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ABSTRACT

Homooligomers of â-amino acids (S)-3-pyrrolidine-3-carboxylic acid (PCA) and (S)-nipecotic acid (Nip) were studied by circular dichroism (CD)
in methanol. In each series, a profound change in the far-UV CD spectrum was observed from monomer to tetramer, but little change was
observed from tetramer to hexamer. A comparable pattern is observed in the CD spectra of short proline oligomers. We conclude that both
PCA and Nip oligomers with g four residues adopt a characteristic secondary structure.

Most regular secondary structures in proteins (R-helix, 310-
helix, â-sheet) display a characteristic backbone hydrogen-
bonding pattern that depends on the ability of secondary
amide groups to serve as both hydrogen bond donors and
acceptors. Proline is unique among the proteinogenic amino
acids in having a disubstituted amino group, and Xxx-Pro
linkages are therefore tertiary amides, which cannot serve
as hydrogen bond donors. Despite the lack of internal
hydrogen bonding, oligomers and polymers of proline adopt
discrete secondary structures, e.g., polyproline I (PPI) and
polyproline II (PPII) helices.1 Non-hydrogen-bonded helices
can also be formed by unnatural tertiary amide oligomers
constructed fromN-alkylglycine building blocks (peptoids).2

The polyproline and peptoid helices appear to be specified
largely by avoidance of steric repulsions.

Proline-rich segments that adopt the PPII helix conforma-
tion play important roles in protein-protein recognition,3 e.g.,
interactions of SH3 domains.4 Proline-rich sequences are
crucial also for formation of the collagen triple helix, each
strand of which has a PPII-like conformation.5 It has recently
been shown that peptoid and proline residues can be
combined to create collagen mimics6 and specific ligands
for SH3 proteins.7,8
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Here, we describe synthesis and preliminary conforma-
tional studies of a new type of oligo-tertiary amide, con-
structed from cyclicâ-amino acids.9 Circular dichroism (CD)
data suggest that oligomers of (S)-pyrrolidine-3-carboxylic
acid (PCA) or (S)-nipecotic acid (Nip) have distinct second-
ary structural preferences. PCA is an isomer of proline, and

Nip is a ring-expanded homologue of PCA. These results
complement previous demonstrations thatâ-peptide oligo-
mers can adopt conformations corresponding to each type
of hydrogen-bonded secondary structure observed in proteins,
helix,10-12 sheet,13,14 and reverse turn.14

Structural characterization of oligoprolines and proline-
rich oligomers in solution has been limited to low-resolution
methods such as CD because the PPII helix is too extended
to allow NOEs between protons on nonadjacent residues.15-17

(In contrast, theR-helix and the 310-helix are sufficiently
compact that high-resolution structures can be deduced from
NOE data.18) Peptide CD signals in the far-UV region (<250
nm) arise largely from amide groups, and each of the regular
peptide secondary structures displays a characteristic far-
UV CD signature.19 The PPII helix formed by oligomers of
(S)-proline gives rise to a weak maximum at 226 nm and a
strong minimum at 206 nm in aqueous solution.1,20 The
polyproline I helix, favored inn-propanol and other aliphatic
alcohols, is signaled by a weak minimum at 232 nm, a strong
maximum at 215 nm, and a strong minimum at 200 nm.1,20

(S)-PCA was synthesized in its Cbz-protected form by a
reported route fromtrans-4-hydroxy-L-proline.21 This mate-
rial was then converted to Boc-(S)-PCA or Boc-(S)-PCA-
OBn by standard methods. In series2-6, each oligomer was
prepared by using BOP-Cl to couple Boc-(S)-PCA to the
appropriate N-deprotected oligomer. After purification by
chromatography on silica, these oligomers all appeared to
be pure by analytical HPLC.

Previous synthesis of optically active nipecotic acid
derivatives has involved resolution of racemic ethyl nipe-
cotate via cocrystallization with optically pure tartaric acid.22

We developed an alternative resolution in which racemic
nipecotic acid itself is cocrystallized with enantiomerically
pure camphorsulfonic acid. This method provides either
antipode of nipecotic acid in>99% ee.23 The absolute
configuration of the resolved material has been established
crystallographically.13,14aBoc-(S)-Nip and Boc-(S)-Nip-OBn
were prepared from the resolved material, and these building
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blocks were used for the synthesis of7-12. After purification
by chromatography on silica, these oligomers all appeared
to be pure by analytical HPLC.

