powder. The purity of
the final product was confirmed by analytical HPLC, FABMS,
and amino acid analysis.

H-Ser-D-Phe-Oic-Arg-OH. Onegram of Boc-Arg-PAMresin
(0.6 mmol/g, 0.6 mmol), Boc-D-Phe, Boc-Oic, and Boc-Ser(0-Bz)
were loaded in the synthesizer according to the sequence starting
from the C-terminus. Theresin was washed twice withmethylene
chloride (wash A) and three times with 1:1 dimethylformamide/
methylene chloride (wash B) at the beginning of the synthesis
and after each step. Each wash was for 40s. The removal of the
BOC protection was performed using a deblocking solution (15
mL), containing 45% trifluorcacetic acid, 50% methylene
chloride, and 5% anisole. Subsequently, the resin was washed
three times each with washes A and B, followed by three washes
with base (15 mL) containing 10% N,N’-diisopropylethylamine
in methylene chloride. This was followed by two washes with A
and three washes with B. The coupling step was performed using
a 3-fold excess (1.8 mmol) of the protected amino acid, in
dimethylformamide, simultaneously mixed with an equivalent
quantity of activator solution containing 1,3-diisopropylcarbo-
diimide in methylene chloride. All amino acids were coupled
according to the sequence for 2 h and two times each starting
from the C-terminus. The peptide resin was dried, weighed, and
transferred to a Teflon tube, containing a magnetic stirring bar
and treated with anisole, 100 mL/g resin. Hydrogen fluoride
was condensed using a dry ice/acetone bath from a tank attached
to a hydrogen fluoride cleavage apparatus (Immunodynamics,
La Jolla, CA). Following the condensation, the dry ice/acetone
bath was replaced with an ice bath, and the reaction mixture was
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Figure 6. Stereoviews showing the best-fit superpositions of the C, Ca, and N atoms of residues 2 and 3 of tetrapeptide IIA. The
top stereoview depicts the 30 DG/SA structures generated with only primary distance restraints, while the middle and lower images
depict the 30 DG/SA structures generated with the addition of NOE restraints. Atoms displayed in all stereoviews include Ca, C,
and O (1); C,Ca, N, O 2); C, Ca, N (3); Cat, N, HN (4); the bottom stereo pair also includes all heavy atoms of residues 2 and 3.

stirred for 1 h. The hydrogen fluoride was then removed using
astream of nitrogen through a KOH trap. The peptide resin was
further dried using an aspirator and high vacuum. Subsequently
it was washed with ether (3 X 20 mL/g resin) and extracted with
0.1% TFA (8 X 20 mL/g resin). The solution of the peptide was
frozen and lyophilized. The crude product was purified using
reverse-phase HPLC on a C;3 Vydac column, (22.5 X 250 cm,
300-A pore size). The solvent system was 0.1% TFA in water/
acetonitrile (0.1% TFA),and the gradient was 5-40% acetonitrile
over 30 min. Each fraction was analyzed by analytical reverse-
phase HPLC, and the clean fractions were combined and
lyophilized to give a homogeneous white powder. The purity of
the final products were confirmed by analytical HPL.C, FABMS,
and amino acid analysis.
H-Ser-p-Hype(trans-propyl)-Oic-Arg-OH. One gram of
Boc-Arg-PAM resin (0.6 mmol/g, 0.6 mmol), Boc-D-Hype(trans-
propyl), Boc-Oic, and Boc-Ser(O-Bz) were loaded in the syn-
thesizer according to the sequence starting from the C-terminus.
The resin was washed twice with methylene chloride (wash A)
and three times with 1:1 dimethylformamide/methylene chloride
(wash B) at the beginning of the synthesis and after each step.
Each wash was for 40s. The removal of the BOC protection was
performed using a deblocking solution (15 mL), containing 45%
trifluoroacetic acid, 50% methylene chloride, and 5% anisole.
Subsequently, the resin was washed three times each with washes
A and B, followed by three washes with base (15 mL) containing
10% N,N’-diisopropylethylamine in methylene chloride. This

