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ABSTRACT: Organized polymeric assemblies that incorporate bioactive sequences and structures are finding
important applications for the study of protein structure-function relationships. We have recently described
a heteropolymeric peptide-amphiphile system that forms organized structures in solution and on surfaces.
While the overall three-dimensional features of peptide-amphiphiles have been studied previously, the
precise environment of specific residues, particularly those within biologically active regions, have not
been examined in detail. In the present study, we have used heteronuclear single quantum coherence
(HSQC) and inverse-detected1H-15N NMR spectroscopy to examine the structure and dynamics of a
peptide and peptide-amphiphile that incorporate theR1(IV)1263-1277 ([IV-H1]) amino acid sequence
from type IV collagen. Three variants of the sequence (Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 were
constructed with a single15N-labeled Gly placed in the middle of theN-terminal (Gly-Pro-Hyp)4 region
(residue Gly7), in the middle of the [IV-H1] sequence (residue Gly19), or in the middle of theC-terminal
(Gly-Pro-Hyp)4 region (residue Gly34). These peptides were alsoN-terminally acylated with hexanoic
acid to create an analogous series of15N-labeled peptide-amphiphiles. HSQC spectra indicated that both
the peptide and the peptide-amphiphile were in triple-helical conformation at low temperature, supporting
prior circular dichroism (CD) spectroscopic results. The intensities of the triple-helical cross-peaks were
stronger for the peptide-amphiphile, consistent with an enhanced triple-helical thermal stability within
the peptide-amphiphile construct compared to that of the peptide alone. Relative relaxation values for
the peptide-amphiphile monomeric and trimeric species were consistent with those reported previously
for other triple-helical peptides. Relaxation measurements indicated that the triple-helical [IV-H1] region
did not appear to be dramatically more flexible than the Gly-Pro-Hyp regions. The angle between Gly
N-H bonds and the helix dyad axis, determined from the relaxation data, was within the range expected
for triple helices. Overall, the peptide headgroup of the C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4
peptide-amphiphile appears to form a continuous triple helix that behaves similarly, in a dynamic sense,
to a triple-helical peptide. The enhanced thermal stability of the peptide-amphiphile compared to the
analogous triple-helical peptide, along with the multitude of organized structures formed by lipidlike
compounds, suggest that peptide-amphiphiles could be utilized as targeted liposomes, sensors, receptors,
or enzymes.

The design of organized polymeric assemblies that incor-
porate bioactive sequences and/or structures represents a
burgeoning area of biochemical and biomaterials research.

Such polymers have been developed for modulation of
protein-ligand interactions (1), protein adsorption to surfaces
(2), and cell adhesion (3-6). We have recently described a
heteropolymeric peptide-amphiphile system that forms
organized structures in solution and on surfaces (7-10). The
peptide-amphiphile has a peptide “headgroup”, which
contains a bioactive sequence and has the propensity to form
secondary, supersecondary, and/or tertiary structures, and a
lipophilic “tail”, which is composed of mono- or dialkyl
hydrocarbon chains. In principle, the lipophilic tail regions
will associate by hydrophobic interactions, inducing and/or
stabilizing the three-dimensional structure of the peptide
headgroup. Our initial studies have indeed demonstrated that
triple-helical andR-helical protein-like molecular architecture
is stabilized in the peptide-amphiphile (8-11). Other groups
have also found induction of peptide structure by lipophilic
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compounds. For example, when the peptide acetyl-Lys-Gly-
Arg-Gly-Asp-Gly amide is attached to dodecylphosphocho-
line, the peptide-amphiphile forms a type II or I′ turn
conformation, while the peptide itself mixed with the
phopholipid does not (12). N-Octadecanoyl (Gly)n ethyl ester
monolayers and Langmuir-Blodgett films, wheren ) 1-5,
form polyGly II helices while the oligoGly peptides do not
(13). The next stage in the evolution of synthetic peptide-
amphiphiles is the detailed three-dimensional structural
analysis of both the peptide headgroup and the lipophilic
tail, as well as a more comprehensive understanding of the
forces responsible for inducing the respective structures of
these components.

