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The solid-phase synthesis and characterization of a series of
peptides (3-9), containing reverse-turn mimetic bicyclic
lactams (1a, 1b), was reported in the preceding paper. The
bicyclic lactams (1a, 1b) possess high structural similarity to
the two central residues of a B-turn. The conformational
preferences of the constrained peptides have been
investigated by NMR spectroscopy and IR spectroscopy. Our
experimental results have been complemented by computer
modelling studies and show that the constrained peptides (3-
9) form an inverse y-turn or a type-IlI’ B-turn through
intramolecular hydrogen bonding, depending on the nature

of the reverse-turn mimic. In N-acetylated tetrapeptide
mimics incorporating the two different bicyclic lactams (a
series and b series), H® is available for either a y-turn (7-
membered ring with the carbonyl group of the bicyclic
lactam) or a B-turn (10-membered ring with the carbonyl
group of residue 2), as shown in Figures 7 and 9. The a series
incorporating the (5,7)-bicyclic lactam predominantly
induces the y-turn conformation, while the b series
incorporating the (5,6)-bicyclic lactam can promote either a
y-turn or a B-turn conformation, with the p-turn usually being
preferred and with varying degrees of -hairpin formation.

Introduction

Reverse-turns are common motifs in protein structures
and have often been postulated as recognition elements. A
turn is defined as a site where the polypeptide chain reverses
its overall direction. The terms y- and B-turn have more
restricted definitions and describe turns of three or four
consecutive residues, respectively. These turns may or may
not be stabilized by an intramolecular hydrogen bond. In
v-turns, the C=0 of the first residue (i) may be hydrogen-
bonded to the NH of the third residue (i + 2), giving rise
to a seven-membered ring. In B-turns, the C=0 of the first
residue (i) may be hydrogen-bonded to the NH of the fourth
residue (i + 3), forming a ten-membered ring (Figure 1).
The terms “open” B- or y-turns are used for situations
where no intraturn hydrogen bond is present. The further
classification into specific B-turn or y-turn classes is based
upon the geometry of the peptide backbone, as described
by the ¢ and v backbone torsion angles in residues i + 1
and i + 2 (B-turn) or in residue i + 1 (y-turn).tt

B-Hairpins are also widely occurring secondary structural
elements in proteins consisting of two adjacent strands of
antiparallel B-sheet and a connecting loop. Cross-strand hy-
drogen bonding usually stabilizes B-hairpin structures. The
shortest common loop involves two residues, in which case
the loop and the two adjacent residues constitute a -turn.
A tetrapeptide can adopt a “minimal B-hairpin” confor-
mation, defined by the presence of 10- and 14-membered
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Figure 1. Structures of the y-turn, B-turn, and minimal B-hairpin

ring N—H---O=C hydrogen bonds, as illustrated in Figure
1. However, simply enforcing a B-turn conformation across
a dipeptide loop is not sufficient to induce B-hairpin fold-
ing. The majority of B-turns in folded proteins adopt type-
I and type-11 conformations, but these “common” turns are
rare in two-residue B-hairpins. Turns that serve as two-resi-
due B-hairpin loops tend to be of types I’ and Il’, where
the prime indicates that the ¢ and v torsion angles of the

1434—193X/99/0202—0389 $ 17.50+.50/0 389



FULL PAPER

L. Belvisi, C. Gennari, A. Mielgo, D. Potenza, C. Scolastico

central residues are opposite to those in the corresponding
common turns.?¥ Sibanda and Thornton have rationalized
the correlation between these turns and B-hairpins by not-
ing that the natural twist of these rare turns (but not of the
common type-l and-11 turns) is compatible with the natural
twist between two strands of antiparallel B-sheet made up
from L-amino acids. 2!

De novo design of synthetic protein structures requires
the design and construction of stable mimics for the second-
ary structural elements. In this context, a number of in-
itiators for a-helix formation,® conformationally con-
strained analogues of the various turns,™ and B-sheet (or
B-hairpin) nucleators have been reported. ]

Reverse-turn mimics are generally cyclic or bicyclic com-
pounds, which, by virtue of their covalent geometry, force
a peptide chain to fold back upon itself.[4?l In the previous
paper, we described the solid-phase synthesis of peptides
3—9 (Figure 3) incorporating the bicyclic lactams la and
1b (Figure 2).I"1 These lactams can be viewed as X—Pro
dipeptide mimics and might be used as synthetic replace-
ments for the i + 1 and i + 2 elements of the four consecu-
tive residues of B-turn motifs. The conformational prefer-
ences of the constrained peptides 3—9 thus offer the oppor-
tunity of investigating in detail the secondary structures (y-
vs. B-turns), and in particular the propensity to adopt an
antiparallel B-sheet conformation (B-hairpin). We report
herein on a conformational analysis of these peptides in
chloroform solution, which has been carried out by a com-
bination of *H-NMR spectroscopy, IR spectroscopy, and
computer modelling. In these constrained peptides, intra-
molecular hydrogen bonding provides the principal driving
force for B-turn and B-hairpin formation. For this reason,
the conformational studies were carried out in a relatively
non-polar solvent (chloroform), which does not provide
strong hydrogen-bonding competition and mimics the
hydrophobic core of a protein.[®! The influences of the bi-
cyclic lactam, of the amino acid sequence, and of the type
of carboxy terminal group on the preferred folding pattern
are discussed.
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Figure 2. Reverse-turn mimetic bicyclic lactams 1a and 1b and N-
acetyl-N’-methylamide dipeptide mimics 2a and 2b
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Figure 3. N-Acetylated tetrapeptide mimics 3—9

For ease of discussion of the preferred conformations of
the peptide mimics (3—9), the residues were numbered
starting from the N-terminal position in the longer peptide
derivatives (8a, 9b) (Figure 4). In this way, the acetyl group
mimics the carbonyl group of the first residue (residue 1)
and the benzyl amide group mimics the amino group of the
last residue (residue 6). The bicyclic lactams mimic two am-
ino acids (residues 3 and 4). The number adopted for each
residue was also assigned to the respective amide NH pro-
ton, carbonyl group, Ca carbon atom and R substituent.
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Figure 4. Numbering system of the peptide mimics
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Molecular Modelling of the Reverse-Turn
Mimetic Core

Molecular modelling studies on the dipeptide mimics
were undertaken to investigate the ability of the designed
bicyclic scaffolds to adopt reverse-turn conformations.
Computational studies were performed on the N-acetyl-N'-
methylamide dipeptide analogues 2a and 2b (Figure 2).
Each structure was subjected to an extensive, unconstrained
Monte Carlo/Energy Minimization (MC/EM) confor-
mational search by molecular mechanics methods in chloro-
form as implicitly represented by a solvation model (see
Computational Methods, Experimental Section). The turn
propensity of the minimum energy conformations was as-
sessed by computing and analyzing different geometrical
parameters: the Ca;—Cau; ., 3 distance, the ¢ and y backbone
torsion angles in residues i + 1 and i + 2 (residues 3 and 4
for compounds 2a and 2b), the virtual torsion angle B, and
parameters indicative of hydrogen bonding (distance be-
tween the carbonyl oxygen and the amide hydrogen atom,
and directional requirements).

