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Abstract: An acyclic tripeptide based on a heterochiral
D-pro-L-pro template shows a propensity to exist as a 31
helical conformation and can be cyclized, via ring-closing
metathesis, to the corresponding cyclic tetrapeptides without
disrupting the helical conformations in CDCl; as well as in
DMSO-dg solutions. The detailed conformational studies
were carried out by using NMR spectroscopy, X-ray crystal-
lography, molecular dynamic simulations, and circular
dichroism spectroscopy.

Cyclic peptides containing heterochiral diproline! tem-
plates are an interesting class of protein loop mimetics,
due to their strong tendency to nucleate the -hairpin-
inducing properties. A recent study has shown? that
canonical conformation of CDR loops observed in high-
resolution crystal structures of antibody fragments was
accurately reproduced in cyclic peptides containing a
D-pro-L-pro template. The eight-residue L3 loop from
antibody HC19 attached to the p-pro-L-pro template was
shown to adopt a backbone conformation very similar to
that in the antibody. These studies suggest that -hairpin
mimetics based on cyclic peptides containing the p-pro-
L-pro template might prove to be of general use as a
starting point in protein ligand, vaccine, and receptor
antagonist design. p-Pro and L-pro residues can restrict
the backbone ¢ angle by +60 + 20° and by —60 + 20°,
respectively, and participate in the nucleation of s-turns
in peptides. During the synthesis of cyclic peptides
containing D-pro-L-pro, we observed that tripeptide 1
(Scheme 1), derived from this template and r-alanine,
shows the presence of two intramolecular hydrogen
bonds, which implies that these small peptides can exist
as 350 helical structures.® This observation led us to
explore its cyclization using ring-closing metathesis
(RCM) reaction.* A brief account of these findings is given
below.

According to a general synthetic plan, dipeptide 4 was
hydrolyzed (LiOH) and subsequently coupled with ally-
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lamine by a mixed anhydride protocol (CICO,Bui/Et;N)
to afford the dipeptide 5 (Scheme 1). The removal of Boc
(TFA) from 5 followed by the coupling with Boc-p-pro
(EDC/HOBT) afforded the tripeptide 6, which was trans-
formed to 1 in 51% yield by Boc removal (TFA) followed
by mixed anhydride coupling (CICO,BU/Et;N) with pen-
tenoyl chloride. The *H NMR investigations on 1 have
been carried out in both polar (DMSO-ds) and nonpolar
(CDCl3) solvents. In CDCI; solution, the tripeptide 1
shows the presence of a single rotamer. The cross-peaks
in the NOESY spectrum between ala NH/p-pro C,H (i/i
+ 2), allyl NH/L-pro C,H (i/i + 2), ala NH/L-pro CsH, and
ala NH/allyl NH, as well as participation of both amide
protons in hydrogen bonding, which show very small
shifts of <0.1 ppm for the amide chemical shifts during
the solvent titration (Figure 1a), confirm the presence of
two successive S-turns, nucleating a minimal 310 helix.
Thus, in the above two g-turns, the one that involves
pentenoyl-p-pro-L-pro-ala is a type I1' and the second one
with p-pro-L-pro-ala-allyl amide sequence is a type |
B-turn. In DMSO-dg solution, peptide 1 shows the pres-
ence of three isomers in a ratio of 8:1:1. The major isomer
having all trans-amide bonds, which were assigned by
the presence of cross-peaks in the ROESY/NOESY spec-
trum (Figure 1c) between b-pro C,H/L-pro CsH and
COCH_/p-pro CsH, was studied in detail. The participa-
tion of allyl NH and ala NH in hydrogen bonding is
confirmed by the small magnitude of their temperature
coefficients (AS/AT) of —1.7 and —1.9 ppb/K, respectively.
The presence of these hydrogen bonds, as well as very
similar cross-peaks (ala NH/p-pro C,H (i/i + 2), allyl NH/
L-pro C,H (i/i + 2), ala NH/L-pro CsH, and ala NH/allyl
NH) in the ROESY/NOESY spectrum, shows that the
peptide has an identical structure in both solvents. In
addition to the above NOEs, a weak NOE between allyl
NH/p-pro CaH (i/i + 3) is also observed (Spectrum A).
Thus, the resultant structure resembles a minimal stable
310 helical conformation in solution. One of the lowest
energy structures obtained in the MD calculations shows
incipient 3, helical features very clearly in Figure 1b.
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SPECTRUM A: Expanded region of NOESY spectrum of 1 in
DMSO-ds shows some of the diagnostic NOE cross peaks. Ala

NH/Allyl NH (1), Allyl NH/L-Pro C,H (2), Ala NH/p-Pro C,H
(3), Ala NH/L-Pro CzH (4), Allyl NH/p-Pro CoH (5).