Our peptide-amphiphile system has utilized headgroups
that have primarily been based on collagen triple-helical
structural elements (8-11). The triple helix consists of three
polypeptide chains, each in an extended, left-handed polyPro
II-like helix, which are staggered by one residue and then
supercoiled along a common axis in a right-handed manner
(14). Geometric constraints of the triple-helical structure
require that every third amino acid is Gly, resulting in a Gly-
X-Y repeating sequence. The X and Y positions are
commonly occupied by imino acids, with the triplet Gly-
Pro-Hyp known to be the strongest promoter of triple-helical
conformation (14). Substantial stabilization of the triple-
helical structure can be achieved with the introduction of a
di-Lys or di-Glu template at theC- or N-terminal regions of
the three peptide chains (14-19), a double disulfide “knot”
at theC-terminal region of the three peptide strands (20), or
a Kemp triacid template linked to theN-terminus of three
peptide chains (21-23). Conversely, we have described the
noncovalent, peptide-amphiphile self-assembly approach to
building a collagenlike structural motif (8, 9). The thermal
stability of the triple-helical headgroup can be controlled by
the lipophilic tail length and extent of branching (8, 10, 11).
This is especially important for the function of bioactive
sequences, where the maintenance of distinct three-dimen-
sional structure may correlate to optimal activity (15). In
some cases, fluctuations in the triple-helical backbone are
possible (24, 25) and may be necessary for some collagen-
mediated activities (26).

The potential activities mediated by triple helices are quite
varied. Collagen’s triple-helical conformation can modulate
cell and platelet binding (15, 16, 27, 28) and induction of
signaling pathways (29). The triple helix is found in a variety
of proteins in addition to collagen, such as macrophage
scavenger receptors types I and II and bacteria-binding
receptor MARCO, complement component C1q, pulmonary
surfactant apoprotein, acetylcholinesterase, and mannose
binding protein (14, 30). Triple-helical conformation appears
to have an important role in the binding of acetylated low-
density lipoprotein (Ac-LDL) (17, 31) and tetraplex nucleic
acids (32) to macrophage scavenger receptor type I.

In the present and prior studies, we have incorporated a
type IV collagen-derived cell adhesion site ([IV-H1])1 into
peptide-amphiphiles. The bioactive collagen sequence is
then flanked by Gly-Pro-Hyp repeats (8, 9, 11). The [IV-
H1] sequence, Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-
Trp-Pro-Gly-Ala-Pro fromR1(IV)1263-1277, is known to
promote melanoma cell adhesion and spreading (33-35).
Triple-helical conformation greatly enhances the biological
activity of [IV-H1] (9, 10, 35). The [IV-H1] sequence alone

forms a distinct, non-triple-helical structure in solution with
unique backbone and side-chain mobilities (34, 36-38). One
is particularly concerned as to the structure of the [IV-H1]
sequence within the peptide-amphiphile, i.e., does the
sequence itself form a triple helix or are only the surrounding
Gly-Pro-Hyp regions in triple-helical conformation. Flex-
ibility of triple-helical structure may have subtle effects on
biological recognition processes (26). In our prior studies,
triple-helical structure of the peptide-amphiphiles was
confirmed by circular dichroism (CD) spectroscopy and two-
dimensional NMR spectroscopy of the Pro and Hyp side
chains within and/or surrounding the [IV-H1] site (8, 11).
The present work employs NMR spectroscopy to further
characterize the peptide-amphiphile and the [IV-H1] se-
quence itself.

High-resolution multidimensional NMR has been success-
fully applied to structural and dynamic studies of many
biomolecules. The study of protein structure by NMR
spectroscopy relies on the observation of NOEs and spin-
spin coupling constants3JHNR. NOEs occur between two
atoms at distances smaller than 5 Å. The3JHNR coupling
constants depend on dihedral angles. The distance constraints
derived from NOEs and dihedral angle constraints may then
be used for creating computer models of the protein.
Difficulties arise when these approaches are used to deter-
mine the structure of a triple helix. The three strands in a
triple helix are staggered by one residue and often of the
same sequence. When NOEs are observed, it is difficult to
distinguish between interchain and intrachain NOEs since
both are within 5 Å, and one would anticipate both intra-
and interchain NOEs for triple helices (39-42). Even when
nonsequential NOEs may exist, it is very difficult to assign
the cross-peaks due to severe overlapping (40-42). One
approach has been to compare observed NOEs of backbone
protons with those predicted by models for triple-helical
structure based on X-ray analyses of collagen and model
peptides (39). However, with 15N or 13C residues, it is
possible to study specific regions within collagenous peptides
(41, 43). In the present study, we have used site-specific15N-
labeled peptides and peptide-amphiphiles in concert with
two-dimensional NMR spectroscopy to (1) provide further
evidence that monoalkyl peptide-amphiphiles are in triple-
helical conformation, (2) examine the dynamics of monoalkyl
peptide-amphiphiles, and (3) investigate the [IV-H1] region
to see if a biologically active sequence within a peptide-
amphiphile is in triple-helical conformation.