A B-turn has usually been defined as any tetrapeptide
sequence occurring in a non-helical region, in which the
Ca;—Cuo;5 distance is less than or equal to 7 A.lM This
criterion is often used to define the presence of a reverse-
turn.

The ¢ and y backbone torsion angles in residues i + 1
and i + 2 (B-turn) or in residue i + 1 (y-turn) represent the
basis for classification into specific B-turn and y-turn types.
Accordingly, assignment of a low-energy conformation to a
particular turn type was made, where possible, on the basis
of the ideal ¢ and y torsion angles (+ 30°) reported by Rose
et al.l4

The virtual torsion angle B (Ca;—Cd;;1—Cdj;2—Nj;3) is
another parameter that has been defined based on topo-
graphical analysis of B-turns. This angle provides a com-
plete description of the spatial relationship between the en-
try and exit peptide bonds, as well as the relative orien-
tations of the intervening side-chains, for any p-turn. This
description should facilitate the development and appli-
cation of novel conformationally constrained peptide mi-
metic compounds, for which a classification based on pep-
tide backbone geometry may be entirely irrelevant. The vir-
tual torsion angle B has been found to vary from approxi-
mately —100° through 0° to +100°, with a general
preference for small positive values, for a database of 146
B-turns extracted from the literature.®a The range 0 + 30°
is usually taken to indicate a tight reverse-turn.4d.90]

With regard to the intramolecular hydrogen-bond param-
eters, stringent criteria were set, assuming that a hydrogen
bond is formed only when the distance between acceptor
and donor is less than 2.5 A, the N—H---O bond angle is
larger than 120°, and the H---O=C angle is larger than 90°.
These values are taken to indicate significant interactions
between the donor and acceptor groups.

The principal types of backbone geometries calculated
for compounds 2a and 2b are given in Tables 1 and 2. A
summary of the reverse-turn mimetic properties exhibited
by the calculated structures of compounds 2a and 2b is
given in Table 3. The turn propensity was quantitatively as-
sessed by computing the percentage values of the previously
defined parameters. The numbering system described above
and depicted in Figures 2 and 4 was adopted for these di-
peptide mimics.

Table 1. Characteristics of low-energy conformers (MC/EM, AMBER*, CHCI; GB/SA) calculated for dipeptide mimic 2al®

Conf. AE b3 Vs oo Wy plo! Cu?2—Ca® NH®-O0:2 dist. NH®—-0?2 dist. NH3—-0* dist.
distance (7-membd. ring)  (10-membd. ring) (8-membd. ring)

inverse y-turn  — - - —70/—85 60/70 — - - - -

1 0.00 —166.3 1741 —86.3 63.0 -781 811 1.88 6.46 6.41

3 1.94 —166.5 1714 —446 1198 —419 8.12 3.17 7.90 5.00

4 2.57 —167.7 —179.4 —58.0 —249 816 7.67 2.88 6.15 5.71

[ The relative energies are in kcal/mol, the torsion angles in°, and the distances in A. — [l The virtual torsion angle is defined by C2,

Ca?, Ca?, and N°.

Table 2. Characteristics of low-energy conformers (MC/EM, AMBER*, CHCIl; GB/SA) calculated for dipeptide mimic 2b@

Conf. AE b3 W3 by A pel Co?—Ca® NH5-03 dist NH5—-02 dist NH3—-0* dist
distance (7-membd. ring)  (10-membd. ring) (8-membd. ring)

inverse y-turn — - - —70/—85 60/70 — - - - -

type-11" B-turn — 60 —-120 —-80 0 - - - - -

1 0.00 447 —1234 —648 —159 3.0 4.90 2.84 1.86 6.98

2 0.34 173.6 —995 —47.1 152.7 447 5.91 3.90 7.86 2.04

3 0.98 445 —130.2 —63.2 655 244 A75 1.78 3.10 6.69

4 1.91 1749 -161.3 —-624 689 —-55 6.79 1.80 6.24 5.72

@ The relative energies are in kcal/mol, the torsion angles in°, and the distances in A. — Bl The virtual torsion angle is defined by C2,

Ca3, Ca?, and N°.
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Table 3. Quantitative characterization of the reverse-turn-forming ability of the conformers (MC/EM, AMBER*, CHCI; GB/SA) calcu-

lated for 2a and 2b@

Compd. no. of conf. %dCa?—Ca®<7A % B <30° % B <60° % H-bond % H-bond % H-bond
< 6 kcal/mol NH5.-03 NH5.-02 NH3.--04
(7-membd. ring) (10-membd. ring)  (8-membd. ring)
2a 15 0 0 60 53 0 0
2b 37 84 60 95 32 19 22

@ 9 d (Co?—Cad) is the percentage of all conformers for which the distance between Co? and Ca® is < 7 A;% B is the percentage of
all conformers in which the yvirtual torsion angle $ (absolute value) is < 30° (or 60°);% H bond is the percentage of all conformers in
which H:--O distance < 2.5 A, N—H--O bond angle > 120°, and H:--O=C angle > 90°.

On the basis of their backbone torsion angles, none of
the conformations (within 6 kcal/mol of the lowest energy
conformer) found for compound 2a could be assigned to
standard B-turn types (Table 1). The lowest energy con-
former could be considered as featuring an inverse y-turn
centered at the Pro residue of the bicyclic lactam. In this
conformer, the value of the NH>—0? distance, as well as
the directional parameters (not shown), lend support for
the intramolecular hydrogen-bond characteristics of a y-
turn, which forms a seven-membered ring.

A similar analysis of compound 2b shows that the lowest
energy conformer (Table 2) accurately mimics a type-I1" B-
turn, the second lowest energy conformer does not mimic a
known turn type, the third minimum mimics an inverse vy-
turn/distorted type-11" B-turn, and the fourth features an
inverse y-turn. The distances between the amide hydrogen
and the carbonyl oxygen atoms, presented in Table 2, and
the directional parameters (not shown), indicate significant
interactions and appropriate hydrogen-bonds characteristic
of the turn types assigned as above.