A successful olefin metathesis® involving the two ter-
mini in 1 to cyclize the molecule would be an added proof
for this structural preorganization, which in turn would
ensure the possible existence of the -turns that induces
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FIGURE 1. (a) NMR titration plot for hydrogen bonding, (b) MD simulated structure, (¢) NOEs observed, and (d) CD spectrum

of 1.
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this organization. The circular dichroism (CD) studies in
methanol showing an intense band with minima at 205 nm
and a shoulder at 215 nm clearly suggests that peptide
1 is folded in a helical conformation (Figure 1d). To our
gratification, when the tripeptide 1 was subjected to RCM
conditions, it indeed underwent a smooth cyclization to
afford the corresponding cyclic peptide 2 exclusively as
the E-geometrical isomer in good yields (Scheme 1).

In the process of cyclization of 1, one new unnatural
amino acid (6-aminohex-4-enoic acid; Aaha) is created,

(3) (a) Patel, H. C.; Singh, T. P.; Chauhan, V. S.; Kaur, P. Biopolymer
1990, 29, 509. (b) Ciajolo, M. R.; Tuzi, A.; Pratesi, C. R.; Fissi, A;;
Pieroni, O. Biopolymer 1992, 32, 727. (c) Rajashankar, K. R.; Rama-
kumar, S.; Chauhan, V. S. 3. Am. Chem. Soc. 1992. 114, 9225.

(4) For ring-closing metathesis, see: (a) Phillips, A. J.; Abell, A. J,
Aldrichimica Acta 1999, 32, 75—90. (b) Schuster, M.; Blechert, S.
Angew. Chem., Int. Ed. 1997, 36, 2036—2056 and references cited
therein. (c) Furstner, A. Angew. Chem., Int. Ed. 2000, 39, 3012—3043
and references cited therein. (d) Miller, S. C.; Blackwell, H. E.; Grubbs,
R. H. J. Am. Chem. Soc. 1996, 118, 9606—961.

(5) For a recent study from our group on cyclic peptides, see: (a)
Banerji, B.; Mallesham, B.; Kiran kumar, S.; Kunwar, A. C.; Igbal, J.
Tetrahedron Lett. 2002, 43, 6479. (b) Banerji. B.; Bhattacharya, M.;
Madhu, B. R.; Das, S. K,; Igbal, J. Tetrahedron Lett. 2002, 43, 6473.
(c) Saha, B.; Das, D.; Baneriji, B.; Igbal, J. Tetrahedron Lett. 2002, 43,
6467. (d) Sastry, T. V. R. S.; Baneriji, B.; Kirankumar, S.; Kunwar, A.
C.; Das, J.; Nandy, J. P.; Igbal, J. Tetrahedron Lett. 2002, 43, 7621.

2182 J. Org. Chem., Vol. 69, No. 6, 2004

Synthesis of d-pro-L-pro-Derived Peptides
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and 2 can be considered as a cyclic tetrapeptide with two
natural (pro and ala) and two unnatural (p-pro and Aaha)
residues. The 'H NMR of 2 was investigated in both
solvents. In CDCI; solution, 2 showed the presence of two
isomers in a ratio of 4:1. The major isomer corresponding
to all trans-amide bonds was studied in detail. The
solvent titration studies on 2 showed that chemical shifts
of both the amide protons, ala NH and Aaha NH,
changed only by 0.38 and 0.13 ppm, respectively, when
subjected to NMR titration by adding up to 300 uL of
DMSO-ds to 600 uL of CDClj3 solutions, confirming their
participation in hydrogen bonding (Figure 2a). In addi-
tion to these hydrogen bonds, Aaha NH/L-pro C,H, ala
NH/p-pro C,H, Aaha NH/b-pro C,H, ala NH/L-pro CsH
and Aaha NH/ala NH cross-peaks in the NOESY spec-
trum imply that 2 has two successive f-turns about
Aaha-p-pro-L-pro-ala and p-pro-L-pro-ala-Aaha residues,
respectively (Figure 2c).

