J. CHEM. SOC. PERKIN TRANS. 2 1994

Conformational Studies on Peptides as Enzyme Inhibitors: Chymotrypsin
Inhibitors Using Bowman-Birk Type as Models

Vincenzo Pavone,? Carla Isernia,? Michele Saviano,? Lucia Falcigno,?

Angelina Lombardi,? Livio Paolillo,? Carlo Pedone,? Solfrid Buoen,?

Hilde Merete Naess,”? Hege Revheim? and Jon Amund Eriksen?

# Centro Interdipartimentale di Ricerca su Peptidi Bioattivi, University of Naples ‘Federico II’,
via Mezzocannone 4, 80134 Napoli, Italy

b Norsk-Hydro a.s. Research Centre Porsgrunn, PO Box 2560, N-3901, Norway

1047

A complete structural characterization in solution, by NMR spectroscopy, and in vacuo. by
molecular dynamic simulations, of two synthetic peptide fragments from SBBI (Soybean Bowman-
Birk Inhibitor) is reported. Peptide 197, corresponding to the SBBI(41—49) chymotrypsin
recognition site, has free N- and C-terminal groups, while peptide 212, corresponding to the Leu 16-
SBBI(14-22) has uncharged and fully protected terminal ends. Peptide 212 shows significant anti-
chymotryptic activity while peptide 197 is inactive. Neither of the two peptides shows anti-tryptic
activity. The structural information obtained in the present paper suggests a quantitative structure—
activity relationship which may help both in understanding the mechanism of action of protease
inhibitors, and in providing new directions for the rational design of more specific and potent

inhibitors.

In recent years considerable attention has been devoted to the
understanding of the mechanism of action of serine-protease
inhibitors at a molecular level.!® In particular, information
about trypsin and chymotrypsin vegetable inhibitors has been
growing®'! and at the same time detailed structural inform-
ation from X-ray diffraction analysis and NMR spectroscopy
has become available.!2-27

Proteins belonging to the Bowman-Birk family of double
headed protease inhibitors (BBIs), found in plant seeds, and
particularly in legume seeds,® have also been studied in
detail.°>-11:28-34 BBIs are characterized as single chain proteins
with seven disulfide bridges with molecular weight of 8-9 kDa.
There are two inhibitor sites located in two separate loops at
opposite ends of the folded protein. Each loop, formed by one
disulfide bridge, usually includes nine amino acid residues.®~ !
X-Ray crystallography of the BBI-trypsin complex revealed
that only residues belonging to the nine membered loop are in
direct contact with the enzyme.?® In addition the cyclic nona-
peptides, corresponding to the active loops of BBI, have been
shown to be relatively strong enzyme inhibitors. 3537

Soybean BBI shows independent anti-tryptic and anti-
chymotryptic activity. With respect to the anti-tryptic activity
position 16 is the location of P,, using the notation of Schechter
and Berger.3® The specificity of many serine-protease inhibitors
can be manipulated by alteration of the amino acid in P,.3°#2
This has also been shown for synthetic peptides corresponding
to the anti-tryptic loop SBBI(14-22) Cys-Thr-Lys-Ser-Asn-Pro-
Pro-GIn-Cys. Replacement of Lys16 by Leu in SBBI(14-22)
results in an anti-chymotryptic peptide.*® Furthermore Leul6-
SBBI(14-22) has been found *° to be a chymotrypsin inhibitor
ten times stronger than the peptide corresponding to the anti-
chymotryptic loop SBBI(41-49) Cys-Ala-Leu-Ser-Tyr-Pro-
Ala-Gln-Cys. Furthermore, recent studies*® have shown that
the binding loops (14-22) and (41-49) of SBBI are active
peptide inhibitors especially when the N- and C-terminal ends
are devoid of charges as in the acetyl-amide form.