It is worth noting that conformers fulfilling the geometric
requirements for the formation of seven- or ten-membered
rings possess ¢ and y backbone torsion angles within 30°
of the y- or B-turn ideal values (see, for example, the values
reported in Tables 1 and 2). The relationship also holds in
the opposite sense: Whenever torsion angles in calculated
structures deviate less than 30° from the ideal values, opti-
mal hydrogen-bond parameters are observed.

The results of the computational studies on the dipeptide
mimics reveal that the (5,6)-fused lactam of type 1b is a
better turn inducer than the (5,7)-bicyclic scaffold la. The
(5,6)-system should be able to induce either a type-11" -
turn or an inverse y-turn conformation, while the (5,7)-bi-
cyclic skeleton should be able to constrain the peptide se-
quence only in an inverse y-turn geometry.

In order to elucidate the consequences of incorporating
the bicyclic lactams into peptides, conformational analyses
on tetrapeptide analogues of these systems (compounds
3—9) were performed and their turn-inducing potential was
investigated. Analysis of intramolecular hydrogen-bonding
patterns in these peptide mimics was also undertaken to
gain insight into what extent the designed peptidomimetic
scaffolds fulfill the geometrical requirements set out for a 8-
sheet nucleator. Computational studies using Monte Carlo
conformational searches in an implicit chloroform solvation
model were used to complement the *H-NMR data and
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were helpful with regard to the interpretation of the exper-
imental results (vide infra).

Conformational Preferences of the Constrained
Peptides: An Overview

The *H-NMR chemical shifts of the amide protons, the
amide proton—deuterium exchange rates, the AS(NH) upon
addition of a solvent able to compete for the formation of
hydrogen bonds, the temperature dependence of the amide
proton chemical shifts [A6(NH)/AT], and IR spectroscopy
have been used to ascertain which amide protons are in-
volved in intramolecular hydrogen bonds. Since the H-
NMR and IR data of the amide hydrogen atoms are very
sensitive to temperature and concentration, the data re-
ported herein were all obtained from samples at 300 K and
at concentrations of 1—2 mm,1% at which aggregation is
not significant.

Insights into hydrogen bonding can be gained from the
chemical shifts of the amide NHSs: Signals of protons that
are hydrogen-bonded, either intramolecularly or to the sol-
vent, appear downfield of those that are not hydrogen-
bonded. In solvents that do not form strong hydrogen
bonds (e.g. CDCl,), significantly deshielded amide protons
often indicate that they are involved in hydrogen bond-
ing. (21

Amide protons that are involved in hydrogen bonding
within a secondary or tertiary structural element (a-helix,
B-sheet, reverse-turns) exchange much more slowly with the
solvent than those exposed to the bulk solvent. Amide pro-
ton—deuterium exchange rates permit the identification of
amide protons that are involved in intramolecular hydrogen
bonding. The A5(NH) upon addition of a solvent able to
compete for the formation of H bonds (MeOH, DMSO)
can also provide information regarding the possible partici-
pation of an amide proton in a stable intramolecular H
bond.

Equilibration between hydrogen-bonded and non-hydro-
gen-bonded states for a given amide proton is almost always
fast on the NMR timescale, and thus observed amide pro-
ton chemical shifts are weighted averages of the chemical
shifts of the contributing states. IR spectroscopy is, in prin-
ciple, more useful for detecting amide hydrogen-bonding
equilibria, as the much shorter timescale of IR measure-
ments permits the observation of distinct N—H stretching
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absorptions for equilibrating hydrogen-bonded and non-hy-
drogen-bonded states. 2!

The temperature dependence of the *H-NMR chemical
shifts of amide protons also reflects their hydrogen-bonding
state. In CDClj, different ways of interpreting these data
have been proposed. According to some authors, peptide
NH protons that are either non-hydrogen-bonded or locked
in a hydrogen-bonded conformation exhibit a small tem-
perature dependence [AS(NH)/AT], while protons that par-
ticipate in an equilibrium between a hydrogen-bonded and
a non-hydrogen-bonded state exhibit a large temperature
dependence. Temperature dependence is typically 0 to —3
ppb/K in the former case and —4 to —8 ppb/K in the lat-
ter.10.13.141 However, other authors consider that NH pro-
tons with a temperature coefficient [AS(NH)/AT] smaller in
absolute value than —2.6 ppb/K are intramolecularly hy-
drogen-bonded, irrespective of the chemical shift value or
of other parameters, while protons with a temperature coef-
ficient larger in absolute value than —2.6 ppb/K are non-
H-bonded. [*%]

In our opinion, a more correct overview of the hydrogen-
bonded state of an amide proton can be obtained consider-
ing all its 'TH-NMR parameters [chemical shift, temperature
coefficient, proton—deuterium exchange rates, and AS(NH)
upon addition of a competitive solvent]. Accordingly, three
different types of amide protons can be considered when
studying the conformational preferences of small peptides
in chloroform solution: (a) Strongly hydrogen-bonded am-
ide protons: protons with a low temperature coefficient
(—2.6 ppb/K or smaller in absolute value), a high chemical
shift value (usually 6 = 7.0) in comparison with corre-
sponding protons in reference compounds, and a small
AS(NH) upon addition of a competitive solvent (A5 = 0.2
ppm in absolute value); (b) non-hydrogen-bonded amide
protons: protons with a low temperature coefficient (—2.6
ppb/K or smaller in absolute value), a low chemical shift
value (usually 6 = 7.0) in comparison with corresponding
protons in reference compounds, and a high AS(NH) upon
addition of a competitive solvent (AS = 0.2 ppm in absolute
value); (c) amide protons in equilibrium between hydrogen-
bonded and non-hydrogen-bonded states: because of the
slow timescale of the NMR experiments (milliseconds to
seconds) relative to the timescale of peptide conformational
interconversions, the NMR data can reflect a confor-

mational equilibrium pattern. This would be the case for
protons with a large temperature dependence (larger than
—2.6 or —3 ppb/K in absolute value).

For the following discussion, the *H-NMR spectral res-
onances of the peptide mimics were assigned by a combi-
nation of decoupling and NOE studies. In particular, the
NH resonances were assigned to H>—H® on the basis of the
distinct coupling patterns of the a-protons (u-protons of
glycine, alanine, valine, and phenylalanine exhibit an ABX
pattern, quintuplet, triplet or doublet of doublets, and a
ddd system, respectively).

