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Ac-(D)Phe-Pro-boroArg-OH is a potent, competitive inhibitor of thrombin (X; = 40 pM). 'H-
NMR studies have shown that the peptide portion, -(D)Phe-Pro-, has secondary structure in aqueous
solutions. This structure corresponds fairly closely to the structure of H-(D)Phe-Pro-ArgCH,Cl
complexed to thrombin in the protein crystal structure (Bode, W.; et al. EMBGO J. 1989, 193,
3467-3475.). These results indicate that, in addition to enthalpic interactions in the active site
of the enzyme, there are significant entropic advantages in binding this molecule not previously
recognized. We estimate thatthey contribute ~10-fold tobinding. The structure we have observed
can be explained by 7= interactions between the phenyl side chain of (D)Phe and the (D)Phe-Pro
peptide bond. Assignment of structure is based first on the 0.8-1.2 ppm difference between the
two Pro C? protons. The magnitude of these chemical shifts are consistent with aromatic ring
current-induced effects expected for distances in our structure. The structure was further defined
by interproton distances and correlation times calculated by backtransformation and correction
of the NOESY and ROESY datato the longitudinal and transverse crossrelaxationrates. Analysis
of the vicinal coupling constants show that Phe x; is not fixed. Correlation times for the peptide
side chains and backbone indicate that the phenyl ring and boroArg side chain possess various
degrees of internal motion, and that the rest of the peptide has a fairly rigid conformation.

Introduction

The specificities of proteases for peptides and inhibitors
have been the subject of many studies. Effects of changes
in amino acid residues of substrates and inhibitors on
binding in the P3 through Py’ sites have been determined?
and interpreted at the level of interactions with residues
comprising the active sites of the enzyme. Littleattention
has been given to the conformation of substrates and
inhibitors in solution. In general, it has been assumed
that there is no structure associated with small acyclic
peptides and peptide analogs. This is not the case for a
series of thrombin inhibitors with the -(D)Phe-Pro-
boroArg- sequence. In this paper, we characterize the
secondary structure associated with this sequence by a
modification of the NMR method originally proposed by
Davis.# In addition, we provide evidence that this sec-
ondary structure contributes to the effectiveness of the
inhibitor.

Many of the more effective inhibitors and substrates of
thrombin share the -(D)Phe-Pro-Arg- sequence.’ For
example, we have reported that peptide boronic acids with
the -(D)Phe-Pro-boroArg- are highly effective, reversible
inhibitors of thrombin.® These compounds are slow-
binding inhibitors which selectively inhibit thrombin with
Kisof40to <4pM. Morerecently, we have demonstrated
that Ac-(D)Phe-Pro-boroArg-OH is effective in the in vivo
inhibition of thrombin, inhibiting both venous and arterial
thrombosis® following administration by a number of
different routes.’

At the molecular level, substantial information is
available for the interaction of this inhibitor with thrombin.
The crystal structure of thrombin complexed with
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H-(D)Phe-Pro-ArgCH,Cl52b has been determined and as
expected (D)Phe and Pro occupy the P3 and P; binding
sites.? The arginyl side chain binds in the primary site
with the carbonyl moiety in a tetrahedral complex with
the active-site serine; the active-site histidine is alkylated
by the chloromethyl ketone portion of the molecule. We
would predict that peptide boronic acids with this sequence
would behave similarly, except the boronic acid would
form a reversible tetrahedral complex with the active site
serine. This is based on earlier NMR?® and X-ray crys-
tallographicl® studies with a-lytic protease and peptide
boronic acid elastase inhibitors. This mode of binding
has been confirmed recently for the binding to thrombin!L

Furthermore, the conformation of the -(D)Phe-Pro-
portion of H-(D)Phe-Pro-ArgCH,Cl complexed to throm-
bin is very similar to the solution structure of Ac-(D)Phe-
Pro-boroArg-OH we have determined. The entropic
advantage of receptors binding conformationally-restricted
molecules has been recognized for some time.!? Confor-
mational restriction by steric hindrance and cyclization
have increased the activity and selectivity of linear peptide
hormones and neurotransmitters toward receptors.1® The
similarity between free and bound forms of Ac-(D)Phe-
Pro-boroArg-OH has provided a unique opportunity to
compare the effect of inhibitor solution structure on
binding to an enzyme.