In DMSO-dg, peptide 2 has three isomers in a ratio of
8:3:2, but the detailed structural information was ob-
tained only on the major isomer, which has all trans-
amide bonds. AJ/AT of —1.9 and —6.5 ppb/K for Aaha
NH and ala-NH, respectively, indicate that only the form-
er participates in hydrogen bonding. The presence of two
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FIGURE 2. (a) NMR titration plot for hydrogen bonding, (b) MD simulated structure, (¢) NOEs observed, and (d) CD spectrum
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FIGURE 3. (a) NMR titration plot for hydrogen bonding, (b) MD simulated structure, (c) NOEs observed, and (d) CD spectrum

of 3.

successive -turns in 2 is again supported by ROESY
data. The MD calculations also confirm the existence of
hydrogen bonding between Aaha NH and C=O (p-pro)
(Figure 2b). It is worth mentioning that a -turn need not
have a C=0 (i)—NH (i + 3) hydrogen bond.” In both sol-
vents, the medium/weak cross-peak intensities of sequen-
tial (L-proC,H/ala NH) compared to self-cross-peaks (ala
NH/ala C,H) in the NOESY/ROESY spectrum suggest
that the second turn, which involves L-pro-ala, is a type
| g-turn, while the first one involving p-pro-L-pro is a type
11" B-turn without forming intramolecular hydrogen bond-
ing. However, the cyclization of the peptide results in dis-
tortion of the dihedral angles in 2, which differ consider-
ably from that of 1. The circular dichroism studies on 2
in methanol also support a helical structure as evidenced
by the appearance of minima at 222 nm (Figure 2d).
The cyclic peptide 2 was hydrogenated catalytically
(H,/Pd) to give the corresponding saturated cyclic peptide
3 containing a 6-aminohexanoic acid (aha) residue. Pep-
tide 3, a 16-membered macrocyclic peptide containing two
natural and two unnatural amino acids, was extensively
characterized by solution NMR as well as X-ray crystal-
lographic data.® An ORTEP diagram of 3 and a crystal
packing structure are presented in Figures 4 and 5,
respectively. The conformation of the five-membered ring
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1, 349-384.
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W. J. Am. Chem. Soc. 1992, 114, 4805—4818.

in p-proline is best explained as being half-chair (asym-
metric parameter AC2 = 6.7), and the five-membered
ring in L-proline is assumed to be an envelope (asym-
metric parameter ACs = 6.5) from observed endocyclic
torsion angles.

The model with C1, C6, and C11 with absolute con-
figurations R, S, and S, respectively, has been refined
as known from the synthetic procedure. The geometry
of the a-carbon of p-pro (C1) to the next a-carbon, i.e.,
C18 of aha, is trans (C1-N1-C19-C18 = —176.6), and
the geometry of the a-carbon of L-pro (C6) to the next
a-carbon, i.e., C1 of pb-pro, is trans (C6—N2—-C5—-C1 =
—172.4). The cyclic peptide possesses two successive
B-turn hydrogen bonds between aha C=0(i) to ala NH(i
+ 3) and p-pro C=0(i) to aha NH(i + 3). According to
the nomenclature of g-turns, the interatomic distances
between Ca(i) to Ca(i + 3) should be less than 7 A. In
the present case, the distance in the first g-turn [C(19)=
O-+-HN(3)] Ca(i) to Ca(i + 3) is found to be 5.186 A, and
for the second g-turn [C(5)=0---HN(4)] Ca(i) to Ca(i +
3) is found to be 5.581 A. The first -turn (p-pro-L-pro-
L-ala-aha) belongs to type I, while the second g-turn (aha-