Conformational Preferences of the Constrained
Peptides: N-Acetylated Tetrapeptide Mimics (Methyl
Esters)

Initially, a series of compounds consisting of two amino
acid groups attached to the (5,7)- and (5,6)-bicyclic lactams
was studied (compounds 3a, 4a, 5a, 6a, 7a, 3b, and 7b, Fig-
ure 3). These tetrapeptide mimics contain glycine, alanine,
valine and phenylalanine residues in the top and bottom
halves.

Bicyclic lactams 10a and 12a, which have only one pep-
tidic NH, and dipeptide mimic 14 (Figure 5) were used as
reference compounds for the (5,7)-bicyclic lactam deriva-
tives (3a, 4a, 5a, 6a, and 7a). The *H-NMR parameters for
the amide protons of the N-acetylated tetrapeptide mimics
methyl esters 3a—7a, as well as of the reference compounds
10a and 12a, are collected in Table 4.

In CDCl; solution, the proton H? of dipeptide 14 exhi-
bits a chemical shift of 8 = 6.06 within the concentration-
independent limit. For compound 10a, the NH?2 signal ap-
pears at 6 = 6.18 (Table 4). These chemical shifts are
characteristic of peptide backbone protons that are not in-
volved in hydrogen bonding. In contrast, the chemical shift
of H® in the model compound 12a (5 = 7.62) indicates a
high degree of intramolecular hydrogen bonding [A3(NH)/
AT = —1.0]. This implies that compound 12a has a high
tendency to adopt a y-turn conformation (seven-membered
ring hydrogen bond) across the proline residue.

For the N-acetylated tetrapeptide mimics (methyl esters)
3a, 4a, 5a, 6a, and 7a, the *H-NMR resonances of amide
H® and H?® appear downfield (chemical shifts between § =

Table 4. *H-NMR parameters in CDCl; of amide hydrogen atoms of N-acetylated tetrapeptide mimics (methyl esters) 3a—7a and of

reference compounds 10a and 12al2°]

Compd. § H2 § H3 § HS AS(NH)/AT H? AS(NH)/AT H3 AS(NH)/AT H3
3a 5.90 7.20 7.20 - — -

4a 5.97 7.27 7.33 —4.6 [ ~3.6

5a 6.14 7.08 7.14 ~3.2 —2.7 -16

6a 6.13 7.17 7.32 ~3.2 -2.8 -25

7a 6.15 7.21 7.36 -5.3 -43 -2.8

10a - 6.18 - - - -

12a - - 7.62 - - ~1.0

[ For all compounds described, NMR experiments showed the NH proton chemical shifts to be independent of concentration at 300 K
at or below 2.0 mu, and therefore all experiments were conducted using 1.0—2.0 mm CDClj solutions. — 1 All the temperature coefficients
were determined with 1.0—2.0 mm CDClI; solutions between 240 and 300 K. — I Not determined due to overlap with other resonances.
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Figure 5. Reference compounds for NMR experiments

7.14 and & = 7.36 for H® and between § = 7.08 and § =
7.27 for H®) compared with the resonances of the corre-
sponding reference compounds [H® signal shifted downfield
by 1.08—1.30 ppm relative to that of the corresponding
N—H?2in 14 (§ = 6.06), and H® by 0.90—1.09 ppm relative
to that of the corresponding N—H?3 in 10a]. However, it is
worth noting that resonances of amide H® for the N-acetyl-
ated tetrapeptide mimics (methyl esters) appear slightly up-
field compared to the resonance of H® in reference com-
pound 12a. The AS(NH)/AT values fall between —2.7 and
—4.3 ppb/K for H® and between —1.6 and —3.6 ppb/K for
HS. All these data suggest that H® can be classified as an
intramolecularly hydrogen-bonded proton, while H?® is
probably involved in an equilibrium between a hydrogen-
bonded and a non-hydrogen-bonded state.

In contrast, H? exhibits a chemical shift between § = 5.90
and & = 6.15, and has a temperature coefficient [AS(NH)/
AT] between —3.2 and —5.3 ppb/K. These data suggest that
this proton is also involved in an equilibrium between a
hydrogen-bonded and a non-hydrogen-bonded state, with
the latter being favoured.

Figure 6 shows the temperature dependence of the chemi-
cal shifts of the amide protons in compounds 5a and 6a in
CDClj; (all samples 2.0 mm).

In determining the preferred intramolecular hydrogen-
bonding pattern of these derivatives, the behaviour of H? is
particularly revealing. In fact, this proton can participate in
a hydrogen bond (11-membered-ring hydrogen bond) only
if H® experiences a y-turn and not a B-turn.

In the infrared spectra of compounds 3a, 4a, and 5a, the
hydrogen-bonded NH stretching vibrations appear as broad
bands at 3379 and 3288 cm™!, while the non-hydrogen-
bonded NH stretching vibrations appear as a narrower

394

Figure 6. NH proton NMR chemical shifts for tetrapeptide methyl
esters 5a and 6a as a function of temperature; data were obtained
for 2.0 mm CDCl; solutions

Compounds 3a-7a

Figure 7. Preferred intramolecular hydrogen-bonding patterns pro-
posed for the N-acetylated tetrapeptide mimics (methyl esters) on
the basis of the spectroscopic data

band at 3420 cm 1. The former bands suggest the presence
of two different hydrogen-bonded NH's, one to an amide

Eur. J. Org. Chem. 1999, 389—400
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carbonyl group (3288 cm~1) and the other to an ester car-
bonyl group (3379 cm™1). Only protons H? and H2 can be
involved in a hydrogen bond to the ester carbonyl group
(C=09). As the 'H-NMR data suggest that H? is non-hy-
drogen-bonded, the IR data can only be explained by as-
suming an equilibrium involving an 11-membered ring hy-
drogen bond between H?® and the ester carbonyl group (C=
05). Consequently, with H® involved in this hydrogen bond,
H® cannot form a B-turn and is intramolecularly hydrogen-
bonded to the carbonyl group of the bicyclic lactam (C=
03), giving rise to a 7-membered ring hydrogen bond (y-
turn), as shown in the upper part of Figure 7.

The magnitude of the hydrogen-bonded NH band in the
IR spectrum also reflects the position of the conformational
equilibrium and provides independent corroboration of the
NMR data. Comparison of compounds 3a, 4a, 5a, 6a, and
7a is particularly interesting as it allows investigation of the
influence of the various amino acids on the propensity for
intramolecular hydrogen-bond formation. Generally speak-
ing, the NH parameters are only slightly sensitive to the
nature of the amino acids in the flanked chains and the
folding pattern seems to be dictated only by the bicyclic lac-
tam.

In order to study the tetrapeptide mimics incorporating
the (5,6)-bicyclic lactam (b series), compounds 3b and 7b
(N-acetylated, methyl esters) were investigated (Figure 3,
Table 5).