Results

Assignment of Proton Signals. Prior to quantitative
measurements of the NOEs between the protons of
interest, the ITH-NMR signals were assigned for I with 2D
COSY (Figure 1), TOCSY, NOESY, and heteronuclear
1H-13C correlation experiments (not shown here). Two
sets of signals were observed for Phe CH and Pro C*H,
corresponding to the cis and trans isomers of the (D)Phe-
Pro peptide bond. Extremely strong NOEs between one
of the Phe C*H signals and both Pro C*H(pro-S) and (pro-
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Table I. Pro C*H Chemical Shift Nonequivalence of I and Analogs of I°
Pro C*Hi chemical shift § (ppm) chemical shift
peptide solvent pro-R pro-S difference, Ad (ppm)
I, Ac-(D)Phe-Pro-boroArg-OH D0 2.68 3.68 1.00
II, Boc-(D)Phe-Pro-boroArg-OH D;0 2.95 3.65 0.70
CD;OD 2.90 3.65 0.75
III, H-(D)Phe-Pro-boroArg-OH D:0 2.77 3.53 0.76
IV, Ac-(D)Phe-Pro-borolrg-OH D:0 2.74 3.64 0.90
CD;OD 2.68 3.67 0.99
CDCly/CD30OD 1:1 2.52 3.64 1.12
CDCl;/CD3OD 3:1 2.47 3.65 1.18
Boc-(D)Phe-Pro-OH CD;OD 2.98 3.60 0.62
Ac-(D)Phe-Pro-OH CD;OD 2.86 3.66 0.80

s The chemicals shifts were measured from data acquired at 298 K on the GE QE-300, with a sweep width of 10 ppm, typically with a 3-8
relaxation delay and a 30° pulse width. The free induction decays were averaged for at least 32 scans and no more than 96 scans, then
transformed without apodization. The spectra were referenced to either tetramethylsilane in CDCl3 and CD30D or 3-(trimethylsilyl)propionic

acid-d4 sodium salt in D;0.

Scheme I

i, B—OH

R X
1 Ac  NH
11 Boc NH
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R) resonances distinguished between Pro C*H/Phe C=H
belonging to trans and cis isomers. The ratio of cis to
trans as calculated from the peak area ratios for Phe C*H
and Pro C¢H was 1:20.

The chemical shift difference between Pro C*H(pro-R)
and Pro C®H(pro-S) in I was about 1.0 ppm, depending
on the solvent (Table I). Similar shift differences were
observed for II, III, IV, and other (D)Phe-Pro-containing
tripeptides. When there was no C-terminus substitution
on the proline residue, the shift differences were sub-
stantially reduced, as found for the Boc- and Ac-protected
dipeptides.

Solvent and Temperature Perturbations, The mag-
netic nonequivalence of Pro C*H(pro-R) and Pro C*H(pro-
S) increased with greater solvent hydrophobicity. Higher
percentages of CD3OD in D;0 increased the separation
from 0.90 to 1.00 ppm; increasing hydrophobicity with
additions of CDCl3 to IV in CD3OD also continued the
trend.

Temperature perturbation of the frequency separation
was also studied. Pro C*®Hs showed coefficients of only
—-0.5and 1.6 ppb/K, respectively (Figure 2). This suggests
that no great conformational changes occur with lower
temperature. The temperature coefficients of the (D)Phe
and boroArg amide protons were, respectively, —8.5 and
-10.0ppb/K, indicating the absence of hydrogen bonding.4
Varying pH and addition of 6 M urea did not significantly
affect the chemical shifts of the analogs (data not shown).

Coupling Constants and Rotamer Analysis of the
(D)Phe Residue. Table II gives the dihedral angles
between vicinal protons obtained from their scalar coupling
constants.!® Peaks for Phe C*H, Phe CfFH(downfield), and
Phe CPH(upfield), in I, were well resolved at 4.78, 3.14,
and 2.90 ppm, respectively. The vicinal coupling constants
3J.s(downfield) and 3J,s(upfield) describing the two
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Figure 1. Two-dimensional COSY on Ac-(D)Phe-Pro-boroArg-
OH (I). I was analyzed as a 10 mM solution in D;0. The data
was acquired through a Bruker AMX600, with 96 scans for each
of the 1024 increments in the COSY experiment using the
pro&:edure of Aue et al.3 The spectra are shown in magnitude
mode.

dihedral angles Phe H-C>—Cf-H(downfield) and Phe
H-C>-Cf-H(upfield), respectively, were obtained from
spectral simulations of the peaks. These were correlated
with chemical shift changes to specifically assign Phe
HpB(pro-S) and Phe HB(pro-R), allowing Phe x; to be
deduced.