Several attempts have been made to optimize the inhibitor
activity of derived BBI synthetic cyclic peptides.3¢-374345 A
SAR (Structure—Activity Relationship) study, which in our
opinion could be helpful in understanding inhibitor—substrate
differences, has not been reported to our knowledge for any of

the quoted synthetic peptides. A recent report *3 on the BBI(D4)
loop 19-31 indicates that the inhibitory activity of BBIs is the
result of a conformationally rigid loop structure.

With the aim of a better understanding of the conformational
features necessary in the inhibitory process, we have undertaken
a systematic structural analysis on four cyclic nona-peptides,
derived from the anti-tryptic and the anti-chymotryptic loops of
SBBI.

NMR spectroscopy in solution coupled to MD (Molecular
Dynamic) simulations in vacuo were used in order to evaluate
conformational preferences.

This first report concerns the structural characterization in
solution of two cyclic nona-peptides as chymotrypsin inhibitors,
namely (peptide 197)

H—C'ys-Ala—Leu-Ser-Tyr-Pro-Ala-Gln-(‘iys—OH and

Acféys-Thr-Leu-Ser-Asn-Pro-Pro-Gln-éystH2 (peptide
212). A second report#® will discuss the structural analysis in
solution of the peptidic trypsin inhibitors

H—C'ys-Thr-Lys-Ser-Asn-Pro-Pro-Gln-éys—OH and
Ac—(ljys-Thr- Lys-Se r-Asn-Pro-Pro-Gln-(ljys—NH 2

Experimental

Peptide Synthesis.—The peptides were synthesized by using
the fmoc/tert-butyl (fmoc, fluoren-9-ylmethoxycarbonyl) pro-
tecting group strategy in continuous flow solid phase peptide
synthesis,*” performed by an automated Biolynx 4170 peptide
synthesizer upgraded to a Nova Syn Crystal peptide synthesizer
(Novabiochem UK). The fmoc-amino acid derivatives were
activated *® for coupling by tbtu [2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate]. Four equiva-
lents of activated amino acid derivatives were used in each
coupling step. Side chain protection during the synthesis was as
follows: Asn(trt), Cys(trt), Gln(trt), Lys(z-boc), Ser(Bu®), Thr-
(Bu') Tyr(Bu') (trt, triphenylmethyl; ¢-boc, tert-butoxycarbonyl;
Bu', tert-butyl). Novasyn PA 500 resin was used to prepare
peptides with a free C-terminal and peptides with C-terminal
amides were obtained by using Novasyn PR 500 resin. (All
amino acid derivatives, resins and tbtu were purchased from
Novabiochem). DMF (dimethylformamide; Fluka) was used as
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solvent and fmoc cleavages were performed by 209, piperidine
(Fluka) in DMF. N-Terminal acetylation of the peptides was
performed on the resin by treatment with five equivalents of
acetic acid anhydride (Fluka) and two equivalents of di-
isopropylethylamine (Fluka) dissolved in DMF. 5, Ethane-
dithiol (Fluka) in trifluoroacetic acid (Fluka) was used to
remove side chain protecting groups and to cleave the linear
peptides from the resin. The peptides were purified by semi-
preparative reverse phase (C-18) HPLC (high performance
liquid chromatography) using a Shimadzu LC8A chromato-
graph and cyclized*® by treatment in a mixture of DMSO
(dimethylsulfoxide; Fluka), acetic acid (Fluka) and H,O at pH
6. Completion of the reaction was monitored by analytical
reverse phase (C-18) HPLC (Shimadzu LC8A) and Ellman’s
test.° The cyclic peptides were purified by reverse phase (C-18)
HPLC and lyophilized. The purity of the peptides was
determined by analytical reverse phase (C-18) HPLC.