Hydrogen-bondedâ-peptide helices display characteristic
CD signatures,10-12 and we therefore used CD to examine
the PCA and Nip oligomer series. Figure 1 shows CD data

for the PCA series in methanol. We follow standard peptide
practice in normalizing the data for bothâ-peptide concen-
tration and number of amide groups, which facilitates
comparisons among oligomers of different length. Tetramer
4, pentamer5, and hexamer6 display nearly identical CD
spectra, with a minimum at ca. 214 nm and a zero crossing
at ca. 203 nm. This signature is quite different from those
of the smallest members of the PCA series,1 and2. Trimer
3 displays a spectrum that is intermediate between those of
1 and 2 and those of4-6. Normalized spectra of 0.5 and
0.05 mM5 were very similar, which suggests that there is
no change in aggregation state (presumably monomeric) over
this concentration range. The CD spectra of PCA pentamer
5 in methanol and 2-propanol are nearly identical; heating
the 2-propanol solution from 25 to 75°C causes little change
in the CD spectrum.

The length-dependent trend among PCA oligomers in
Figure 1 is comparable to the length-dependent behavior of
proline oligomers in aqueous and organic solvents as

manifested in CD and other spectroscopic data.15 Significant
changes in the positions of minima and maxima are observed
among the proline dimer, trimer, and tetramer. In contrast,
relatively little change in shape is observed beyond the
tetramer, although there is a gradual increase in the intensities
of minima and maxima as proline residues are added. The
proline hexamer displays a mean residue ellipticity of ca.
-28 000 deg cm2 decimol-1 at the 206 nm minimum,15b

which may be compared with ca.-16 000 deg cm2 decimol-1

for the 214 nm minimum of PCA hexamer6 in methanol
(Figure 1). We conclude from the data in Figure 1, by
analogy to oligoproline precedents, that PCA oligomers can
adopt a regular secondary structure in methanol and that the
extent of secondary structure formation is maximal once four
PCA residues are in place. Detailed elucidation of the PCA
secondary structure will require a characterization method
of higher resolution than CD.

Figure 2 shows CD data for Nip oligomers in methanol.
The length-dependent pattern is comparable to the pattern

shown for PCA oligomers (Figure 1) in that the CD
signatures of monomer and dimer are very different from
those of tetramer, pentamer, and hexamer. We therefore
conclude that longer Nip oligomers adopt a specific second-
ary structure in methanol and that the extent of secondary
structure formation is nearly maximal when four residues
are in place. The CD spectra of Nip oligomers10-12shows
a weak maximum at ca. 228 nm and a strong minimum at
ca. 208 nm. This signature differs from that of the corre-
sponding PCA oligomers, which suggests a difference
between the secondary structures favored by these two
â-peptide backbones. Nip pentamer11 displays similar CD
spectra in methanol and 2-propanol, and heating the 2-pro-
panol solution from 25 to 75°C causes very little change in
the CD signature.

The preliminary evidence we have presented for ordered
folding of Nip and PCA homooligomers suggests that the
conformational analogy between conventional peptides (con-
structed fromR-amino acids) andâ-peptides extends beyond
hydrogen-bonded secondary structures10-14 to non-hydrogen-

Figure 1. Circular dichroism data for PCA oligomers in methanol
(25 °C): 1.0 mM2, 1.0 mM3, 0.5 mM4, and 0.5 mM6. The data
for monomer1 are similar to those shown for2, and the data for
pentamer5 are identical to those shown for6. The data were
obtained on an Aviv instrument with 1 mm path length cells. The
data have been normalized forâ-peptide concentration and number
of amide groups.

Figure 2. Circular dichroism data for Nip oligomers in methanol
(25 °C): 1.0 mM8, 1.0 mM9, 0.5 mM10, 0.5 mM11, 0.5 mM
12. The data for monomer7 are similar to those shown for8. The
data have been normalized forâ-peptide concentration and number
of amide groups.
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bonded structures such as the PPII helix. Adoption of well-
defined folding patterns by oligo-Nip and oligo-PCA is of
potential medicinal interest because these tertiary amide
backbones should be less hydrophilic, and therefore more
prone to diffuse across biological membranes,24 than the
secondary amide backbones common in conventional pep-
tides andâ-peptides. We are currently examining oligomers

containing functionalized derivatives of Nip and PCA, which
may be amenable to high-resolution structural analysis and/
or display interesting biological activities.
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