At lower temperatures, J.g(upfield) increased, in con-
junction with increasing Pro C’H anisotropy. The first
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Figure 2. Temperature perturbation of the chemical shift
difference between Pro C*H(pro-R) and Pro C*H(pro-S) in Ac-
(D)Phe-Pro-boroArg-OH (I). Measurements at 295 K and higher
temperatures were made in D;0 solutions of I (10 mM),
measurements were also made at and below 295 K in CD;0D
solutions of I (10 mM). The gradients of the lines were calculated
by linear regression to be —0.5 ppb/K for curve A [Pro C*H(pro-
8)1, 1.6 ppb/K for curve B [Pro C*H(pro-R), I in D;0], and 1.6
ppb/K for curve C [Pro C*H(pro-R),1in CD;OD]. Theacquisition
parameters were as given in Table 1.

effect suggests that Phe CfH(upfield) was increasingly
trans to Phe CeH. The aromatic ring adjacent to the Pro
ring accounts for the second observation and is best
accommodated when x; is 180° as in rotamer I (Figure 3),
whereby 3J.s(pro-R) would be larger than 3J,4(pro-S).
Therefore, we assigned the smaller vicinal coupling
constant to 3J,s(pro-S) and the larger to 3J,5(pro-R) (Table
ID).

For I, 3J .53 and 3J .43 gave x; values which are obviously
incompatible. This rules out the single conformation
model for the (D)Phe side chain. We estimated the rotamer
populations (Table II) for each of three values of Phe x;
corresponding tothree staggered rotamers about x; (Figure
3), bearing in mind that £0.3 Hz errors in coupling
constants may lead to as much as 8% errors in estimating
rotamer populations.16

Rotamer analysis of Phe 3J,5 and 3J,g; gives the
populations (Figure 3) of rotamer I (x; = 180°), rotamer
II (x; = 60°), and rotamer III (x; = —60°) as 75-80%,
20-25%, and 0%, respectively. The population P for
rotamer I ranged from 65 to 85% with decreasing
temperatures (353-293 K). Althoughthese numbers seem
plausible, Phe x; may be better described by two much
more closely related values, as suggested by solution
structure deduced from the NOE and ROE data (Figure
5 and later discussion).

Nuclear Overhauser Effects. Conformational folding
may be observed by dipole-dipole relaxation between
protons close together in space. Dipolar coupling is
detected by experiments such as 2D NOESY or ROESY.
The tripeptide Ac-(D)Phe-Pro-boroArg-OH has 18 sets of
equivalent spins from nonexchangeable protons in the
predominant trans isomer. The presence of the minor cis
isomer was irrelevant as no cis/trans exchange crosspeaks
were detected in either NOESY or ROESY experiments,
indicating extremely slow isomerization. No interactions
were observed for the acetyl protons. The 2D ROESY
and NOESY spectra of I were thus represented as two 18
X 18 matrices of peak volumes, mostly symmetrical
although the spectra were not symmetrized. Peak inten-
sities for (i,7) and (j,i) pairs were not averaged. Tabulated
values of Ay, Arr, Ry, A’rr, Rrr, and R | are given in the
supplementary material. NOESY and ROESY crosspeaks
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for key (D)Phe and Pro connectivities are shown in Figure
4.

Molecular Model. Interproton distances and corre-
lation times for proton pairs were calculated by back-
transformation and correction of the NOESY and ROESY
data to the longitudinal and transverse cross relaxation
rates using the procedure described in the Experimental
Section. These values are reported in Table IV. Ten
different structures obtained from molecular dynamics
simulations were minimized as described in the Experi-
mental Section and the best solution structure is given in
Figure 5. Forthisstructure,the difference in total energy
between minimizations with and without restraints was
0.08 kcal. The maximum distance violations were 0.25
and 0.22 A for pairs F and J, respectively, for the first
determination with restraints. For the second determi-
nation without restraints, these values were 0.35 and 0.36
A, respectively. These small differences may be due to
sampling different structural populations arising from
proline ring puckering during NMR measurements.

Binding Constants for the Inhibition of Thrombin.
The binding constants of a series of di- and tripeptide
boroArg analogs with Gly in the P; position were deter-
mined and compared with those previously obtained for
P»-Pro inhibitors (Table III). Only Ac-(D)Phe-Pro-boro-
Arg-OH and Boc-(D)Phe-Pro-boroArg-OH were slow-
binding inhibitors, and the reported K’s are the values
measured at steady state. It should be noted that kinetic
measurements were made on the pinanediol esters for the
two Boc-protected inhibitors. As we have reported
previously,? side-by-side comparisons of the free boronic
acid and the pinanediol ester indicate identical behavior.