For this series, compounds 11b, 12b, and 13b were taken
as reference controls (Figure 5). In compound 11b, the NH3
signal appears at 6 = 6.15. This chemical shift is character-
istic of a peptide backbone proton that is not involved in
hydrogen bonding. In CDCl; solution, the model com-
pound 12b can adopt a y-turn conformation (seven-mem-
bered-ring hydrogen bond across the proline residue); in
fact the chemical shift of H® (§ = 7.18) and the AS(NH)/AT
value (0.0 ppb/K) indicate a high degree of intramolecular
hydrogen bonding, although the H® signal is shifted upfield
with respect to that of the (5,7)-analogue 12a (5 = 7.62).
In order to rationalize the tendency to adopt y- or B-turn
conformations in these derivatives, compound 13b was
studied. In 13b, the resonance of H® appears at § = 7.58
[AS(NH)/AT = —3.3 ppb/K] while that of H® appears at
§ = 6.23 with AS(NH)/AT = —1.6 ppb/K. The latter figures
are characteristic of a peptide backbone proton that is not
involved in hydrogen bonding, while the former data indi-

cate that H® can equilibrate between two hydrogen-bonded
conformations (y- and B-turn across the proline residue).

Compound 3b, with glycine and phenylalanine residues
in the the top and bottom halves of the tetrapeptide, respec-
tively, gave the following *H-NMR parameters for H%: § =
7.71 (shifted downfield by 0.53 ppm relative to the corre-
sponding H® in 12b) and AS(NH)/AT = —2.2 ppb/K. The
addition of [Dg]DMSO (500 equiv.) to a CDClI; solution
resulted in a slight downfield shift (Ad = 0.03 ppm). These
observations are consistent with the participation of this
proton in a stable intramolecular H bond. On the other
hand, the H? signal appears at § = 6.42 (compared with
& = 5.90—-6.15 for the a series), the AS(NH)/AT value is
—6.4 ppb/K, and the 3(NH) (addition of [Dg]DMSO to
CDCls) is 0.2 ppm. These data suggest that H? is probably
involved in an equilibrium between hydrogen-bonded and
non-hydrogen-bonded states.

The H® signal appears at 5 = 6.75 (compared with § =
6.15 for control 11b) and is shifted upfield by 0.33—0.52
ppm relative to that of the corresponding H? in the a series.
The AS(NH)/AT coefficient is —1.4 ppb/K and the d(NH)
(addition of [Dg]DMSO to CDCl,) is 0.3 ppm. These data
are consistent with a non-hydrogen-bonding situation.

Figure 8 shows the temperature dependence of the chemi-
cal shifts of the amide protons in compounds 3b and 7b in
CDCl; (all samples 2.0 mm).

The IR spectrum of a 2.0 mm sample of compound 3b in
CHClI; at room temperature shows two absorptions of simi-
lar intensity, at 3300 and 3361 cm 1. These two frequencies
suggest the presence of two different hydrogen-bonded
NH’s, one to an amide carbonyl group (3300 cm~?') and
the other to an ester carbonyl group (3361 cm~1). The non-
hydrogen-bonded NH stretching vibrations appear at 3421
cm™1

All the above data indicate that compound 3b undergoes
some PB-hairpin formation: H® forms a strong hydrogen
bond with either the C=0? of phenylalanine (10-membered
ring) or the C=0% of the bicyclic lactam (7-membered
ring), while H? is involved in a hydrogen-bonding equilib-
rium with C=0° of glycine (14-membered ring) (Figure 7).
The simultaneous interaction of H® with both C=02? and
C=0% is unlikely, as three-center H bonds are known to be
energetically less favourable than two-center H bonds. 139

The situation for 7b (R® = iPr, R? = Me) is different,
and shows that in the b series there is a distinct dependence

Table 5. *H-NMR parameters in CDCl; of amide hydrogen atoms of N-acetylated tetrapeptide mimics (methyl esters) 3b, 7b, and of

reference compounds 11b, 12b, 13bfb!

Compd. § H2 § H3 § HS AS(NH)/AT H? AS(NH)/AT H3 AS(NH)/AT H®
3b 6.42 6.75 7.71 —6.4 -14 —2.2

7b 7.11 7.11 7.18 ~1.1 ~6.8 -2.6

11b - 6.15 - - - -

12b - - 7.18 - - 0.0

13b - 6.23 7.58 - ~16 -3.3

[ For all compounds described, NMR experiments showed the NH proton chemical shifts to be independent of concentration at 300 K
at or below 2.0 mu, and therefore all experiments were conducted using 1.0—2.0 mm CDClj solutions. — P All the temperature coefficients
were determined with 1.0—2.0 mm CDClI; solutions between 240 and 300 K.
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Figure 8. NH proton NMR chemical shifts for tetrapeptides 3b and
7b as a function of temperature; data were obtained for 2.0 mm
CDClj; solutions

of the conformational preferences on the nature of the am-
ino acids in the flanked chains. The chemical shift values of
H?, H3, H® (shown in Table 5) are similar, but the tempera-
ture coefficients [AS(NH)/AT] reveal markedly lower tem-
perature dependences for protons H? and H5, which are
likely to be intramolecularly hydrogen-bonded. The remain-
ing proton H® shows a relatively large temperature depend-
ence (—6.8 ppb/K), suggesting that it is an amide proton in
equilibrium between hydrogen-bonded and non-hydrogen-
bonded states.

A possible interpretation of these data is that compound
7b undergoes considerable B-hairpin formation, forming in-
tramolecular hydrogen bonds with both H? and H® (10- and
14-membered ring or 7- and 14-membered ring hydrogen
bonds), while H2 is in equilibrium between a bonded (7-
membered ring hydrogen bond) and a non-bonded state, as
shown in the lower part of Figure 7.

In N-acetylated tetrapeptide mimics (methyl esters) in-
corporating a bicyclic lactam (a series and b series), H® is
available for either a y-turn (7-membered ring with the car-
bonyl group of the bicyclic lactam) or a B-turn (10-mem-
bered ring with the carbonyl group of residue 2), as shown
in Figure 7. All the above data indicate that the a series
incorporating the (5,7)-bicyclic lactam predominantly in-
duces the y-turn conformation, while the b series incorpor-
ating the (5,6)-bicyclic lactam can promote either a y-turn
or a B-turn conformation, with varying degrees of B-hairpin

formation (14-membered ring involving N—H? and C=0°).
CD;0D addition experiments showed a very fast H—D ex-
change for all the NH's of the tetrapeptide mimics of both
the a and b series, indicating that in these small peptide
mimics even intramolecularly hydrogen-bonded protons are
rapidly accessible to the solvent.