Inhibitor Activity.—The anti-chymotryptic and anti-tryptic
activity of the peptides were determined by using respectively N-
a-L-Tyr ethyl ester (256 nm) and N-«-L-Arg ethyl ester (253 nm)
as substrates in standard enzyme assays.>’

NMR Spectroscopy—'H NMR 1D and 2D experiments
were recorded on a VARIAN UNITY 400 spectrometer,
operating at 400 MHz and equipped with a SPARC Station
SUN 330, located at the Centro Interdipartimentale di
Ricerca su Peptidi Bioattivi, of the University Federico II of
Naples.

NMR samples were prepared by dissolving 3-4 mg of peptide
in 0.5-0.6 cm?® of [2H4]DMSO (Aldrich, isotopic purity 100%).
Chemical shifts were referred to internal TMS (tetramethyl-
silane). All experiments were performed at 298 K.

Phase sensitive DQFCOSY (Double Quantum Filtered
Correlated Spectroscopy),’> HOHAHA (Homonuclear Hart-
mann-Hahn Spectroscopy),’® NOESY (Two-Dimensional
Nuclear Overhauser Enhancement Spectroscopy),®* and
ROESY (Two-Dimensional Rotating Frame Overhauser
Enhancement Spectroscopy)®® techniques were used applying
the States—Haberkorn method. Typically 40-64 scans were
recorded with 512 x 2k data points (512 x 4k for the
DQFCOSY). NOESY spectra were collected with a mixing time
of 250 ms and the HOHAHA experiments were recorded with a
mixing of 70 ms. A continuous spin-lock was used for the
ROESY spectra (mixing time 120 ms); off-resonance effects have
been compensated using two 90° hard pulses, before and after
the spin-lock time.>® The FIDs were multiplied by suitable
weighting functions and zero-filled to 1k data points in F, prior
to Fourier transformation.

Cross-peak intensities in the NOESY spectra were measured
by volume integration using the VARIAN software.

Calculations—Energy minimization and RMD (Restrained
Molecular Dynamics) simulation were performed with a
Personal Iris 4D25 Turbo Silicon Graphics workstation, using
the DISCOVER program ver.2.8 developed by BIOSYM
TECHNOLOGIES with the Consistent Valence Force
field 57-° (CVFF). The equations of motion were solved using
the so-called Leapfrog integration algorithm,®° with a time step
of 0.5 fs.6!

Solvent molecules were not explicitly included in the
simulations, but the solvent screening was implicitly modelled,
by adjusting the dielectric constant behaviour ®? using the so-
called ‘distance dependent dielectric’ function. For each
simulation, carried out in vacuo, the computational conditions
were chosen to avoid boundary effects.®3

The distance restraint was given by a skewed biharmonic
potential added to the total energy of the system.®* The dihedral
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angle constraints were not used since the measured *Jyy_,cu
coupling constants were consistent with multiple ¢ values.

The initial structures were built using standard parameters
supplied by the INSIGHT software package.®® These structures
were subjected to a simulated annealing procedure using the
NOE (Nuclear Overhauser Enhancement) effects to bias the
trajectory into a reduced area. The structures best satisfying
distances and dihedral angles derived from NMR data, were
subjected to the RMD with the following protocols. Each
system was relaxed to eliminate hot spots, performing
approximately 100 steps of energy minimizations ®® using the
conjugate gradient method,%” before RMD were run on
resulting models. The energy-minimized structures were used as
the initial structures for the RMDs ir vacuo at 300 K.

In each simulation, the system was equilibrated for 30 ps, then
an additional 40 ps of simulation without rescaling was carried
out, since energy conservation was observed and the average
temperature remained essentially constant around the target
value of 300 K.

The average structures were then checked for consistency
with all observable NOEs. Coordinates and velocities for the
simulations were dumped to a disk every 10 steps during the last
20 ps of the simulations. The dumped data were used for the
analyses. The energy minimization procedure was applied
several times during the equilibrium phase of the RMD
simulations in order to search conformations closer to the

‘global minimum’.¢’

Results and Discussion

The purity of the synthetic peptides was >95% as ascertained
by HPLC. Neither anti-chymotryptic nor anti-tryptic activity
was detected for peptide 197. Peptide 212 shows significant anti-
chymotryptic activity. The calculated inhibition constant (k;)
for peptide 212 with respect to chymotrypsin was 25 x 107° mol
dm™.