Discussion

Binding of Ac-(D)Phe-Pro-boroArg-OH to Throm-
bin. Contrary to the expected, we have shown that the
-(D)Phe-Pro- portion of Ac-(D)Phe-Pro-boroArg-OH and
similar molecules have secondary structure in solution.
This structure is very similar to that of H-(D)Phe-Pro-
ArgCH,Cl bound in the active site of thrombin in the
protein X-ray structure® (Figure 5). Binding interactions
here have been explained mainly on the basis of enthalpic
energies of binding, AH. In contrast, the association of
structure with the inhibitor in solution and its compliance
with the bound structure strongly suggest that the entropic
term TAS is important in explaining the overall effec-
tiveness of these molecules in binding thrombin.

AGbinding = AH - TAS

Page and Jencks!? estimate that restricting rotation about
a single carbon-carbon bond of a ligand should increase
binding by 4.5 entropy units, decreasing K; approximately
10-fold.

We have attempted to quantity the conformational
contribution by comparing I and II with the corresponding
Py Gly inhibitors. Assuming that binding in the Py site
is independent of the nature of the residue in the P; site,
the contribution of Pro relative to Gly may be due to two
effects: favorable hydrophobicinteractions fromthe extra
three methylene groups of Pro and conformational ad-
vantages over the -(D)Phe-Gly- sequence. The hydro-
phobic interaction contribution was estimated from the
ratio of the Ki's for Ac-Gly-boroArg-OH and Ac-Pro-
boroArg-OH to be almost 10-fold. The P; Pro tripeptides
showed a 100-fold greater affinity than the Py Gly inhibitors
for a-thrombin. Thus, a factor of 10 in binding may be
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Table II. 3J,5 for Phe HB(pro-S) and H@(pro-R) for IVs

temperature peak splitting Ha-HB (Hz)  coupling constant %J,5 (Hz)  dihedral angle § (deg)  population (% )®
(K) solvent pro-S pro-R pro-S pro-R pro-S pro-R Pr Py P
353 H;0/D;0 4:1 7.2 8.4 7.1 8.5 -132 138 65 35 0
333 H;0/D;0 4:1 6.9 8.7 6.7 8.9 -130 140 70 30 0
293 H;0/D:0 4:1 6.5 9.3 6.2 9.6 -128 144 75 25 0
293 CD3;0D 6.8 9.5 6.6 9.7 -130 145 80 20 0
293 CDCl3/CD30OD 3:1 6.1 10.0 5.7 10.3 -125 150 85 15 0

s The data were acquired on a GE QE-300, with 0.1 Hz per data point resolution. The free induction decays were typically averaged over
32, 64, or 96 scans, and a 0.5-Hz resolution enhancement was applied before Fourier transformation. The coupling constants %/ sr0-5) and
3J us(pro-r) Were calculated from the peak splittings and chemical shifts by “LAOCOONS” spectral simulation (derived from Bothner-By and
Castellano4), ® The populations, for the rotamers I, II, and III in Figure 3, were calculated as given in eqs 2 and 3. The values were rounded
to the nearest 5%.

Ho carbon bonds between the carbonyl and aromatic ring of
(D)Phe alone. However, we have not ruled out the
possibility that there is structure associated with the
dipeptide analogs and with the -(D)Phe-Gly-boroArg-OH
peptides used for comparison or that there is interaction
between the P;and P3binding sites. Alternatively, peptide
inhibitor or substrate binding to serine proteases may be
less dependent on solution structure than are agonist/
receptor interactions. For thrombin, binding of the P,
arginyl residue is required for activity while that of the P,
and Pj residues, -(D)Phe-Pro-, is of less importance in
determining potency. Onemay envision binding occurring
in two steps, in which the P, residue is bound first, acting
as an anchor, and then the degrees of freedom for binding
at the P, and Pj; sites are reduced.

Structure of Ac-(D)Phe-Pro-boroArg-OH in Solu-
tion. The complete assignment of the 'H and 13C spectra
hasbeen made. The magnitude of the Pro C*H anisotropy
is 1 ppm instead of 0.03 ppm as expected for a “random
coil” sequence.!” The (D)Phe-Pro bond is predominantly
trans, with 5% of the cis conformation present.