Conformational Preferences of the Constrained
Peptides: N-Acetylated Tetrapeptide Mimics (Benzyl
Amides)

The behaviour of N-acetylated tetrapeptide mimics
(benzyl amides) (a and b series) reflects the trends seen with
the corresponding methyl esters. In particular, we studied
tetrapeptide mimics 8a (R® = iPr, R? = Bn) and 9b (R® =
iPr, R2 = Me) (Figure 3, Table 6).

The 'H-NMR spectrum of 8a (CDClI; solution) exhibits
chemical shifts of & = 5.94 and § = 6.34 for H? and H®,
respectively, which are characteristic of peptide backbone
NH’s not involved in hydrogen bonding. A single signal at
5 = 7.28 can be assigned to both H® and H3. The latter
proton (H®) is shifted downfield compared to the corre-
sponding reference (Ad = 1.1 ppm relative to 10a), while
HS is shifted upfield (A5 = 0.34 ppm relative to 12a). For
all the N—H protons (H?, H3, H5 H®), the temperature
coefficients range from —5.0 to —5.2 ppb/K, typical of
equilibria between non-hydrogen-bonded and hydrogen-
bonded states. The above data suggest an equilibrium be-
tween a non-hydrogen-bonded conformation and a y-turn
conformation with intramolecular hydrogen bonds involv-
ing both H® and H2 (7- and 11-membered-ring hydrogen
bonds) (Figure 9).

Figure 10 shows the NH proton NMR chemical shifts of
compounds 8a and 9b as a function of temperature.

For benzyl amide 9b, the *H-NMR parameters are com-
pletely different (Table 6). This compound exhibits H® and
H? signals further downfield (§ = 7.51 and 7.19, respec-
tively) compared to those of the corresponding protons of
the (5,7)-bicyclic lactam derivative 8a (6 = 0.23 and 1.25)
and of the corresponding methyl ester 7b (6 = 0.33 and
0.08). The temperature coefficients of H> and H? in com-
pound 9b (—1.4 and —1.8 ppb/K, respectively) are charac-
teristic of protons involved in strong intramolecular hydro-
gen bonding. The signal due to H? is obscured by those of
the aromatic protons, while H® [§ = 6.87, AS(NH)/AT =
—1.6 ppb/K] is probably hydrogen-bonded to the carbonyl
group of the bicyclic lactam (C=083). The above NMR data

Table 6. *H-NMR chemical shifts (ppm) in CDCIl; of amide hydrogen atoms of N-acetylated tetrapeptide mimic 8a incorporating the
(5,7)-bicyclic lactam and of tetrapeptide mimic 9b incorporating the (5,6-Bn)-bicyclic lactam(®*]

Compd. SH2  8HE  SHS  SHS  AS(NHYAT HZ  AS(NHYAT H®  AS(NHYAT HS  AS(NH)/AT H®
8a 5.94 7.28 7.28 6.34 ~5.0 —5.2 ~5.2 ~5.0
9b 7.19 [c 751 6.87 ~1.8 [ ~14 ~16

[ For all compounds described, NMR experiments showed the NH proton chemical shifts to be independent of concentration at 300 K
at or below 2.0 mm, and therefore all experiments were conducted using 1.0—2.0 mm CDCl; solutions. — 1 All the temperature coefficients
were determined with 1.0—2.0 mm CDCl; solutions between 240 and 300K. — [ Not determined due to overlap with other resonances.
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Figure 9. Preferred intramolecular hydrogen-bonding patterns pro-
posed for the N-acetylated tetrapeptide mimics (benzyl amides) on
the basis of the spectroscopic data
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Figure 10. NH proton NMR chemical shifts of tetrapeptides 8a
and 9b as a function of temperature; data were obtained for 1.0
mwm CDClj; solutions

indicate that compound 9b undergoes considerable -hair-
pin formation (H® forms a 10-membered-ring hydrogen
bond with C=0? of alanine, H? a 14-membered-ring hydro-
gen bond with C=0°% of valine) with an additional B-turn
involving H® and C=0?2 of the bicyclic lactam (10-mem-
bered ring hydrogen bond) (Figure 9). This type of compact
folding is typical of longer sequences [N-acetylated hexa-
peptide mimics containing the (5,6)-bicyclic lactam, b
series], which are presently under investigation, and the
conformational properties of which will be reported in due
course.
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Computational Studies
N-Acetylated Tetrapeptide Mimics (Methyl Esters)

Computational studies designed to elucidate the confor-
mational preferences of the N-acetylated tetrapeptide mim-
ics (methyl esters) were performed on compounds 3a and
7b. A summary of the results from the Monte Carlo confor-
mational searches is given in Table 7.

Table 7. Analysis of intramolecular hydrogen-bond interactions in
the calculated structures (MC/EM, AMBER*, CHCI; GB /SA) for
the N-acetylated tetrapeptide mimics 3a and 7b@

3a 7b
no. of conformers < 3 kcal/mol 36 30
% B (C'—Ca2—Ca®—N* < 30° 3% 13%
% B (C>*-Ca*—Cu*—N°®) < 30° 11% 80%
% B (C3-Ca*—Ca®—OMe) < 30° 56% 23%
% H bond NH5:--03 (7-membd. ring) 75% 13%
(0.0)! (1.0
% H bond NH5::-O2 (10-membd. ring) 0% 53%
(> 3.0) (0.0)
% H bond NH3---O5 (11-membd. ring) 3+ 14€%  27%
(0.0) 1.5)
% H bond NH3::-:O1 (7-membd. ring) 3% 40%
(1.5) (0.0
% H bond NH2:--O5 (14-membd. ring) 8% 63%
(2.5) (0.0)

[@ 9 B is the percentage of all conformers in which the virtual
torsion angle B (absolute value) is < 30°;% H bond is, the percen-
tage of all conformers in which H---O distance < 2.5 A, N—H---O
bond angle > 120°, and H--O=C angle > 90°. — [® The number
in parentheses indicates the relative energy [kcal/mol] of the lowest
energy conformer exhibiting this H bond. — [l Percentage of con-
formers in which 2.5 A < H.--O distance < 4 A, N—H---O bond
angle > 120°, and H---O=C angle > 90°.

The data refer to the conformers within 3 kcal/mol of the
lowest energy conformation, but similar results are ob-
tained when all the conformers found by the Monte Carlo
search are considered (energy cut-off = 6 kcal/mol). Among
all the intramolecular hydrogen-bond interactions that
could be defined in N-acetylated tetrapeptide methyl esters,
only those meeting the stringent criteria set out previously
for an H bond (see the above Molecular Modelling Section)
are reported.