The NMR spectra of peptide 197 cyclo-[H—(Cys-Ala-Leu-
Ser-Tyr-Pro-Ala-Gln-Cys)-OH] showed more resonances than
expected. NOESY and ROESY cross peaks appeared to be the
same and revealed the presence of two conformational families
in slow exchanging equilibrium (relative population 55:45,
conformer II: conformer I).

The identification of the spin systems belonging to the two
conformers was accomplished through homonuclear correlation
experiments. The spin systems were then sequentially assigned
from the NOE effects between resonances of adjacent residues.
Two regions of the 250 ms NOESY spectrum are shown in
Fig. 1.

Proton chemical shifts, temperature coefficients of amide
protons and *Jyy_,cy coupling constants for both conformers
are listed in Tables 1 and 2. Chemical shift values,®® indicative of
random structures, do not correspond to those observed (i.e.
Ala2 NH, Ser4 NH) for peptide 197. In addition considerable
differences are observed for Pro6 and for the adjacent residues,
in comparing chemical shifts of conformer I and II. The &
protons of Pro6 show an unusual highfield chemical shift in
conformer I. The ¢ values for the amidic protons of Tyr5 and of
Ala7 are shifted upfield by approximately 0.9 and 0.5 ppm.

In the ROESY spectrum, exchange signals belonging to the
two conformers (i.e. 4.23/3.76 ppm «-protons of Pro6 in the two
conformers), as well as ROESY cross-peaks due to spatial
interactions within each conformer, were clearly observable.

The NOE contacts between the «-proton of Tyr5 and 88'-
protons of the Pro6,%® as well as the NOE between «-Tyr5 and
«-Pro6, are diagnostic for the evaluation of the structural
diversity of the two conformational families. The most
abundant conformation (conformer II) is characterized by all
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Fig.1 Peptide 197 400 MHz 250 ms NOESY spectrum: (¢) NH-NH region; () NH-aliphatic region. Relevant correlations are labelled.

trans peptide bonds. The minor conformer (I) has instead a cis
peptide bond between Tyr5 and Pro6.

NOE effects of «C;H-N;,H type are all observed, while
weak N;H-N;, H inter-residue correlations are present in the
Ala2-TyrS region. A NOE contact between NHAla7-NHGIn8
is also revealed in conformer I.

Temperature coefficients of amide NHs (Table 2) are rather
different for each residue indicating a different solvent shield
and a possible involvement in hydrogen bond of the Ala2 NH in
conformer I and of the GIn8 NH in conformer II. A low value
for Cysl NH in peptide 197 can tentatively be attributed to the
protonation state and ion-pairing, while for peptide 212 to
hydrogen bonding.

Backbone coupling constants *Jyy_,cy for both conformers
(Table 2) are relatively high with the exception of Tyr5 in
conformer I.

The small differences in *J,cy_gens *Jocns *Jacngon coupling
constants (Cysl:*J,, = 6.5 Hz in both conformers, */,, = 8.0
Hz in conformer I and 6.5 Hz in conformer I1; Cys9:3J,, = 5.6
and *J,; = 7.5 Hz in conformer I, *J,; = 3J,;,, = 7.3 Hz in
conformer II), as well as the partial Cys Bf’ signal overlap in the
two conformers do not allow prochiral assignments of BCH,
protons for both Cys1 and Cys9. Therefore, it was not possible
to gain structural information on y' and y2 angles for these
residues. The ambiguity on +90° torsion angle around the
—S-S- bond could not be resolved. In agreement with the
previous observations it can be hypothesized that the *J,cy_pcys
*J.cupcn coupling constants, both for Cysl and Cys9,
correspond to a mean value between those expected for
staggered conformations and that the —-S—S— bridge is free to
move between two possible conformations.

