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Conformational analysis of N-acetylated hexapeptide mimics
incorporating a bicyclic lactam (1-4) was carried out by a
combination of 'H-NMR spectroscopy, IR spectroscopy, and
computer modeling. The nature of the bicyclic lactam deter-
mines the turn motifs and the folding patterns of these con-

strained peptides. The (5,6)-bicyclic lactam derivatives 1 and
2, characterized by a type-II’ B-turn (C=O3[IH°-N), are very
compact intramolecularly H-bonded structures. The (5,7)-bi-
cyclic lactam derivative 3, characterized by an inverse y-turn
(C=O*[IH®-N), is a quite flexible "tweezer-like" structure.

Introduction

Synthesis of artificial proteins requires the design and
construction of stable mimics for the secondary structural
elements. In this context, a number of initiators for a-helix
formation,!" conformationally constrained analogues of the
various turns,” and B-sheet (or B-hairpin) nucleators have
been reported.!

In this communication, we report the conformational
analysis of N-acetylated hexapeptide mimics incorporating
a bicyclic lactam (1-4, Figure 1), which was carried out
by a combination of "H-NMR spectroscopy, IR spectro-
scopy, and computer modeling.[®'1 We show that intramo-
lecular hydrogen bonding provides a principal driving force
for turn formation,[''l and that the nature of the bicyclic
lactam determines the turn motifs and the folding patterns
of these constrained peptides.

Results and Discussion

The amide protons of 1 and 2 display no concentration
dependence, which suggests that these hexapeptide mimics
do not aggregate in the concentration range examined.!
Moreover, the temperature coefficients show a linear rela-
tionship between chemical shift and temperature in 2.0 mm
chloroform solutions.®) The low temperature coeffi-
cientst?12.131 (ASNH/AT = —1.5/0.0 [ppb/K]) of the amide
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Figure 1. Numbering system for N-acetylated hexapeptide mimics
(1-4)

protons H® (§NH = 7.37) and H” (NH = 7.27) of com-
pound 1, the small chemical shift changes on addition of
methanol (ASNH = 0.09/0.02), and the relatively slow ex-
change rates with CD;OD (60/20 min) indicate that these
protons (Figure 2 Table 1) are locked in an intramolecularly
H-bonded state. Protons H? and H* {3NH = 7.54/7.28, in-
stant./10 min exchange rates with CD;OD, high temper-
ature coefficients (-8.0/-2.7 [ppb/K])} are in equilibrium be-
tween a non-H-bonded and a H-bonded state, while proton
H? (3NH = 6.08, ASNH/AT = -2.1 [ppb/K], on addition
of methanol: ASNH = 0.38, fast exchange rate with
CD;0D) is clearly in a non-H-bonded state.['*]

An analysis of intramolecular hydrogen bond para-
meters!'®! and backbone torsion angles!!® in molecular
mechanics conformational minima of N-acetylated hexa-
peptide mimics 1 and 2 indicates that the (5,6)-bicyclic lac-
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Figure 2. Preferred intramolecular hydrogen-bonding patterns proposed for the N-acetylated hexapeptide mimic 1 (left drawings; hydrogen
bonds are indicated with dotted lines); lowest energy molecular mechanics conformers featuring the proposed hydrogen-bonding patterns
(right drawings; for clarity all hydrogen atoms, except those attached to nitrogen, have been omitted)

Table 1. '"H-NMR parameters for amide protons of N-acetylated hexapeptide mimics 1-3

N-H Chem. shift 3J [Hz] ASNH/AT ASNH N-H/N-D exchange rate with CD;0DI4!
[ppm]&! NH-C,H [ppb/K]®! (CDCI3/CH;0H)

1 H? 6.08 8.0 2.1 0.38 instant.
H3 7.54 7.5 -8.0 0.12 instant.
H* 7.28 - -2.7 0.11 10 min
H¢ 7.37 9.0 -1.5 0.09 60 min
H; 7.27 5.0 0.0 0.02 20 min
H _ _ _ _ _

2 H? 6.38 6.5 4.8 0.82 1h
H3 7.73 7.0 -3.2 0.11 3h
H* 7.36 - -3.6 0.12 4 h
H¢ 7.20 5.5 -1.5 0.25 24 h
H’ 7.60 6.3 0.0 -0.30 18 h
H8 7.77 6.3 -1.2 -0.22 17h