EXPERIMENTAL PROCEDURES

Synthesis of Peptides and Peptide-Amphiphiles. All
standard peptide synthesis chemicals and solvents were
analytical reagent grade or better and were purchased from

1 Abbreviations: CD, circular dichroism; DIEA,N,N-diisopropyl-
ethylamine; Fmoc, 9-fluorenylmethoxycarbonyl; HBTU,N-[(1H-ben-
zotriazol-1-yl)(dimethylamino)methylene]-N-methylmethanaminium
hexafluorophosphateN-oxide; HMQC, heteronuclear multiple quantum
coherence; HOBt, 1-hydroxybenzotriazole; HSQC, heteronuclear single
quantum coherence; Hyp, 4-hydroxy-L-proline; [IV-H1], Gly-Val-Lys-
Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro; MALDI-TOF-
MS, matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry; NMR, nuclear magnetic resonance; RP-HPLC, reversed-
phase high performance liquid chromatography; TFA, trifluoroacetic
acid.

1660 Biochemistry, Vol. 38, No. 5, 1999 Yu et al.



Perkin-Elmer/Applied Biosystems Division (Foster City, CA)
or Fisher Scientific (Pittsburgh, PA). Fmoc-4-[[(2′,4′-
dimethoxyphenyl)amino]methyl]phenoxy resin (substitution
level) 0.46 mmol/g) was purchased from Novabiochem (La
Jolla, CA). All Fmoc-amino acid derivatives were from
Novabiochem and are ofL-configuration. HOBt was pur-
chased from Novabiochem, HBTU from Quantum Biotech-
nologies (Montreal, Quebec), DIEA from Fisher Scientific,
hexanoic acid [CH3-(CH2)4-CO2H, designated C6] from
Aldrich, and Fmoc-15N-Gly from Cambridge Isotope Labo-
ratories (Andover, MA).

Peptide-resin assembly was performed by Fmoc solid-
phase methodology on an ABI 431A peptide synthesizer (44)
with appropriate modifications (16, 45). All peptides and
peptide-amphiphiles were synthesized as C-terminal amides
to prevent diketopiperazine formation. Peptide-resins were
characterized by Edman degradation sequence analysis as
described previously for “embedded” (noncovalent) sequenc-
ing (46). Peptide-resins were then either (a) cleaved or (b)
lipidated with the C6 tail (8) and then cleaved. Cleavage and
side-chain deprotection of peptide-resins and peptide-
amphiphile-resins proceeded for 2 h with 1,2-ethanedithiol-
thioanisole-phenol-H2O-TFA (2.5:5:5:5:82.5) as described
(47). Peptide-amphiphile cleavage solutions were extracted
with methyl tBu ether prior to purification.

Peptide Purification and Analysis.Preparative RP-HPLC
purification was performed on a Rainin AutoPrep System.
Peptides were purified with a Vydac 218TP152022 C18

column (15-20 µm particle size, 300 Å pore size, 250×
25 mm) at a flow rate of 5.0 mL/min. The elution gradient
was either 0-60% buffer B or 0-100% buffer B in 60 min,
where buffer A was 0.1% TFA in H2O and buffer B was
0.1% TFA in acetonitrile. Detection was at 280 nm.
Peptide-amphiphile purification was achieved on a Vydac
214TP152022 C4 column (15-20 µm particle size, 300 Å
pore size, 250× 22 mm) at a flow rate of 5.0 mL/min. The
elution gradient was 30-100% buffer B in 70 min where
buffer A was 0.05% TFA in H2O and buffer B was 0.05%
TFA in 2-propanol. Detection was at 280 nm. Analytical RP-
HPLC was performed on a Hewlett-Packard 1090 liquid
chromatograph equipped with a Hypersil C18 column (5µm
particle size, 120 Å pore size, 200× 2.1 mm) at a flow rate
of 0.3 mL/min. The elution gradient was 0-60% buffer B
in 45 min where buffers A and B were the same as for
peptide purification. Diode array detection was at 220, 254,
and 280 nm.