(8) Suitable crystals for X-ray diffraction were obtained from slow
evaporation of a mixture of ethyl acetate and hexane solution. The
peptide crystallizes as a monohydrate in acentric space group P2; in
a monoclinic system. Both hydrogens of the lattice water participate
in hydrogen bonding. Hydrogen H32 of O5 is involved in hydrogen
bonding with carbonyl oxygen O3 of alanine, whereas the hydrogen
H33 of O5 is involved in the hydrogen bonding with carbonyl oxygen
02 of L-proline related by a 2-fold screw leading to formation of a
molecular chain along the “b” axis. The C, atom (C8) of L-proline is
disordered in two positions with occupancies of 0.8 and 0.2. Crystal-
lographic data (CIF) can be found in Supporting Information.
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FIGURE 4. ORTEP view of 3.

FIGURE 5. Crystal Packing Structure of 3.

TABLE 1. Torsion Angles (i + 1, i + 2) of STD f-Turns
and Observed f-Turns

B-turn ® U4 % U4
STD type II' S-turn 60 —120 —-80 0
observed type II' 5-turn 521 —1385 —-685 —134
STD type | g-turn —60 —-30 —90 0

observed type | f-turn —68.5 —-134 744 174

D-pro-L-pro-L-ala) is defined as type Il' as evidenced by
the relevant torsion angles and comparison with those
reported (as shown in Table 1). Interestingly, these two
p-turns are successive and hence the peptide 3 has a
propensity to exist in a 3,0 helical structure. Indeed, there
is a 310 helical structure, as indicated by the relevant
torsion angles (¢ = —68.5 and y = —13.4 for the L-proline
residue, and ¢ = —74.4 and y = —17.4 for the L-alanine
residue), which compares reasonably with those proposed
by Pauling for the 3,4 helix (p = =74, 1 = —4). In solution
conformational studies, the 'H NMR of 3 in CDCls
showed the presence of a single species. The ala NH and
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aha NH chemical shifts changed only by 0.06 and 0.10
ppm, respectively, when 300 «L of DMSO-ds was added
to 600 uL of CDClj; solutions, confirming their participa-
tion in hydrogen bonding (Figure 3a). In addition to these
hydrogen bonds, the presence of ala NH/p-pro C,H, aha
NH/L-pro C,H, ala NH/L-pro Cs;H, and aha NH/ala NH
cross-peaks in the ROESY spectrum implies the presence
of two successive -turns about aha-p-pro-L-pro-ala and
D-pro-L-pro-ala-aha residues, respectively (Figure 3c).
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Spectrum B: Expanded region of NOESY spectrum of 8 in
DMSO-ds shows some of the diagnostic NOE cross peaks. Ala
NH/Aha NH (1), Aha NH/L-Pro C,H (2), Ala NH/p-Pro CH (3),
Ala NH/L-Pro CsH (4).

The studies in DMSO-ds show the presence of two
isomers in a ratio of 99:1. The major isomer has all trans-
amide bonds and a structure that is similar to that in
CDCl;. The appearance of cross-peaks in the ROESY
spectrum between ala NH/p-pro C,H, aha NH/L-pro C,H,
ala NH/L-pro CsH, and ala NH/aha NH (Spectrum B) and
AOIAT of —3.4 and —3.1 ppb/K for aha NH and ala NH,
respectively, support the presence of two successive
pB-turns. The appearance of aha NH as “dd” implies that
the molecule contains a single predominant conformation
in solution. The MD calculations show that the structure
of 3 has two successive g-turns (Figure 3b). It is also
noteworthy that like 2, the first turn in 3 and also the
first turn in 1 are type IlI' and the second one is a type |
p-turn. The appearance of minima at 220 nm in the CD
spectra of 3 confirms its helical structure (Figure 3d).

In conclusion, we have demonstrated for the first time
that tripeptides based on a heterochiral p-pro-L-pro tem-
plate show a propensity to exist in a 3¢ helical structure
in nonpolar and polar solvents. The helical structure in
X-ray diffraction and solution is also retained in the cor-
responding cyclic peptide obtained by RCM reaction. We
are currently pursuing the synthesis and conformational
properties of other cyclic peptides based on a b-pro-L-pro
template as potent vaccines.
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