3 H? 6.17 7.8 -6.0 0.67 instant.
H? 6.54 7.8 -5.0 0.96 instant.
H* 7.37 6.8 -5.5 0.21 instant.
H° 7.27 7.8 -4.0 0.19 18 min
H; 6.58 5.8 —4.0 0.67 instant.
H _ - _ _ _

[l For all compounds described, NMR experiments show that the N—H proton chemical shifts are independent of concentration at 300 K
at or below 2.0 mm, therefore all experiments were conducted using 1.0-2.0 mm CDCl; solutions. — ) The temperature coefficients were
determined with 1.0-2.0 mm CDCl; solutions between 240 and 300 K (where a linear dependence was observed for 1 and 2) and between
260 and 300 K (where a linear dependence was observed for 3). — [l Change in chemical shift on changing the solvent from CDClI; to
CDCl5/CH;0H (4:1). — [9 N-H/N-D exchange rate for 2.0 mm solutions in CDCl;/CD;0D (4:1).

tam effectively induces a B-turn conformation. In all the
conformers within 3 kcal/mol of the global minimum of
these peptide mimics, proton H® forms a 10-membered ring
H-bond with C=0? of alanine within a type II' B-turn.[!”]
In addition, the preferred intramolecular hydrogen-bonding
pattern of methyl ester 1 is characterized by the presence
of a second consecutive B-turn (10-membered ring H-bond
between H’ and the lactam C=0* within a type I B-turn).

696

Proton H? may be involved in a 14-membered ring H-bond
with C=0° while H* may form a seven-membered ring H-
bond with C=0?; the two possibilities are mutually exclus-
ive. All the above results suggest that compound 1 has the
folding pattern outlined in Figure 2. Long-range NOEs be-
tween CH® and the N-H proton H, and between Ala—CH;
and the N—H proton H® were observed (NOESY studies).
While the first interaction is diagnostic for the presence of
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the H-bond between H” and C=0%, the second one is com-
patible only with calculated structures of type 1a.

In compound 2 the benzyl amide mimics the incorpora-
tion of one additional amino acid. The low temperature co-
efficients (AONH/AT = —1.5/0.0 [ppb/K]) of the amide pro-
tons H®, H’, and H® (8NH = 7.20/7.77), the small or even
negative chemical-shift changes on addition of methanol
(ASNH = 0.25/-0.30), and the very slow exchange rates
with CD;OD (17/24 h) indicate that these protons
(Figure 3, Table 1) are locked in an intramolecularly H-
bonded state. Protons H? and H* {3NH = 7.73/7.36, 3/4 h
exchange rates with CD;OD, relatively high temperature co-
efficients (—3.2/-3.6 [ppb/K])} are in equilibrium between a
non-H-bonded and a H-bonded state, while proton H?
(ONH = 6.38, AONH/AT = 4.8 [ppb/K], AONH on addi-
tion of methanol = 0.82, 1 h exchange rate with CD;0D)
is clearly in a non-H-bonded state.['¥]

range NOE between CO-CHj; and the N-H proton H® was
observed (NOESY studies), which is compatible only with
calculated structures of type 2b.

For compound 3 [(5,7)-bicyclic lactam derivative] (Fig-
ure 4 , Table 1) the temperature coefficients were calculated
considering only the 300-260 K temperature range where
the temperature dependence of the chemical shifts proved
to be linear; at lower temperatures significant intermolecu-
lar aggregation occurs. Protons H® and H* [SNH = 7.27/
7.37, 18 min/instant. exchange rates with CD;OD, high
temperature coefficients (—4.0/-5.5 [ppb/K]), relatively small
chemical shift changes on addition of methanol (AONH =
0.19/0.21)] are in equilibrium between a non-H-bonded and
a H-bonded state, while protons H?, H?, and H” (NH =
6.17/6.58, ASNH/AT = -4.0/-6.0 [ppb/K], ASNH on addi-
tion of methanol = 0.67/0.96, fast exchange rate with
CD;0D) are clearly in a non-H-bonded state.['4]