Hf(pro-5) nyl

La

HB(pro-R)

Rotamer I

HB(pro-R)

5 e

Ac 0-Pro~ Ac-] '0-Pro~

Hp(pro-5) phenyl HB(pro-R)

phenyl HB{pro-5)

Rotamer I Rotamer Il

Figure 3. Newman projections of the three rotamers along Phe
Ce-C8,

attributable to conformation. We would have predicted
a larger effect of conformation on the binding of the
thrombin inhibitors. For example, if one predicts an
increase in affinity of 10-fold duetostabilization of a single
carbon—carbon bond, we would have predicted an increase
in binding in the range of 3 orders in magnitude arising
from the restricted conformation of the three carbon to

NOEs and ROEs were observed between (D)Phe and
Pro residues, and within the boroArg side chain. The
structural properties of the molecule were characterized
from these data. It should be noted that structure is not
usually associated with small acyclic peptides and that
there are pitfalls in all structural assignments based on
experimental NOE and ROE data. A solution structure
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Figure 4. Two-dimensional (a) NOESY and (b) ROESY spectra of Ac-(D)Phe-Pro-boroArg-OH (I). The crosspeaks for both NOESY
and ROESY were of opposite sign to the diagonal peaks. Only the negative peaks are shown. The NOESY and ROESY experiments
were performed on an AMX600 with a previously degassed 2 mM solution of I in 99.996% D0, at 298 K. The mixing time of 600
ms was optimized from initial trials (0-700 ms in 100-ms steps). In the ROESY experiment a 2.6 kHz spin-lock was offset by 3 kHz
downfield from the transmitter before the start of the mixing, then returned to the HOD peak before the free induction decay. The
HOD peak was not presaturated. 96 scans, separated by delays of 5 s, were acquired for each of 1024 ¢, increments. Data were collected
in absorption mode using States-Haberkorn-TPPI, and was zero-filled in the ¢, time domain to give a 2K X 2K matrix. Each domain
was multiplied by a squared cosine bell before transformation.
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Figure 5. Comparison of the solution structure of Ac-(D)Phe-Pro-boroArg-OH with the conformation of H-(D)Phe-Pro-ArgCH;Cl
bound to thombin. The solution structure of I, developed by applying distance restrains in Table IV and energy minimization, is shown
on the left. The structure of H-(D)Phe-Pro-Arg-CH;Cl bound in the active site of thrombin is on the right. For alignment of the two
structures, the phenyl rings were superimposed. Carbons and bonds are shown in green. Hydrogens, nitrogens, oxygens, and boron
are white, blue, red, and pink, respectively. For the H-(D)Phe-Pro-ArgCH,Cl:thrombin complex, portions of the enzyme are given in
purple and enzyme residues are numbered according to the chymotrypsin numbering system. Note that no conformation is assigned
to the arginyl side chain of the solution structure and the shown structure is only due to energy minimization. See Table IV footnotes

for measured interproton distances for both structures.

Table III. Final Inhibition Constants for Binding with
Thrombin®

contribution

inhibitor K; (pM) of Py Pro®
Ac-Gly-boroArg-OH 26000 £ 1000
Ac-Pro-boroArg-OH 3300 &+ 1400 7.9
Ac-(D)Phe-Gly-boroArg-OH 4300 + 1200

Ac-(D)Phe-Pro-boroArg-OH, I¢ 41 £ 3 105.0
Boc-(D)Phe-Gly-boroArg-OH¢ 400 £+ 10
Boc-(D)Phe-Pro-boroArg-OH, II¢¢ 4.0+ 0.6 100.0

@ The kinetic values were determined as described previously,? in
100 mM sodium phosphate buffer, pH 7.5, containing 200 mM NaCl
and 0.5% polyethylene glycol 6000. Reported values with standard
deviations are the average of at least two measurements. Human
a-thrombin (specific activity 2340 NIH units/mg) at alevel of 0.2nM
and the chromogenicsubstrate, H-(D)Phe-Pip-Arg-pNA (S2238), over
a range of 200-20 M, were used. ® The contribution of Pro in the
P; position was obtained by dividing the final inhibition constant for
the Py inhibitor by that for the corresponding P, Gly analog. ¢ Kinetic
constants for I and IT have been reported previously.® These are
slow-binding inhibitors and the reported K; values are those measured
at the steady state. The remaining inhibitors are non-slow-binding.
¢ Kinetic measurements for the Boc-protected inhibitors were made
onthe pinanediol esters, which have previously been shown to behave
identically to the free boronic acids?®.