In the case of peptide 212 cyclo-[Ac—(Cys-Thr-Leu-Ser-Asn-
Pro-Pro-GIn-Cys)-NH,] two or more conformers arising from
cis/trans isomerization around the proline residues are also
present in solution. The minor isomers that exhibit some

resolved resonances have been integrated and each amount to
approximately 5% of the major isomer (about 80%). No
exchange peaks were observed in the ROESY spectrum,
indicating a very slow exchange on the NMR time scale.

Sequential assignment of the main conformer was obtained
by TOCSY, NOESY, ROESY and DQFCOSY experiments
following the well-known protocol.®®

Table 3 presents the proton chemical shifts; «CH proton
resonances of Cysl, Pro6 and Cys9 residues exhibit unusual
downfield shift.®®

Backbone coupling constants are always in the range of 9-10
Hz (Table 3).

NOE contacts reveal a structure marked by a cis Asn5-Pro6
peptide bond (xCH Asn5-2CH Pro6) and by a trans Pro6-Pro7
bond («CH Pro6-38'CH Pro7).

All sequential NOE contacts «C;H-N;,,H are observed;
weaker contacts N;H-N; . ,H also appear between Cys1-GIn8,
Leu3-Ser4 and Ser4-AsnS5 residues. A strong contact is present
between the «CH protons of Cysl and Cys9.

The NH temperature coefficient (Table 3) of Ser4 is very low
and points to a structure where this NH is strongly solvent
shielded and presumably forms an internal hydrogen bond. The
GIn8 NH also shows a relatively low value (— 2.0 ppbK!) of the
temperature coefficient.

As far as the possible structural information on the cysteine
sidechains is concerned, we cannot unequivocally determine the
%' and x? angles, as already described for peptide 197. The 3J,,
and *J, ;. coupling constants are 10 Hz and 6.0 Hz for Cysl,
respectively, and 8.0 Hz for Cys9.

In addition, the NMR experiments were also performed in
water solution. A preliminary analysis indicates a very similar
magnetic behaviour. From a structural point of view it appears
that both cis and trans isomers are present for peptides 197 and
212.

Restrained Molecular Dynamics were performed in two
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Table1 Peptide 197 proton chemical shifts (ppm) for both conformers
ITand II

AA H I 1I
Cysl NH 8.35 8.33
«CH 4.11 4.07
BR'CH, 322311 322311
Ala2 NH 8.77 8.66
«CH 4.39 4.39
BCH, 1.29 1.29
Leu3 NH 7.65 8.02
«CH 4.31 4.17
BB'CH, 1.47 1.49
yCH 1.47 1.49
36'CH, 0.84 0.87
Ser4 NH 7.62 7.80
«CH 4.35 4.08
Bp'CH, 3.56 3.55
OH 93(9.19* 9.3(9.15)*
Tyr5 NH 8.27 7.36
«CH 4.50 4.65
BB'CH, 2.77 2.98;2.65
2,6H 6.98 7.00
3,5H 6.68 6.61
Pro6 «CH 3.7 423
BB'CH, 1.89;1.35  2.00
vy'CH, 1.55 1.88
86'CH, 3.25 3.57;3.43
Ala7 NH 8.40 7.93
«CH 4.16 4.14
BCH, 1.23 1.27
GIn8 NH 791 7.79
«CH 4.32 4.18
BB'CH, 1.84 1.82
vy'CH, 2.09; 1.71 2.11
80'NH, 7.15,6.76  7.29;6.82
Cys9 NH 8.46 7.96
«CH 4.50 4.51
BB'CH, 3.24;3.00  3.14;3.02

* Resonances not assigned to conformer I or II.

