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Collagen is the most common protein in connective tissues.
In all collagens the major structural domain is the triple-helical
motif.1,2 The sequence of the triple-helical part of collagen is
characterized by the trimer repeats of Gly-Xaa-Yaa. A high
proportion of imino acids are present in the Xaa and Yaa
positions.3-5 Insertion of unnatural residues into collagen
sequences can enhance the biostability of synthetic collagen-
like biomaterials. However, the incorporation of some proline
analogs was found to destabilize the triple-helical confor-
mation.6-10 Sarcosine was also used as a mimetic of the Yaa
residue,11 but the resulting (Gly-Pro-Sar)n sequences do not
assume triple-helical structures.12

We report here the successful incorporation of the peptoid13

residueN-isobutylglycine (Nleu) (Figure 1a) into collagen-like
triple-helical structures without disturbing triple-helix stability.
This discovery provides insight into the design of novel
collagen-like biomaterials used in such applications as drug
delivery, wound healing, and ocular devices. It has also been
shown that peptoids can result in enhanced resistance to enzyme
degradation of peptide-like structures.13

The peptoid residue Nleu was introduced in the Yaa position
of (Gly-Pro-Yaa)n sequences. The triple-helical properties of
the resulting (Gly-Pro-Nleu)n sequence were investigated by
studying the following acetyl-terminated and template-assembled
model compounds: Ac-(Gly-Pro-Nleu)9-NH2 (I ) (Figure 1b),
KTA-[Gly-(Gly-Pro-Nleu)9-NH2]3 (II ), and the shorter conjugate
KTA-[Gly-(Gly-Pro-Nleu)6-NH2]3 (III ) (Figure 1c) (where KTA
representscis,cis-1,3,5-trimethylcyclohexane-1,3,5-tricarboxylic
acid, known as the Kemp triacid14). Our previous publication
showed that KTA with a glycine residue as spacer substituted
on each carboxyl group and inserted at the amine terminus of
three peptide chains significantly enhances triple-helix forma-
tion.15 Compound Ac-(Gly-Pro-Nleu)-NHMe (IV ) was also

prepared for comparison purposes since our NMR data dem-
onstrate that it is not able to form triple-helical conformations.
The 1H NMR data for compoundsI-III establish a triple-

helical structure for each molecule. From the 2-D1H NMR
TOCSY and NOESY experiments, we obtain the residue specific
assignments of analogsI-IV in D2O at 27°C. For compound
IV (Figure 2a), a set of resonances is observed which is simply
explained by tripeptide connectivities (i.e., our non triple helical
reference). For compoundsI-III an additional set of reso-
nances is observed (Figure 2b), and several experimental
observations indicate that this new set of resonances corresponds
to residues in a collagen-like triple helix: (1) For compoundII
in D2O (5 °C, pH) 2.8), the Gly NH of this set of resonances
exhibits a low hydrogen exchange rate (k < 10-5 min-1)
consistent with the triple-helix hydrogen bond network.16 (2)
As the temperature increases, the relative intensity of the new
set of resonances decreases. (3) The chemical shifts of the Gly
CRHr,s, Pro CâHr,s, and Pro CδHr,s protons of the new set of
resonances are similar (within 0.06 ppm) to those of the
corresponding resonances in the triple helical set observed for
(Gly-Pro-Hyp)n sequences.5,15 (4) The new resonances arise
from conformations in slow exchange on the NMR time scale.
This is typically seen for collagen-like triple helices of other
model peptides.5,15

The formation of a triple-helical structure for compounds
I-III in H2O at 27°C is also supported by the NOESY spectra
which were analyzed according to a procedure previously used
for the NMR study of (Pro-Hyp-Gly)10.5 This approach relies
on the distinction between intra- and interchain NOEs on the
basis of triple-helical structures modeled for sequences com-
posed of the Gly-Pro-Nleu repeat. In particular, 21 interchain
NOEs provide a critical test for the triple-helical array because
they are expected to arise uniquely from interchain interactions
on the basis of the proposed triple-helical structures (distances
smaller than 4.5 Å) and correspond to nonoverlapped reso-
nances. These interchain NOEs (see Supporting Information
Table 1) can be sorted into three main classes: 3 NOEs between
Gly and Pro, 5 NOEs between Gly and Nleu, and 13 NOEs
between Pro and Nleu. These observations indicate that in each
cross section of the triple helix, the residues Gly, Pro, and Nleu
are closely packed supporting the register shift typically found
in collagen-like triple helices. A full report on the NOE analysis
appears in a forthcoming paper.17

The circular dichroism (CD) spectra of compoundsI-III in
H2O at 20 °C closely resemble the CD spectra (the positive
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Figure 1. The structures of [a] Nleu, [b] Ac-(Gly-Pro-Nleu)9-NH2 and
[c] KTA-[Gly-(Gly-Pro-Nleu)n-NH2]3 (n ) 6, 9).

10928 J. Am. Chem. Soc.1996,118,10928-10929

S0002-7863(96)01717-9 CCC: $12.00 © 1996 American Chemical Society



and negative peaks and the crossover) of collagen and triple-
helical model peptides as reported in the literature.15,18,19 The

presence of triple-helical conformations for compoundsI-III
is also clearly seen in melting curve measurements. As
demonstrated in Figure 3, optical rotation measurements showed
that compoundsI-III in H2O exhibit cooperative transition
curves, supporting the presence of ordered conformations.
On the basis of the NMR spectroscopy experiments and the

chirooptical measurements discussed above, we conclude that
the structures composed of (Gly-Pro-Nleu)n sequences (com-
poundsI-III ) form triple-helical conformations with thermal
stability comparable to that of Gly-Pro-Pro triple helices (Figure
3).12 The peptoid residue Nleu is therefore an excellent
surrogate for Pro in the Yaa position of Gly-Pro-Yaa collagen
sequences. These structures represent the first clearly estab-
lished peptoid-containing collagen-like triple helices. These
findings open new opportunities in the design of collagen
mimetics.
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Figure 2. (a) Expanded region of the TOCSY spectrum of Ac-Gly-Pro-Nleu-NHMe (IV ) in H2O (pH 2.8, 27°C) showing the Nleu side chain
connectivities. Only non-triple-helical, unassembled (U) resonances are observed, including (trans, trans) and (cis, trans) structures (labeled as
U(tt+ct)) and (trans, cis) structures (labeled asU(tc)). (b) Expanded region of the TOCSY spectrum of KTA-[Gly-(Gly-Pro-Nleu)6-NH2]3 (III )
under the same experimental conditions as part a. An additional set of resonances (solid lines) is observed, and it is assigned to assembled (A)
triple-helical structures.

Figure 3. The thermal melting curves of Ac-(Gly-Pro-Nleu)9-NH2 (I )
(0.9 mg/mL), KTA-[Gly-(Gly-Pro-Nleu)9-NH2]3 (II ) (0.04 mg/mL),
KTA-[Gly-(Gly-Pro-Nleu)6-NH2]3 (III ) (0.2 mg/mL), and Ac-(Gly-Pro-
Pro)10 (V) (0.2 mg/mL) in H2O determined by optical rotation
measurements. The melting temperature of Ac-(Gly-Pro-Nleu)9-NH2

(I ) is 39 °C while the melting temperature of Ac-(Gly-Pro-Pro)10 (V)
is 35 °C.
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