may be dismissed as that of an average or virtual
conformation. Also, it is possible that only one structure
among many in solution gives rise to observed NOEs. Even

if there were only one solution structure, spin diffusion
and internal motion may lead to a false interpretation of
NOE measurements. The same is true for ROEs, in
addition to the fact that the necessarily imperfect ROESY
spin-lock distorts the ROE for each proton pair differently.
To overcome these limitations, we experimentally deter-
mined both the structure and dynamics of I from the cross
relaxation rates, without prior assumptions, and corrected
these data for spin diffusion, the spin-lock field, and
internal motion. The result is our model shown in Figure
5.

The (D)Phe-Pro bond is in the trans conformation, Phe
Y is 80-100°, and Phe x; is 180°. The closest contacts
between the two rings are from Phe C°H to Pro C2H, and
to Pro C°H(pro-R). There does not appear to be secondary
structure associated with the Ac or Boc N-terminal groups,
or the boroarginyl side chain (The structure of these groups
as shown in Figure 5 is derived from energy minimizations).
This model is supported by three main pieces of evidence:
(1) the chemical shift differences between Pro C°Hs, (2)
interproton distances (Table IV), and (3) correlation times
for the proton—proton vectors.

First, the large difference in chemical shifts for the Pro
C%Hs is consistent with ring stacking in our model. Pro
C®H(pro-R) is near the 1 ppm diamagetic isoshielding line
associated with the phenyl ring and Pro C*H(pro-S) is in
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Table IV. Correlation Times and Interproton Distances for I
correlation 1H-1H

boroArg C*H-boroArg CFH2 0.26,0.26 2.2
boroArg C=H-boroArg CFHS ¢ 0.21 2.5,2.6

¢ The correlation times, 7, were calculated from eq 8. Pairs of
values were obtained when both (i,/) and (j,i) crosspeaks for the
NOESY and ROESY were symmetrical, otherwise only one was used.
b The range of interproton distances for each vector was calculated
from eqs 6 and 7 using 7. for that proton pair. ¢ This geminal pair
has not been stereospecifically assigned. ¢ The resulting data pair
was not symmetrical for this vector, so the most reasonable value was
used. The value of 7. for the proton pair “F” is anomalous and maybe
artifactual. ¢ Column 1 gives the letter designations for each proton
pair. Our model of the structure of I was obtained by energy
minimization using the distance constrains in column 4 (Figure 5A).
For comparison, the structure of H-(D)Phe-Pro-ArgCHCl bound in
the active site of thrombin® was shown (Figure 5B). For documen-
tation, the letter designation for individual proton pairs is given with
distances in angstroms in parentheses. The first distance is for the
energy-minimized structure and the second (initalics) is for the crystal
structure: A (2.5, 2.5), B (2.6, 2.6), C (2.5, 2.3), D (2.9, 2.8), E (1.8,
1.8),F (3.8,4.2),G (2.3,2.1),H (2.5,2.2),1 4.3, 3.7),J (8.5, 4.]), K
(1.8,1.8), L (2.3, 2.2), M (2.4, 2.3), N (2.8, 3.0).

proton pair time (ns)* distances (A)®
A¢ Phe C*H-Phe CH 0.08 2.34
B Phe CfH(pro-S)-Phe C*H 0.14,0.18 2.5,2.7
C Phe CFH(pro-R)-Phe C°'H 0.14,0.18 2.5, 2.6
D Phe C*H-Phe C*H 0.17,0.17 2.94
E Phe CFH(pro-S)-Phe C#H(pro-R) 0.16,0.21 1.9,2.0
F Phe C®)H-Pro C<H 0.03 3.34
G Phe CeH-Pro C*H(pro-S) 0.18,0.23 2.2,2.3
H Phe C*H-Pro C*H(pro-R) 0.20,0.21 2.3, 2.4
I  Phe CFH(pro-S)-Pro C’H(pro-R) 0.19, 0.24 4.0,4.2
J  Phe C®H-Pro C*H(pro-R) 0.21, 0.22 3.0,3.1
K ProC*H(pro-S)-Pro C*H(pro-R)  0.22,0.22 1.8
L Pro C*H-Pro CFfH(pro-S) 0.21,0.25 2.4,2.7
M Pro C"H(pro-S)-Pro C®H(pro-S) 0.23 2.3¢
N Pro C*H(pro-R)-Pro C*H(pro-S)  0.24 2.94
0
P

the zero-shielding region.!® We deduce from the calcu-
lations of Bovey!® that Pro C*H(pro-R) is 3-5 A from the
center of the aromatic ring.