Table 2 Peptide 197 temperature coefficients AJ/AT (ppb K™) of
amidic protons and coupling constants 3Jyy .cu (H2) for conformers I
and I1

Conformer I Conformer I1
AA MAT  *Jgucn AAT g aen
Cysl -19 — -19 —
Ala2 0 78 —4.2 7.1
Leu3 +3.8 9.0 -35 6.6
Serd —6.6 9.0 — 7.7
Tyr5 -17.5 49 -2.8 8.3
Ala7 —-3.5 7.1 —4.2 6.4
GIn8 -5.0 8.7 -2.0 6.7
886'NH, —3.8;, 5.1 —4.8; —5.5
Cys9 —4.6 8.0 -2.7 8.3

stages. The first one generates conformations that are consistent
with the NOE measured distances. In this step two possible
peptide structures were built on the basis of £90°-S—-S—dihedral
angle. The analysis of the annealing stage shows that for peptide
197, in either cis or trans conformation of the Tyr5-Pro6 peptide
bond, both the -S—-S—dihedral angles are compatible with NMR
data. On the contrary, for peptide 212 the value of +90° is the
only one compatible with the experimental data.

In the second step five RMD simulations (one for each model)
in vacuo at 300 K were carried out: energy minimizations were
repeated using as a starting point intermediate coordinates of
each RMD simulation; many local minima were obtained with
almost comparable energy. Similarity of the structures mini-
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Fig. 2 Stereo view of the average models for peptide 197 (conformer
I). Top: model with —90° -S-S- bond; bottom: model with +90° -S-S—
bond. The intramolecular hydrogen bonds are indicated as dashed lines.
Residues are sequentially labelled.

Fig. 3 Stereo view of the average models for peptide 197 (conformer
II). Top: model with —-90° —-S-S- bond; bottom: model with +90° -S-S—
bond. The intramolecular hydrogen bonds are indicated as dashed lines.
Residues are sequentially labelled.

mized along the trajectory was evaluated by comparing the
RMS deviation of the C* atoms for each possible pair of
structures. The analysis of each set of these minimized structures
revealed the existence of only one conformational family for
each starting model.

In particular peptide 197 was subjected to four simulations.
The analysis of the dumped data showed average structures
compatible with the NMR data. Time averaged structures for
the two simulations of peptide 197 (conformer I) and for the two
simulations of peptide 197 (conformer IT) are reported in Figs. 2,
3 and in Table 4.

The analysis of the two average structure models, differing for
the —S—-S— torsion angle, shows that these models have two
different overall shapes. In fact, major differences are observed
in the Ala2-Ser4 peptide segment; these also may imply different
hydrogen bonds (Table 5).

As far as conformer II is concerned taking into account the
existence of a trans Tyr5-Pro6 peptide bond, the analysis of
RMD data shows that the two average models are quite similar,
with the noticeable difference only in the GIng8-Cys9 segment,
due to the different —S—S— dihedral angle. This similarity can be
extended to the spatial distribution of side chains. In addition,
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Table 3 Peptide 212 proton chemical shifts (ppm), temperature coefficients AS/AT (ppb K™') of amidic protons and 3Jyy_,cy (Hz) coupling

constants
AA NH «CH BCH yCH Others AS/AT 3JN}HCH
Cysl 8.43 5.28 2.90 1.93 Ac —-5.7 8.8
2.84
Thr2 8.43 4.16 4.16 1.19 — =57 8.8
Leu3 8.35 432 1.55 1.55 0.88 —6.9 8.1
0.78
Ser4 7.18 4.20 3.74 — -0.2 8.5
3.42
AsnS 8.24 493 2.74 217 7.36 YNH —6.6 9.6
6.79 y'NH —4.1 (yNH)
—4.8 (y'NH)
Pro6 5.02 2.26 3.38
Pro7 4.28 2.32 3.75
3.55
GIn8 7.60 4.56 1.86 2.02 7.08 SNH -2.2 9.6
1.73 6.77 3'NH —4.6 (ONH)
—5.7(6'NH)
Cys9 8.82 5.07 2.89 7.54 CONH —-7.6 9.7
7.33 CONH —3.5(CONH)
—5.5(CONH)