was followed by two washes with A and three washes with B. The
coupling step was performed using a 3-fold excess (1.8 mmol) of
the protected amino acid, in dimethylformamide, simultaneously
mixed with an equivalent quantity of activator solution containing
1,3-diisopropylcarbodiimide in methylene chloride. All amino
acids were coupled for 2 h and two times each according to the
sequence. The peptide resin was dried, weighed, and transferred
to a Teflon tube, containing a magnetic stirring bar and treated
with anisole, 100 mL/g resin. Hydrogen fluoride was condensed
using a dry ice/acetone bath, from a tank attached to hydrogen
fluoride cleavage apparatus (Immunodynamics, La Jolla, CA).
Following the condensation, the dryice/acetone bath wasreplaced
with an ice water bath, and the reaction mixture was stirred for
1h. The hydrogen fluoride was then removed using a stream of
nitrogen through a KOH trap. The peptide resin was further
dried using aspirator and high vacuum. Subsequently, it was
washed with ether (3 X 20 mL/g resin) and extracted with 0.1%
TFA (3 X 20 mL/gresin). Thesolution of the peptide was frozen
and lyophilized. The crude product was purified using reverse-
phase HPLC on a Cys Vydac column (22.5 X 250 cm, 300-A pore
size). The solvent system was 0.1% TFA in water/acetonitrile
(0.1% TFA), and the gradient was 5-40% acetonitrile over 30
min. Each fraction was analyzed by analytical reverse-phase
HPLC, and the clean fractions were combined and lyophilized
to give a homogeneous white fluffy powder. The purity of the
final products were confirmed by analytical HPLC, FABMS,
and amino acid analysis.
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Figure 7. Stereoviews showing the best-fit superpositions of the C, Ca, and N atoms of residues 2 and 3 of tetrapeptide IIIA. The
top stereoview depicts the 30 DG/SA structures generated with only primary distance restraints, while the middle and lower images
depict the 30 DG/SA structures generated with the addition of NOE restraints. Atoms displayed in all stereoviews include Ca, C,
and O (1); C, Ce, N, O (2); C, Ce, N (3); Cat, N, HN (4); the bottom stereo pair also includes all heavy atoms of residues 2 and 3, with

the exception of the terminal methyl of the trans propyl ether.

Table VII. Standard Deviation () for Specific Atoms in
DG/SA Structures®

primary restraints? NMR restraints¢
peptide O[1] O[2] HNI4] 0o[1] 0[2] HN[3]
IA 225 071 1.87 0.92 0.19 0.29

I1A 2.27 048 1.96 0.60 0.12 0.15 .
1A 2.3¢ 031 2.00 0.49 0.18 0.25

@ Standard deviations were calculated for each set of 30 DG/SA
structures following superposition of C, Ca, and N atoms of residues
2and 3. The lowest penalty structure was kept stationary. ® DG/SA
structures generated with only the primary sequence information
(e.g., bond lengths, angles, atomic radii). ¢ DG/SA structures gen-
erated will loose restraints obtained from NOESY data.

N-Boc-p-trans-4-n-propoxyproline. Toastirred suspension
of sodium hydride (2.04 g, 80%, 68.0 mmol) [washed with
anhydrous hexane (2 X 15mL)] in anhydrous dimethylformamide
(60 mL) was added a solution of N-Boe-D-trans-4-hydroxyproline
(6.05 g, 26.1 mmol) in anhydrous dimethylformamide (30 mL)
at room temperature under argon. After 30 min, the mixture
was treated with allyl bromide (5.66 mL, 65.4 mmol). After 21
h, the reaction mixture was diluted with water (50 mL) and the
mixture acidified with aqueous hydrochloric acid (5 N) to the
Congo Red indicator endpoint. The mixture was extracted with
diethyl ether (3 X 130 mL), and the combined extracts were
dried over sodium sulfate and concentrated to an oil which was

used directly in the next step without purification. To a stirred
solution of the crude product in methanol (30 mL) was added a
solution of aqueous sodium hydroxide (25 mL, 3 N, 75 mmol) at
room temperature. After 18 h, water (20 mL) was added followed
by aqueous hydrochloric acid (5 N) to adjust the pH of the solution
to 10, and then the solution was extracted with diethyl ether (2
X 25 mL). The combined organic layers were discarded. The
aqueous layer was further acidified to the Congo Red indicator
endpoint and extracted with ethyl acetate (3 X 100 mL). The
combined ethyl acetate extracts were dried over sodium sulfate
and concentrated to an oil. A suspension of the above product
and 5% palladium on activated carbon (0.37 g) in ethyl acetate
(80 mL) was shaked under 30 psi of hydrogen at room temper-
ature. After 17 h, the catalyst was removed and washed with
ethyl acetate. The combined filtrates were concentrated in an
oil. Flash chromatography (silica gel, 25% methanol in dichlo-
romethane) gave the desired product (4.36 g, overall yield 64.8%)
as an oil: IR (neat film, cm-!) 3550~2550 (broad), 2974, 2936,
2879, 1750, 1704, 1399, 1367, 1162, 1097, 1010, 907, 856, 771; 'H
NMR (300 MHz, CDCl;) ppm 0.91 (t, 3 H, J = 7.2 Hz), 1.43 and
1.48 (28,9 H), 1.57 (q, 2 H, J = 7.2 Hz), 2.24 (m, 2 H), 3.37 (m,
2H),4.05 (m,1H), 4.40 (m, 1 H),9.92 (5,1 H). Dicyclohexylamine
salt (recrystallized from heptane): mp 118-120 °C; [a]?35p =
+27.1 (¢ = 1.03, methanol). Anal. Calcd for C3sHN2O;5 (454.65
g/mol) C, 66.05; H, 10.20; N, 6.16. Found: C, 65.91; H, 10.23; N,
6.19.
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