Interproton distances calculated from ROESY and
NOESY data (Table IV) define the structure of the
-(D)Phe-Pro- portion of I. The interproton distances of
the energy-minimized solution structure are consistent
with those measured to within 0.3 A (see Table IV,
footnotes).

Finally, solution dynamics are consistent with our model.
Values of the correlation times, 7., reflect the mobility of
proton pairs. Consistent values of 7., between rigid
structures such as the proline ring protons and the proton
pairs arising from secondary structure, dissuade many
criticisms of structural assignments based on experimental
NOE and ROE data as discussed earlier. Correlationtimes
for the proline ring proton pairs are 0.22-0.27 ns, similar
to those for the Phe C*H-Pro C’H pairs (0.23-0.24 ns).
Values of 0.18-0.22 ns were observed for the Phe C*H-
Pro C®H pairs. Greater mobility was observed for the Phe
ring protons. For the interaction of the Phe CfH and the
ring protons, values of 7. are 0.14-0.18 ns while for the
intraring protons, 0.08 ns was measured. We can envision
a 180° rotation of the phenyl ring in which the jump is
effectively instantaneous. This would allow the Phe C?H-
Pro C*H dipolar interactions to be preserved relative to
those between ring protons, explaining the much lower
values of 7, for the latter.

Structural Stability. Stacking of the tworing system
and the resulting structure probably arises from stabili-
zation by 7—r interactions between the edge of the phenyl
ring and the (D)Phe-Pro amide bond. This is due to the
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attraction of the positively charged core of the aromatic
ring to the delocalized = electrons of the amide bond as
described by Hunter and Sanders.22 Small temperature
coefficients, —0.5 and 1.6 ppb/K, for Pro C®H(pro-R) and
Pro C®H(pro-S), and small solvent effects on the chemical
shift indicate that the solution structure is highly stable.
The solvent perturbations for Pro C*H(pro-R) and Pro
C’H(pro-S) are comparable to those observed for the
pyridyl C; and C4 protons in the nucleotides NADH and
NAD, where intramolecular interactions between the
adenyl and pyridyl rings are due also to 7— interactions.2!

Concluding Remarks. Our observation that -(D)Phe-
Pro- peptides have secondary structure is surprising in
light of the work of Mierke et al.22 They found that even
after cyclization, the biologically active conformation of
somatostatin may be only one of a large ensemble of
conformations. However, Feinstein et al.Z? and Imperiali
and Shannon? have shown that secondary structure may
be adopted by acyclic peptides in aqueous solution, and
the latter group have also demonstrated correlations with
biological activity. Recently, Rich? reported that arga-
troban, a thrombin inhibitor consisting of an arginyl
residue, an aromatic ring, and a piperidyl ring, has a
secondary structure in aqueous solution that resembles
its conformation bound to thrombin. He also compares
this result with similar properties observed for cyclosporin.
In both cases, the solution structure is attributed to
hydrophobic interactions defined as “hydrophobic col-
lapse”. Thesestudies and our observation for the -(D)Phe-
Pro- peptides suggest that solution structures for small
peptide analogs are fairly common and that they may arise
from several different types of interaction. Clearly this
phenomenon is an important consideration in the design
of small molecules to bind to biological receptors.

Experimental Section

The temperature throughout all the experiments was controlled
at 298 K, except where otherwise noted.

NMR Spectroscopy. The samples I-IV (see Scheme I and
TableI), weredissolved in 99.996 % deuterium oxide (D;0) (MSD
Isotopes) to various concentrations (1-80 mM) at various pH
values (1-6). Solutions in methanol-d; (CD;OD), deuteriochlo-
roform (CDCly), and DMSO-d; were similarly prepared. For the
NOE experiments, the solutions were freshly degassed by the
freeze-thaw-pump procedure. Exchangeable protons were ob-
served in samples dissolved in 80/20 H;0/D;0 solutions at pH
6. 'TH-NMR spectra were initially recorded on General Electric
QE-300 and Varian VXR-500 spectrometers, and further ex-
periments were performed on a Bruker AMX600.