Tabled4 Dihedral angles in the peptide main chain for the average structures of peptide 197 [conformer I (a, b) and 11 (¢, d)] as obtained from the MD

simulations: (a, ¢) -S-S- dihedral value +90°, [b,d] -S-S- value —90°

L Cysl Ala2 Leu3 Ser4 Tyr5 Pro6 Ala7 GIn8 Cys9
(a) 9 — —80.0 —63.2 —100.1 —106.0 —-71.5 —103.9 —131.7 —89.8
v —53.0 122.7 —23.7 81.1 154.9 119.3 100.7 60.0 140.0
® —-177.3 170.6 174.2 —1659 -99 176.0 170.0 160.4 —
) 0 — —159.2 —88.6 —122.1 —1323 —78.2 —85.7 —131.7 66.2
7 —85.8 94.7 87.7 —107.4 118.2 163.5 87.0 85.6 174.0
® —179.3 173.6 176.2 156.9 4.6 176.7 —161.0 167.7 —
(o) @ — —127.4 —96.2 52.4 —138.5 —59.9 -97.0 —62.9 —80.1
7 —55.0 161.4 101.2 81.0 124.7 -29.1 67.4 —1714 —179.5
1) —164.1 —177.1 —-177.3 —158.4 —169.1 —170.2 —174.3 160.8 —
@) @ — —104.8 —107.3 64.7 —150.6 —49.3 —105.6 —105.2 —-90.3
v —45.0 143.4 97.2 76.2 131.9 —40.0 84.5 144.7 152.9
® 180.0 —173.0 —175.5 177.7 —170.6 177.4 —158.9 163.2 —

Fig. 4 Stereo view of the average model for peptide 212. The
intramolecular hydrogen bonds are indicated as dashed lines. Residues
are sequentially labelled.

the two conformations also appear to have similar hydrogen
bonds (Table S).

Furthermore the simulation carried out on a single model for
peptide 212 (containinga + 90° —S-S-bond and a cis Asn5-Pro6

peptide bond) gives an average structure (Fig. 4) whose
conformational parameters are reported in Table 6. The analysis
of the dumped data shows that this structure is consistent with
the NMR data. In particular the simulation gives an explanation
both of the high temperature coefficients, but for Ser4, and of
the J coupling constants. The Ser4 NH is in fact involved in a
hydrogen bond with a N - - - O=C distance of 3.0 A, as reported
in Table 6. It is interesting to compare this structure with the
cis conformer containing the same value of —S-S— dihedral
angle found for peptide 197. The two structures exhibit a
considerable similarity, with comparable values of the
dihedral angles.

In conclusion, the NMR studies in combination with
molecular dynamic simulations indicate that all the examined
peptides show conformational flexibility in DMSO solution.
Peptide 197 at 298 K exists as two conformers in relative
concentration 55:45. Peptide 212 has one predominant
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conformer, with minor fractions amounting to less than 20%,.
For these reasons a full conformer analysis has been carried out

Rl
s

Fig.5 Stereo view of the superimposition of BBI site (ITAB:114-122)
(filled line) with the average models (dotted line) (a) for peptide 212 and
(b) for peptide 197 (conformer I) with a +90° S-S bond

Table 5 Intramolecular hydrogen bond as obtained from the MD
simulations for peptide 197: (a) conformer I with +90° of the -S-S-
torsion angle, (b) conformer I with —90° of the —S—-S- torsion angle, (¢)
conformer II with +90° of the —-S—S— torsion angle, (d) conformer II
with —90° of the —S-S- torsion angle