Figure 3. Preferred intramolecular hydrogen-bonding patterns proposed for the N-acetylated hexapeptide mimic 2 (top drawings; hydrogen
bonds are indicated with dotted lines); lowest energy molecular mechanics conformer featuring the hydrogen-bonding pattern of type 2b
(bottom drawing; for clarity all hydrogen atoms, except those attached to nitrogen, have been omitted)

The slow N-H/N-D rates of exchange suggest that 2 ad-
opts a remarkably stable intramolecularly hydrogen-bonded
structure in chloroform. Disruption of this structure by
methanol results in an upfield shift for amide protons H’
and H® (from 8§ = 7.60 and 7.77 to 7.30 and 7.55, respect-
ively), showing that the intramolecular hydrogen bonds in-
volving those two amide protons are stronger than the in-
termolecular H-bonds with methanol. A highly preferred
intramolecular H-bond pattern was identified among the
calculated structures.[® %1 In addition to the 10-membered
ring H-bond formed between H® and C=0O? of alanine
(type I’ B-turn), H? forms a 14-membered ring H-bond
with C=0°¢ of valine, H® a 13-membered ring H-bond with
the lactam C=0%, while H” and H* are involved in 7-mem-
bered ring H-bonds (inverse y-turns)'8! with C=03 of pro-
line and C=0? of valine, respectively (2a, Figure 3). Altern-
atively, H® may form a 22-membered ring H-bond with C=
O! within a B-hairpin conformation (2b, Figure 3). A long
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A comparison of the N-H stretch region IR data for
(5,7)-bicyclic lactam derivative 3 and (5,6)-bicyclic lactam
derivatives 1 and 2 (2.0 mm in CHCI;) indicates that there
is a greater extent of intramolecular hydrogen bonding in 1
and 2 than in 3, which is consistent with a greater folding
propensity of 1 and 2. Although each hexapeptide mimic
displays a complex spectrum in this region, the larger
amount of C=OMH-N hydrogen bonding in 1 and 2 is
readily apparent from the dominant band at 3328 cm!
(weak in 3, at 3320 cm™!), compared to the weak band at
3425 cm™! (dominant in 3, at 3420 cm™").

High conformational flexibility and absence of strongly
preferred intramolecular H-bond interactions emerge from
the modeling studies of methyl ester 3, in accordance with
the 'H-NMR temperature coefficients observed for all the
N-H protons of this compound (Table 1) and with the IR
data. Computational results suggest that the protons in-
volved in equilibria between non-hydrogen bonded and hy-
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Figure 4. Preferred intramolecular hydrogen-bonding patterns pro-
posed for the N-acetylated hexapeptide mimic 3 (top drawings; hy-
drogen bonds are indicated with dotted lines); lowest energy mo-
lecular mechanics conformer featuring the hydrogen-bonding pat-
tern of type 3a (bottom drawing; for clarity all hydrogen atoms,
except those attached to nitrogen, have been omitted)

drogen bonded states are H® (7-membered ring H-bond
with the lactam C=0* within an inverse y-turn) and H* (7-
membered ring H-bond with C=0? of valine) (Figure 4).[!%]

For compound 4 [(5,7)-bicyclic lactam derivative], the
temperature coefficients for all the N-H protons showed a
nonlinear dependence in the interval 300-240 K, indicating
a significant intermolecular aggregation. Compounds 3 and
4 are more prone to aggregation than are 1 and 2: This
difference provides indirect evidence that 1 and 2 are intra-
molecularly hydrogen bonded to a greater extent, and there-
fore less available for intermolecular hydrogen bonding than
are 3 and 4.0

The main conclusion which can be drawn by the compar-
ison of the folding patterns of constrained peptides 1-3 is
that the conformational behavior can be efficiently con-
trolled by the nature of the turn-inducing element, as for
the smaller N-acetylated tetrapeptide mimics,[''! based on
the different dihedral angles of the bicyclic scaffolds. The
(5,6)-bicyclic lactam derivatives 1 and 2, characterized by a
type-1I' B-turn (C=O3MB°-N), are very compact intramo-
lecularly H-bonded structures (Figure?2 and Figure 3),
while the (5,7)-bicyclic lactam derivative 3, characterized by
an inverse y-turn (C=O*H®-N), is a quite flexible,
“tweezer-like” structure (Figure 4).
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