Coupling Constant Analysis. Peak splittings were measured
at 293, 333, and 353 K. The dihedral angles were calculated
using the equation of Karplus!®

3J=Acos?6+Bcosb+C 4))

where § = ® — 60° for 3Jyna, 8 = x1 - 120° for HB;, and 6 = x;
for HB3, as defined by IUPAC-IUB.2% The values of A, B, and
C were 6.4, 1.4, and 1.9 for 3Jyn,,2" and 9.5, -1.6, and 1.8 for
3 5,28

The coupling constants were analyzed in terms of three
staggered conformations about the Ca—Cg bond, using 4.1, 12.0,
2.1,11.7,2.9, and 4.7 Hz!® as the reference values for J;(Ha-Hg?),
Ji(Ha-HB?), Jy(Ha-HB?), Ji(Ha-HB?), Jy(Ha-HB?), and Jp(Ho-
Hp?), respectively, for the equations

8 2 = PJ(Ha-HB? + Py (Ho-Hp? + P (Ha-HBY) (2)

% g3 = PeJy(Ha-HE%) + PrJ (Ho-HE®) + P (Ha-HBY  (3)

where P, Pn, and P are populations of the rotamers I, I1, and
III in Figure 3.
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Correlation Time and Interproton Distance Calculations.
The optimum mixing time of 600 ms for the 2D NOESY? and
ROESY% experiments was determined by measuring the inten-
sities of rotating frame NOEs Agr and longitudinal NOEs A, in
1D NOESY and ROESY experiments at 600 MHz. NOESY and
ROESY data were acquired with identical recycling and mixzing
times (5 and 0.6 s, respectively), temperature (298 K), and
concentration of I (2.5 mM). Peak intensities were obtained
from volume integration. The intensities of the ROESY peaks
were adjusted for the spin-lock field offset using the method of
Griesinger and Ernst?! to obtain the corrected absorption matrix
A’rr. The corrected NOESY and ROESY spectra were then
backtransformed to the corresponding relaxation matrices Rgp
and Ry according to the chemical exchange equation of Jeener
et al.?? adapted for cross relaxation by Macura and Ernst:32

A=¢eln @
where ¢, is the mixing time. This approach corrects for spin
diffusion effects where off-diagonal elements in R represent cross
relaxation rates, (¢);;, between pairs of nonequivalent spins.

The measured cross relaxation rates (ogp);; obtained from the
ROESY experiment were corrected to true transverse cross
relaxation rates (¢,);; by eq 5:4%

(0= V(0 + AV (0 + AN (oggp); - 878 @) 0, (B)

where A; and A; are the offsets of spins i and j from the carrier,
and w, is the spin-lock field. Columns of spin j in both rate
matrices, Ry and Ry, were multiplied by the number of protons
contributing to that spin to maintain the true matrix symmetry.

The interproton distance (r);; is related to the cross relaxation
rate (o);; as follows:

412
RT3
= —3 4y ®
(U-L) ! 10(7‘);,6(1 + (l)ozfcz ) )

D

(o =

74h21c/ 6
6 2z !
1009;#\1 + day’r,

where v is the 'H gyromagnetic ratio, k is Planck’s constant, w,
is the spectrometer frequency for 'H, and . is the correlation
time. Solving eq 6 and 7 simultaneously, 7. is expressed
independently of (r):

(1+2R)x*+ 22R;-Dx +5R,;-1) =0 ®

where Rij = (o))yj/ (¢ 1)ijand x = w2r%. The interproton distance
{r)i; was calculated using the resulting values of r..

Energy Minimization. The molecular dynamics and energy
minimizations were performed with the Discovery programs3®
within InsightIl (Biosym) on a Personal Iris workstation (Silicon
Graphics). Various starting structures for minimization were
obtained by sampling from the molecular dynamics simulations
carried out for 1 ps at 600 K, sampling every 100 fs with a step
size of 1fs. Conformations of I were minimized with the conjugate
gradient algorithm for 10 000 iterations and a scalar dielectric
constant of 80, employing distances calculated as above. These
distance restraints, given as the pairs B,C,D,F, G, H, 1, J, L,
M, and N in Table IV, were applied with equal and constant
pulling forces, with the upper and lower limits, as pull and push
distances, respectively. Where only one distance was calculated,
0.1 Awasadded or subtracted from the limits. After minimization
with restraints until the derivative was 0.001, the restraints were
removed and the minimization repeated.

Enzyme Assays. Peptide boronic acids were prepared and
evaluated as inhibitors of thrombin by the procedures we have
described previously.?
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