J. Am. Chem. Soc. 1985, 107, 3349-3350 3349

CH,0H) (a single stereoisomer as assayed by °C NMR).!> The
acetylenic compounds of type 6 serve as common intermediates
for the general synthesis of the PG family.!*® With this highly
efficient chemical operation secured, PGI, is now obtainable in
only five steps starting from the chiral cyclopentenone 1.1
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Analogues of several biologically active peptides, in which
trans-a,3-didehydrophenylalanine (A’-Phe) is substituted for
phenylalanine, exhibit high potency'= and increased resistance
to chymotrypsin degradation.! However, in other examples* the
AZ-Phe-containing analogue is markedly less active than the
Phe-containing peptide. While the conformational behavior of
a A%-Phe, with -bonding between C* and C¥, is expected to differ
significantly from that of (saturated) Phe, there is as yet no clear
understanding of its influence on the available conformations of
a peptide.

In both X-ray diffraction analyses and conformational energy
calculations of AZ-Phe-containing peptides the ¢ angle of the
dehydro residue is frequently near 60° and ¢ near 0°.5 For
example, the X-ray crystal structure of N-acetyl-A*-Phe has ¢
= 72° and ¢ = 13°;% the X-ray crystal structure of N-pivaloyl-
Pro-Az-Phe-methylamide has ¢ = 63° and ¢ = 10° for A*-Phe;’
energy calculations on N-acetyl-A’-Phe-methylamide show an
energy minimum at ¢ = 60° and = 10°% The similarity of
the preferred A’-Phe conformation to that taken up by a residue
in the / + 2 position of a type II 8 turn is noteworthy: average
¢ and ¢ values in type I1 8 turns (from X-ray data) are 80° and
0°, respectively, for the / + 2 position.’ Substitution of A%-Phe
for such a residue in a peptide may result in a conformationally
homologous dehydropeptide.

To test this hypothesis we have synthesized two cyclic penta-
peptides: cyclo(Gly'-Pro?-A?-Phe’-p-Ala®-Pro’) I (the cyclic
dehydropeptide) and cyclo(Gly!-Pro?-D-Phe3-D-Ala*-Pro’) II (the
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cyclic peptide). We anticipated from previous work!%'2 that I
would favor a Gly-Pro-p-Phe-p-Ala type II 8 turn, i.e., with D-Phe
in position i + 2 of the turn and with a p-Ala-Pro-Gly ¥ turn (see
below). We present evidence that it does. Furthermore, sub-
stitution of A’-Phe for D-Phe (in peptide I) causes very little
conformational change, in keeping with the above hypothesis.

The cyclic peptide II was synthesized by methods previously
reported,? including cyclization of the pentapeptide p-nitropheny!
ester (yield, 37%). An unsaturated azlactone was prepared from
Boc-Pro-DL-3-phenyl-Ser-OH by the modified Bergmann syn-
thesis'> and was coupled with H-D-Ala-Pro-Gly-OMe giving a
A’-Phe-containing pentapeptide which was then cyclized as the
p-nitrophenyl! ester (vield, 5%). Since the cyclization conditions
were the same for I and II, these different yields reflect the relative
ease of forming cyclic product; the required folded conformation
may be less accessible to the dehydropeptide. Both I and II are
pure by thin-layer and high-performance liquid chromatography,
and their monomeric character was confirmed by chemical ion-
ization mass spectroscopy.'4

'H and '*C nuclear magnetic resonance (NMR) data (Figures
1B and 2B) support the proposed conformation of the cyclic
peptide II. The resonances of the pD-Ala and Gly NH’s occur at
7.83 and 7.78 ppm, respectively, typical of NH’s involved in
intramolecular hydrogen bonds;*!* by comparison, the D-Phe NH
resonates at higher field (5.89 ppm) as expected for a non-hy-
drogen-bonded NH in a solvent like CDCl,, at high dilution (21
mM).%'% The p-Ala and Gly NH’s also show reduced temper-
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Figure 1. 'H NMR spectra (250 MHz): (A) cyclo(Gly'-Pro?-A-
Phe3-p-Ala*-Pro’) in CDCl,, 64 scans, concentration 11 mM; (B) cy-
clo(Gly'-Pro?-p-Phe’-p-Ala®-Pro®) in CDCl;, 16 scans, concentration 21
mM. All spectra were recorded at ambient temperature.

ature coefficients (3.4 and 1.1 ppb/deg, respectively) relative to
the exposed D-Phe NH (8.2 ppb/deg) at higher peptide concen-
trations (170 mM in CDCl; with 4% v/v dimethyl-d; sulfoxide).!’
The Pro® H* resonance is shifted strongly to low field (4.85 ppm)
and appears as a doublet with one large and one small coupling
constant to the 3 protons, while the Pro? H* appears as a triplet,
i.e., nearly equal coupling constants at 3.94 ppm.!* The downfield
position and doublet appearance are typical of prolines occurring
as the i + 1th residue of v turn.*'® One of the proline C* reso-
nances shows an upfield shift indicative of a v turn (C” at 24.4
ppm, by comparison with the more usual! 28—30 ppm).*!® The
Pro carbon chemical shifts also confirm that II adopts an all-trans
conformation.!” These constraints uniquely determine the con-
formation of II.

Substitution of A*-Phe for D-Phe (peptide I) causes very little
change in the NMR spectral parameters (Figures 1 and 2): the
D-Ala and Gly NH’s are at low field (7.82 and 7.98 ppm) and
have small temperature coefficients (2.1 and 1.7 ppb/deg) relative
to the A*-Phe NH (7.15 ppm, 4.6 ppb/deg); Pro® has a downfield
“doublet” H* resonance (4.85 ppm) and Pro? has a more usual
position (4.25 ppm) and distorted triplet shape;!$ the proline 8
and v carbon chemical shifts are nearly the same as in the peptide.
These highly diagnostic indicators of backbone conformation argue
strongly for the retention of the 8,y-turn conformation in the
dehydropeptide. Even more striking are the detailed aspects of
the 'H NMR spectra: the chemical shifts vary little between I
and II despite the presence of the A*-Phe residue.

Thus, a A%-Phe residue can be substituted for a saturated residue
with minimal perturbation to a peptide’s backbone conformation
if it is placed in the ;j + 2 position of a type II 8 turn where ¢
and ¢ angles are generally near 80° and 0°.° In a bioactive
peptide, an analogous substitution of A’-Phe should not cause loss
of activity, provided that (1) the available backbone conformation
coincides with the functional conformation and (2) the side-chain
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Figure 2. !'3C NMR spectra (62.9 MHz): (A) cyclo(Gly!'-Pro?-A*-
Phe’-p-Ala*-Pro®) in CDCl;, 82000 scans, concentration 11 mM; (B)
cyclo(Gly'-Pro-p-Phe’-p-Ala®-Pro®) in CDCl;, 48000 scans, concentra-
tion 21 mM. All spectra were recorded at ambient temperature. The
starred resonance in (A) is due to an acetone impurity.

conformation at the substituted site is unchanged or not essential
for activity.
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The relationship of a protein structure obtained by crystal-
lography to the in vivo solution structure is of great interest to
the study of protein structure and function. Upon crystallization,
the structure of a protein molecule may change due to crystal
lattice forces and different hydration levels.? With hemeproteins,
ligand infrared spectra can provide a sensitive probe for monitoring
ligand site structures in both crystals and solutions.>* The spectra
for CO, CN-, N3, NO, and O, as ligands have been observed
for several hemeproteins in solution and provide evidence that
multiple ligand site structures (conformers) are present.’ IR
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