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Triple-helical peptides serve as valuable models for collagen, a
critical protein in normal tissue structure and in disease. Close
packing of three polyproline-like chains in the collagen triple-helix
structure generates the requirement for glycine as every third
residue, (Gly-X-Y)n.1 Peptides with Gly as every third residue and
a high imino acid content will spontaneously self-assemble into
homotrimers with a triple-helical structure. Such stable homotrimer
peptides have been well characterized in terms of stability, folding,
and dynamics, and molecular structures have been obtained by
NMR and X-ray crystallography.2 These homotrimer peptides serve
as good models for collagen molecules with three identical chains,
such as type II collagen in cartilage. It has proved more difficult to
obtain and characterize hybrid triple-helical peptides composed of
chains with different amino acid sequences (heterotrimers), which
can serve as models for heterotrimeric collagens such as type I
collagen in bone and type IV collagen in basement membranes.

Heterotrimer peptide design strategies have included covalent
linkage to force the selection of three chains and their alignment,3

while recent studies used electrostatic interactions within the (Gly-
X-Y)n sequences to direct desired self-assembly.4 Thus far,
techniques for biophysical characterization of heterotrimers have
probed average properties of the triple-helix. For instance, Gauba
and Hartgerink used circular dichroism (CD) spectroscopy to follow
the thermal stabilities of single peptide versus mixed peptide
solutions, and differences in stability are interpreted in terms of
homotrimer and heterotrimer molecules.4 In contrast, NMR has the
capacity to follow the properties of individual residues and
individual chains within trimers.2a Complexes where one subunit
is labeled and others are not have been studied by NMR to define
the features of the labeled complex and its interaction.5 Here, a
similar strategy is applied to the triple-helix, using NMR to monitor
labeled residues within one peptide chain to follow specific
structural and chemical properties within a heterotrimer versus a
homotrimer context.

The design strategy presented here is based on mixing an 15N/
13C labeled peptide chain which has a low propensity to self-
associate into a triple-helix together with an unlabeled peptide chain
of different sequence and high triple-helix propensity. The peptides
studied model a site of the heterotrimeric type IV collagen molecule
composed of two R1(IV) and one R2(IV) chains.6 The site modeled
contains a natural interruption in the Gly-X-Y repeating sequence
of both the R1(IV) and R2(IV) chains. Peptide A, the unlabeled
peptide, includes residues 289-302 (Table 1) from the sequence
of the R1(IV) chain of type IV collagen with an interruption. Peptide
B includes residues 288-295 from the corresponding sequence in
the R2(IV) chain at the same site with a corresponding interruption
(Table 1). Both collagen sequences are flanked by stabilizing triplets
and a terminal Tyr for concentration determination. Four residues
in peptide B were 15N/13C-labeled, including three residues Ile,
Ser, and Leu in the interruption and an Ala in the stabilizing
C-terminal sequence.

First, the properties of each peptide as a homotrimer were
characterized. Homotrimeric peptides models with interruptions
have been shown to form triple-helical molecules with a low thermal
stability and a lower than normal CD maximum at 225 nm.7

Dissolving peptide A in solution at low temperature (c ) 0.33 mM)
leads to formation of stable homotrimeric triple-helical molecules
with a characteristic CD triple-helix peak at 225 nm (MRE225 )
2800 deg · cm2 ·dmol-1) and a melting temperature of 16.5 °C.
Dissolving peptide B in solution leads to the formation of some
homotrimers with a low MRE225 value (1150 deg · cm2 ·dmol-1)
and a partial thermal transition (Figure 1a). Differential scanning
calorimetry (DSC) scans confirm that B homotrimers are less stable
than A homotrimers (Figure 1b). NMR studies were carried out on
the labeled B homotrimer at high concentrations (6 mM). As seen
in previous spectra of triple helical peptides, the heteronuclear single
quantum coherence (HSQC) spectrum at 5 °C shows monomer and
trimer peaks for each labeled residue.2a,e Three trimer peaks are
seen for Leu (Figure 2a), indicating different environments for the
Leu residues located in the interruption region in each of the three
chains of the homotrimer. All three Leu peaks show a thermal
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Table 1. Triple-Helix Content (MRE225), Thermal Stability (Tm), and
Calorimetric Enthalpy (∆Hcal) for Peptides A, B, and a Mixture with
a 2A:1B Molar Ratioa

peptide sequence MRE225

(deg · cm2 · dmol-1) Tm (°C) ∆Hcal

(KJ/mol)

A (GPO)3GMOGVGEKG
EOGKO(GPO)2GYb

2800 16.5 190

B POGDO(GPO)2GISLKG
EEGPOGPAGPOGYOGb

1150 3.5c 60

2A:1B 2500 14.5 140

a Underlined residues are sequences from R1(IV) and R2(IV) chains;
bold residues in peptide B are 15N/13C labeled. b O stands for
hydroxyproline. c Estimated value since the thermal transition is
incomplete.