These data indicate that the H® proton is often intramol-
ecularly hydrogen-bonded and that it follows the same pat-
tern as observed in the dipeptide mimics. In the (5,7)-fused
derivative 3a, H® is involved in a 7-membered ring H-bond
with the lactam carbonyl oxygen atom within an inverse vy-
turn (75% of the conformers, including the lowest energy
conformer). In the (5,6)-fused compound 7b, H® can form
an H bond with either the lactam carbonyl oxygen atom (7-
membered ring, 13% of the conformers) in an inverse -
turn, or with the carbonyl oxygen atom of residue 2 (10-
membered ring, 53% of the conformers, including the low-
est energy conformer) within a type-11" 3-turn.

The percentage of conformers of the (5,6)-fused deriva-
tive 7b that satisfy the distance and directional requirements
to form a hydrogen bond between the H? proton and the
carbonyl oxygen atom of residue 5 (14-membered ring, 63%
of the conformers, including the lowest energy conformer)
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is significantly higher than the corresponding value calcu-
lated for the (5,7)-fused compound 3a (8% of the conform-
ers). This trend qualitatively agrees with the experimental
behaviour exhibited by the H? proton in the a- and b-series
tetrapeptide methyl esters.

Computational results suggest that the H® proton could
form H bonds with either the carbonyl oxygen atom of resi-
due 5 (11-membered ring) or with the carbonyl oxygen
atom of the acetyl group (7-membered ring) within an in-
verse y-turn. The corresponding percentage values in the b-
series derivative are higher than those calculated for the a-
series compound. Moreover, the interaction between H3
and O° in some conformers of 3a (14% of the conformers,
including the lowest energy conformation) is characterized
by directional parameters optimal for H-bond formation,
but with a donor—acceptor distance larger than 2.5 A. This
is the only exception to the general rule observed in the
computed structures, where N—H---O and H---O=C bond
angles larger than 120° and 90°, respectively, invariably im-
ply an H---O distance smaller than 2.5 A. The close connec-
tion between H-bond angles and distances is also valid in
the opposite sense.

The data reported in Table 7 give an insight into the indi-
vidual propensities of the various amide hydrogen atoms to
be intramolecularly hydrogen-bonded and show a qualitat-
ive agreement with the conclusions derived from the spec-
troscopic studies. An indication of the preferred intramo-
lecular hydrogen-bonding patterns and of their relative sta-
bilities is given in Table 8, as derived from molecular mech-
anics conformational minima.

Table 8. Preferred intramolecular hydrogen-bonding patterns in the
calculated conformers (MC/EM, AMBER*, CHCI; GB/SA) of the
N-acetylated tetrapeptide mimics

Compd. H-bond Relative
patterns energy
[kcal/mol]
3a (7 +11) (NH5:--03 + NH3:--05) 0.0
7 (NH5---03) 0.6
7b (10+14+7) (NH5-02+ NH2--05+ 0.0
NH3:--01)
(10 + 14) (NH5--02 + NH2---05) 0.5
(7+14+7) (NH5--03 + NH2--05 + 1.0
NH3.--01)
(11) (NH3.--05) 15
8a non-bonded 0.0
(10) (NH6:--03) 0.2
T7+7 (NH5---0O3 + NH6:--04) 11
(7+12) (NH5--03 + NH3.--05) 1.8
9 (10 + 14 + 10) (NH5--02 + NH2--05 + 0.0

NH6--03)

Two forms are predominant among the conformers of
the (5,7)-fused mimic 3a: The first pattern is characterized
by the presence of the 7- and 11-membered-ring hydrogen
bonds (NH5:--O3 and NH3:--O5), while the second features
only the 7-membered-ring H-bond within an inverse y-turn
centered at the Pro residue.

A more complex conformational behaviour is exhibited
by the (5,6)-fused mimic 7b: Four significant H-bond pat-
terns were identified among its conformers (Table 8). Three
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of them involve B-hairpin formation: H® forms either a 10-
membered-ring hydrogen bond with C=0? of alanine or a
7-membered-ring H bond with the lactam C=03, while H?
is involved in a 14-membered-ring hydrogen bond with C=
05 of valine. The B-hairpin structure can be combined with
the 7-membered-ring NH3:--O1 hydrogen bond within an
inverse y-turn centered at the alanine residue, giving rise to
(10 + 14 + 7) or (7 + 14 + 7)-membered-ring H-bond
patterns. A non-hydrogen-bonded state as well as an 11-
membered-ring hydrogen bond with C=05 of valine can
also be observed for H3, giving rise to (10 + 14) and 11-
membered-ring H-bond patterns, respectively.

The intramolecular hydrogen-bonding patterns suggested
by molecular mechanics conformers of N-acetylated tetra-
peptide mimics (methyl esters) nicely agree with those iden-
tified on the basis of the experimental data, lending support
to the conformational equilibria depicted in Figure 7.

N-Acetylated Tetrapeptide Mimics (Benzyl Amides)

A summary of the results from Monte Carlo confor-
mational searches of compounds 8a and 9b is given in
Table 9.

Table 9. Analysis of intramolecular hydrogen-bond interactions in
the calculated structures (MC/EM, AMBER*, CHCI; GB/SA) for
the N-acetylated tetrapeptide mimics 8a and 9b®@

8a 9b
no. of conformers < 3 kcal /mol 105 9
% B (C'—Cu2—Co®—N* < 30 deg 3 0
% B (C?—Cu®—Co*—N®) < 30 deg 0 100
% B (C3—Cu*—Co®—N®) < 30 deg 62 56
% H-bond NH5:--:O3 (7-membd. ring) 25% 0%
(1.1 (> 3.0)
% H-bond NH5:-:O2 (10-membd. ring) 0% 100%
> 3.09 0.0
% H-bond NH3--O5 (11-membd. ring) 1+ 4€% 0%
(1.8) (> 3.0)
% H-bond NH3:--O1 (7-membd. ring) 0% 0%
(> 3.0) (> 3.0)
% H-bond NH2::-:O5 (14-membd. ring) 1% 100%
(3.0) (0.0)
% H-bond NH6::-:04 (7-membd. ring) 14% 0%
1.1) (> 3.0)
% H-bond NH6:--O3 (10-membd. ring) 23% 100%
0.2) 0.0)

@ 9 B is the percentage of all conformers in which the virtual
torsion angle B (absolute value) is < 30°;% H bond is, the percen-
tage of all conformers in which H---O distance < 2.5 A, N—H---O
bond angle > 120° and H---O=C angle > 90°. — I The number in
parentheses indicates the relative energy [kcal/mol] of the lowest
energy conformer exhibiting this H bond. — [l Percentage of con-
formers in which 2.5 A < H---O distance < 4 A, N—H---O bond
angle > 120°, and H---O=C angle > 90°.