Donor Acceptor Distance A
(a) NHAla2 COCys9 29
NHClysl COCys9 2.7
NHThr5 COLeu3 3.5
OySer4 COSer4 3.0
OeThr5 COCys9 3.1
(b) NHCysl COCys9 2.7
NHGIn8 COPro6 33
NHLeu3 COAla2 3.4
(c) NHClysl COCys9 2.7
NHeGIn8 COAla2 2.8
NHSer4 COAla2 3.5
OySer4 COLeu3 27
OySer4 COSer4 29
NHTyrS 0eGIn8 3.2
NHGIn8 COTyrS 3.2
(d) NHCysl COCys9 2.7
NHAla2 COCys9 29
OySer4 COLeu3 2.6
NHSer4 0¢GIn8 33
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only for peptide 197 while in the other case only the
predominant conformer has been characterized. This flexibility
can be attributed, for both compounds, to a cis—trans isomerism
around the Xaa-Pro peptide bond and tentatively to the
possible isomerism from +90° to —90° of the disulfide bridge.
The motion of these two parts of the molecules might be co-
operative.

It is interesting to note that peptides 197 and 212 show a
different degree of flexibility. Peptide 197 seems to be the most
flexible: two almost equally abundant conformational families
are observed in DMSO solution; the NOE effects are consistent
with four possible overall shapes of the molecules correspond-
ing to a combination of cis/trans peptide bond configuration
around the Tyr5-Pro6 and to +90° and —90° of the -S-S—
bond. Peptide 212 is structurally more rigid: a major
conformational component is observed in solution; the NOE
effects are consistent with only a cis Asn5-Pro6 cis con-
figuration and a + 90° —S—S— torsion angle.

These findings seem to correlate well with the observed
inhibitory activity of both molecules. The structural similarities
can be seen from Fig. 5 where the protein segment 1TAB: 114
122, obtained from the Protein Data Bank "®7! at Brookhaven
National Laboratory, is superimposed with peptide 212 and the
cis conformer of peptide 197 with —-S-S—bond +90°.

Therefore it is likely to hypothesize that in a serine-protease
inhibitor, as in the case of BBI, BPTI (Bovine Pancreatic
Trypsin Inhibitor), CI-2 (Chymotrypsin Inhibitor-2), Eglin-c
and OMTKY3 (Turkey Ovomucoid Third Domain), the small
recognition site, within the protein sequence, is frozen in the
appropriate conformation by the rest of the polypeptide chain.
When the peptidic region of the inhibitor, directly interacting
with the enzyme, is isolated from the rest of the molecule, as in
the case of synthetic peptide models, three major structural
changes occur: (i) two opposite terminal charges are introduced
in the molecule; (ii) the terminal residues may be free to move;
(iii) many long range interactions, present in the protein
structure are missing in the peptide models. These observations
may explain both the different conformational behaviour of the
synthetic peptide model, as in the case of the molecules presently
investigated, and the different inhibition activity. Finally, the
rigidity of the enzyme complementary site should prevent the
scissile peptide bond from reaching a position close enough to
the nucleofile Ser195 yO atom to start the hydrolytic reaction.
Further studies on different cyclic peptide inhibitors of other
serine-proteases are presently in progress.
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Table 6 Dihedral angles in the peptide main chain and intramolecular hydrogen bonds for the average structure of peptide 212 as obtained from the

MD simulations with —-S-S— dihedral value at +90°

Cysl Thr2 Leu3 Ser4 Asn5 Pro6 Pro7 GIn8 Cys9
0 —128.5 —1424 —81.5 —139.4 —145.3 —58.6 —824 —107.6 —104.2
v 114.4 100.0 106.9 —112.1 101.1 149.4 93.4 81.1 108.7
® 175.6 —169.6 164.0 173.5 —1.6 166.9 —167.7 174.7 —
Donor Acceptor  Distance A
NHCysl COCys9 3.1
NHThr2 COGiIn8 3.6
NHCys9 COPro7 3.7
NHSer4 COPro6 3.0

NHGIn8 COThr2 37
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