Figure 1. Stability of peptide A (black), B (green), and a mixture with
molar ratio 2A:1B (cyan): (a) CD thermal transitions; (b) DSC profiles.
The DSC thermal transitions are at higher temperatures than seen for CD
melts, as expected for faster heating rates under nonequilibrium conditions.8

(c) HSQC residue-specific melting for the 3 Leu peaks in peptide B as a
homotrimer (green) and of the single Leu peak seen for the mixture of
2A:1B (cyan). Peptide A contains no labeled residues for HSQC studies.
Peak intensities are normalized to values observed at lowest temperature.
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transition at the same temperature, Tm ) 7 °C (Figure 1c). The
absence of three distinct trimer peaks for Ile, Ser, and Ala residues,
which show only one or two trimer resonances, is likely due to
overlapping trimer resonances. Raising the temperature to 11 °C
leads to loss of almost all trimer peaks, indicating the complete
melting of the B homotrimer triple helix by this temperature (Figure
2a right). NMR melting curves are not obtained for the A peptide,
which contains no 15N/13C labeled residues.

Peptides A and B were mixed in solution at a molar ratio of
2A:1B to look for formation of heterotrimeric molecules. The
mixture was heated to 50 °C, cooled slowly to 0 °C, and incubated
for 30 h. The CD spectrum had a maximum at 225 nm with MRE225

) 2500 deg · cm2 ·dmol-1, which is somewhat higher than expected
on the basis of simple addition of 2A and 1B (expected MRE225 )
2250 deg · cm2 ·dmol-1). The melting curve shows a single transition
at 14.6 °C, which is slightly less than the Tm value of A homotrimers
and much higher than the Tm of B homotrimers (Figure 1a). DSC
profiles (Figure 1b) confirm that the 2A:1B mixture has a single
thermal transition with a stability slightly less than the A homot-
rimer. No DSC transition is seen at the B homotrimer position,
confirming that no significant amount of B homotrimers are formed.
These observations support the presence of a single heterotrimeric
species containing chains of A and B.

NMR experiments were performed to probe chain specific
resonances related to hybrid chain association. 1H-15N HSQC
experiments were performed on the labeled B chain in a 2A:1B
mixture (conc. A ) 4 mM, B ) 2 mM) after heating and cooling.
In the HSQC at 5 °C, there is only one Leu trimer resonance

(Figure 2b), compared with three distinct resonances for the B
homotrimer. This is consistent with an AAB composition where
there is only one B chain in a heterotrimer. A single peak is seen
for Ile, but its position is shifted compared with the B homotrimer,
suggesting a different environment in the heterotrimer compared
with the homotrimer. A single resonance is seen for the Ala trimer
and no Ser resonance is seen for the mixed peptides, which is likely
due to overlap with monomer resonance.

The temperature dependence of the trimer resonances arising
from the B chain in the mixed 2A:1B system was determined. The
thermal stabilities of trimer resonances in the mixture differ
markedly from those seen for the B homotrimer. All resonances of
homotrimer B have disappeared by 11 °C, while the resonances of
B in the mixed system do not disappear until the temperature is
higher than 20 °C (Figure 2). For example, the stability of the single
Leu trimer resonance in the mixture (Tm ≈ 17 °C) is shown to be
markedly higher than the three Leu trimer resonances in the
homotrimer (Tm ≈ 7 °C) in Figure 1c. The high stability of the
residues in peptide B must arise as a result of interactions involved
in heterotrimer association with A.

The formation and characterization of hybrid triple-helical peptide
systems is important for modeling heterotrimeric collagens and for
modeling diseases where there are one or two mutations in a
collagen triple-helix.4c,10 The NMR data monitoring the chemical
shifts and stability of defined residues within one chain in a
homotrimer compared with a heterotrimer setting complement the
information on average properties obtained from CD and DSC
studies. The NMR results show that in a 2:1 ratio mixture of A
and B chains, peptide chain B is present in mixed trimers containing
both types of chains and supports the presence of a single AAB
molecular species. If both AAB and BBA species were present,
multiple resonances with a more heterogeneous spectrum would
be expected. It is not possible to eliminate the possibility of some
A homotrimers, since these chains are not labeled and their stability
is close to the heterotrimers. The simple approach presented here
can be done on any hybrid system and provides evidence of the
incorporation of a chain into a heterotrimer triple-helix as well as
residue specific information about that chain.
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Figure 2. Comparison of 1H-15N HSQC spectra of labeled Ile, Ser, Leu,
and Ala residues in peptide B for (a) a peptide B solution (homotrimer)
and (b) a 2A:1B peptide mixture. Trimer peaks for all residues of peptide
B in a homotrimer (a) are present at 5 °C (left) and absent at 11 °C (right),
while trimer peaks are present at both temperatures when peptide B is present
in a 2A:1B peptide mixture. The peaks corresponding to monomer and trimer
state are denoted with superscript M or T. The large number of minor
monomer peaks are due to cis/trans isomerization in the unfolded state in
this proline rich chain.9 Other small peaks between the monomer and trimer
peaks may be due to noise or impurities.
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