Edman degradation sequence analysis was performed on
an Applied Biosystems 477A protein sequencer/120A ana-
lyzer. MALDI-TOF-MS was performed on a Hewlett-
Packard G2025A LD-TOF mass spectrometer with a sina-
pinic acid matrix (7, 8). All peptides gave the desired
sequence, and all peptides and peptide-amphiphiles had
proper mass values.

NMR Spectroscopy.NMR spectra were acquired on a 600
MHz Varian INOVA spectrometer. Freeze-dried samples for
NMR spectroscopy were dissolved in D2O or D2O-H2O (1:
9) at peptide and peptide-amphiphile concentrations of 3-5
mM at least 48 h prior to experiments. Two-dimensional
sensitivity-enhanced HSQC spectroscopy (48) experiments
were recorded at 25 and 45°C with 256t1 increments. The
spectral widths were 7200 Hz in thet2 dimension and 2000
Hz in thet1 dimension.15N T1, T2, and heteronuclear NOE

were measured in experiments with “reverse” proton detec-
tion (48, 49). For the peptide-amphiphiles with15N-labeled
Gly in the N-terminal (Gly-Pro-Hyp)4 or in theC-terminal
(Gly-Pro-Hyp)4, one-dimensional versions of the pulse
sequences were used since the signals in the HSQC spectra
do not overlap in thet2 dimension. A spectral width of 7200
Hz was used in thet2 dimension, and a spectra width of
2000 Hz was used in thet1 dimension. For theT1 and T2

experiments, 32 scans pert1 increment were accumulated.
For the NOE experiment, 128 scans pert1 increment were
recorded.T1 values were obtained with relaxation delays of
5.5, 71.5, 159.5, 269.5, 401.5, 577.5, and 836.0 ms.T2 values
were measured with delays of 16, 32, 48, 64, 80, 113, and
145 ms. For measuring1H-15N NOE, spectra were recorded
in the presence and absence of1H saturation.15N T1, T2, and
heteronuclear NOE values were calculated as described
previously (24).

Motional Models for Analysis of NMR Relaxation Data.
The general equation for the rotational correlation function
for motions of some vectora can be written as (50)

and for the Lipari-Szabo model-free approach (51, 52)

whereτ0 is the correlation time for overall tumbling,τi is
the correlation time for internal motion, andSa

2 is an order
parameter that reflects incomplete motional averaging of the
bond vector within a particular molecular frame. In general,
Sa

2 is the limiting value of the internal correlation function
at t f ∞:

θa andæa are polar angles defining the motional vectora in
the molecular frame.

For molecules that are nonspherical in shape, such as
collagen triple helices, the Lipari-Szabo approach does not
provide an accurate model for deriving motional parameters
since it does not consider the influence of rotational
anisotropy. The anisotropy of overall tumbling prevents
factorization of the correlation function as shown in eq 2,
even when internal bond rotations and overall molecular
tumbling occur independently. To address this, one can
consider the symmetric top rotational diffusion model (50)
parametrized with diffusion coefficientsD| and D⊥. The
diffusive frame{XD, YD, ZD} can be chosen such that theZD

axis is directed along theD| rotational axis. Having
transformed the laboratory frame into the diffusive frame,
the correlation function can be written as

ΩLD(t) are Euler angles for transformation from the labora-
tory frame to the molecular (diffusive) frame.aD(t) denotes
the orientation of the motional vectora in the diffusive frame.
If one assumes that internal bond rotations and overall

Ca(t) ) 4π〈Y20[θa(t)]Y20[θa(0)]〉 (1)

Ca(t) ) exp(-t/τ0)[Sa
2 + (1 - Sa

2) exp(-t/τi)] (2)

Sa
2 ) 0.8π ∑

m)-2

2

〈Y2m(θa,æa)〉〈Y*2m(θa,æa)〉 (3)