The number of conformers within 3 kcal/mol of the glo-
bal minimum and the H-bond occurrence percentages sug-
gest that the conformational behaviour of the a-series tetra-
peptide benzyl amide is significantly different from that of
the b-series derivative.

High conformational flexibility and an absence of
strongly preferred intramolecular hydrogen-bond interac-
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tions emerge for the (5,7)-fused compound 8a, in accord-
ance with the 'H-NMR temperature coefficients observed
for all the NH protons of this compound (Table 6). The
agreement between calculated and experimental (NH pro-
ton NMR chemical shifts) data of 8a is less good when the
protons mostly involved in equilibria between non-hydro-
gen-bonded and hydrogen-bonded states are considered.

Computational results suggest that the amide NH (H®)
can form either a 10-membered-ring H bond with the lac-
tam C=02 within a type-l B-turn (23% of the conformers)
or a 7-membered-ring H bond with C=0* of proline within
an inverse y-turn (14% of the conformers). The H® proton
is involved in a 7-membered-ring H bond with the lactam
carbonyl oxygen atom within an inverse y-turn (25% of the
conformers), in accordance with the observations made for
the a-series dipeptide and tetrapeptide (methyl esters) mim-
ics. The data reported in Table 9 show that the H? and H®
protons are only weakly hydrogen-bonded in the (5,7)-fused
compound 8a, in contrast with the experimentally observed
behaviour of H3,

The preferred intramolecular hydrogen-bonding patterns
observed in the molecular mechanics derived conformers of
8a are given in Table 8. A non-hydrogen-bonded confor-
mation, a B-turn conformation across the Pro—Val residues
with the 10-membered-ring NH6---O3 H bond, a (7 + 7)-
membered-ring H-bond pattern, corresponding to two con-
secutive inverse y-turns at proline and valine, and, to a
lesser extent, a (7 + 11)-membered-ring H-bond pattern,
appear to contribute to the conformational equilibrium of
the (5,7)-fused tetrapeptide mimic 8a.

The behaviour of the (5,6)-fused benzyl amide 9b is com-
pletely different (Tables 8 and 9). Very few conformers and
a strongly preferred intramolecular hydrogen-bonding pat-
tern were identified by molecular mechanics calculations. -
Hairpin formation with an additional B-turn is observed in
all the minima: The H5 proton forms a 10-membered-ring
H bond with C=0? of alanine within a type-Il" B-turn, 6]
H? forms a 14-membered-ring H bond with C=05 of val-
ine, while H® forms a 10-membered-ring H bond with C=
O3 of the bicyclic lactam within a type-1 B-turn. The re-
sulting folding pattern is identical to that proposed for 9b
on the basis of the spectroscopic data (Figure 9).

Conclusions

In N-acetylated tetrapeptide mimics (methyl esters) in-
corporating a bicyclic lactam (a series and b series), H® is
available for either a y-turn (7-membered ring with the car-
bonyl group of the bicyclic lactam) or a B-turn (10-mem-
bered ring with the carbonyl group of residue 2), as shown
in Figure 7. All the above data indicate that the a series
incorporating the (5,7)-bicyclic lactam predominantly in-
duces the y-turn conformation, while the b series incorpo-
rating the (5,6)-bicyclic lactam can promote either a y-turn
or a B-turn conformation, with varying degrees of B-hairpin
formation (14-membered ring involving N—H? and C=09).

The above trend is more pronounced in N-acetylated
tetrapeptide mimics (benzyl amides), which possess an ad-
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ditional NH (H®) (Figure 9). The (5,7)-bicyclic lactam in-
duces an equilibrium between a y-turn conformation, with
intramolecular hydrogen bonds involving both H® and H2,
and a non-hydrogen-bonded conformation. These struc-
tures (a series) resemble tweezer-like molecules, and may be
potentially useful as receptors for binding substrates
through hydrogen bonding. On the contrary, the (5,6)-bi-
cyclic lactam promotes considerable B-hairpin formation
(H5 forms a 10-membered-ring hydrogen bond with C=02,
H? a 14-membered-ring hydrogen bond with C=0°%) with
an additional B-turn involving H® and C=0?2 of the bicyclic
lactam (10-membered-ring hydrogen bond). This type of
compact folding is typical of longer sequences [N-acetylated
hexapeptide mimics containing the (5,6)-bicyclic lactam, b
series], which are presently under investigation, and the
conformational properties of which will be reported in due
course.

Experimental Section

NMR and IR Methods: NMR spectra were acquired in CDCI; with
a Bruker AC-300 spectrometer operating at 300 MHz for *H.
Chemical shifts are reported relative to the residual proton peak in
CDCl; (6 = 7.23). Solutions of the compounds at concentrations
of 0.5—20 mm were used for assessing aggregation, while 1—2 mm
solutions were employed for all conformational analyses. One-di-
mensional 'H-NMR spectra for determining temperature coef-
ficients were obtained at 240—300 K with increments of 10 K.
Sample temperatures were controlled with the variable-temperature
unit of the instrument. Complete proton resonance assignments
were made with the aid of COSY and NOESY experiments.
NOESY experiments were performed in phase-sensitive mode. FT-
IR spectra were recorded at room temperature with a Jasco FT-
400 spectrophotometer.

Computational Methods: Molecular mechanics calculations were
performed within the framework of MacroModel™”! version 5.5
using the MacroModel implementation of the Amber all-atom
force field*®! (denoted AMBERY) and the implicit chloroform GB/
SA solvation model of Still et al.' The AMBER* force field in
MacroModel 5.5 contains a new set of parameters for proline-con-
taining peptides, recently developed on the basis of high-level ab
initio calculations.”? The torsional space of each molecule was
randomly varied with the usage-directed Monte Carlo confor-
mational search of Chang—Guida—Still.?1 A ring-closure bond
was defined in the six- and seven-membered rings of the (5,6)- and
(5,7)-fused bicyclic systems, respectively. Amide bonds were in-
cluded among the rotatable bonds. — For each search, at least 2000
starting structures for each variable torsion angle were generated
and minimized until the gradient was less than 0.05 kJ/A-mol using
the truncated Newton—Raphson method?? implemented in
MacroModel. Duplicate conformations and those with an energy
in excess of 6 kcal/mol above the global minimum were discarded.
The nature of the stationary points individuated was tested by com-
puting the eigenvalues of the second-derivative matrix.
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