Ca(t) ) 0.8π ∑
q)-2

2

〈D*0q
(2) [ΩLD(t)] D0q′

(2)[ΩLD(0)]

Y2q[aD(t)] Y*2q[aD(0)]〉 (4)
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tumbling occur independently for rotational diffusion of the
symmetric top, one can write

where

By use of Euler angles{0, â, γ0 + γ(t)} for the second
transformation from the diffusive frame to the{XR, YR, ZR}
frame wherein theZR axis is directed along the average
orientation of vectora, a general equation for the correlation
function can be obtained:

q, m, m′ are equal to-2, -1, 0, 1, 2.dqm
(2)(â) terms are

reduced Wigner functions.â is the angle formed between
ZD andZR axes, andθa andæa are polar angles that define
motional vectora within the{XR, YR, ZR} molecular frame.
If one now assumes that vectora wobbles about its
equilibrium position within a cone having semiangleθ0, the
limiting value of the correlation functionCmm′(t) can be
expressed as

where

Since backbone atoms within the triple helix structure are
probably motionally restricted, one may further assume that
the decay of the internal motional correlation function is very
fast and that the amplitude of the wobbling motion is small.
In this case, the spectral density,Ja(ω), which corresponds
to the correlation function given by eq 7, can be written as

where

RESULTS AND DISCUSSION

Conformation of Peptides and Peptide-Amphiphiles.A
vast number of approaches have been described by which
proteinlike molecular architecture can be created and stabi-
lized. We have recently examined the use of lipophilic
compounds for potentially aligning peptide strands and
inducing and/or stabilizing proteinlike secondary, super-
secondary, and tertiary structures within these peptide
sequences (7-9). Our initial studies demonstrated that dialkyl
ester compounds of carbon chain lengths 12-18 stabilize
triple-helical conformation (8, 9). We have subsequently
shown that monoalkyl carbon chains of lengths 6-16 also
stabilize triple-helical conformation (10, 11). Specifically,

CD and one-dimensional NMR spectroscopic studies of the
peptide-amphiphile C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-
Hyp)4 indicated that a short monoalkyl chain exerts a
significant stabilizing effect on proteinlike structure.

To further study the structure and dynamic properties of
triple-helical peptides and peptide-amphiphiles, site-specific
15N-labeled peptides were synthesized. Three variants of
(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 were constructed,
each with a single15N-labeled Gly. The15N-labeled amino
acid was placed in the middle of theN-terminal (Gly-Pro-
Hyp)4 region (residue Gly7), the middle of the [IV-H1]
sequence (residue Gly19), or the middle of theC-terminal
(Gly-Pro-Hyp)4 region (residue Gly34) (Figure 1). These
peptides were also acylated with a C6 tail to create an
analogous series of15N-labeled peptide-amphiphiles. Studies
of these biomolecules proceeded by heteronuclear1H-15N
correlation NMR spectroscopy.

HSQC experiments were performed initially on labeled
(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 (Figure 2). We first
examined the peptide containing15N-Gly7 (Figure 2, left
panel). The HSQC spectrum at 25°C shows two major cross-
peaks occurring at 7.86 and 8.38 ppm. The 8.38 ppm cross-
peak is accompanied by a cross-peak at 8.32 ppm. The
intensity of the cross-peak at 7.86 ppm is much weaker than
the intensity of the 8.38 ppm cross-peak. A very similar
spectrum is obtained for the peptide containing15N-Gly34 at
25 °C (Figure 2, right panel). However, the peptide contain-
ing 15N-Gly19 has a very different HSQC spectrum at 25°C
(Figure 2, center panel). Four cross-peaks are found, occur-
ring at 8.26, 8.32, 8.45, and 8.48 ppm. The cross-peaks at
8.32, 8.45, and 8.48 ppm are of equal intensity. The 8.26
ppm cross-peak is accompanied by a cross-peak at 8.19 ppm.

HSQC experiments were next performed for (Gly-Pro-
Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 at 45 °C (Figure 3). Since
(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 has a melting tem-
perature (Tm) of 35.6 °C (8), NMR data obtained at 45°C
will be indicative of the monomeric (non-triple-helical)
peptide. The spectrum of [15N-Gly7]-(Gly-Pro-Hyp)4-[IV-
H1]-(Gly-Pro-Hyp)4 (Figure 3, left panel) shows one major
and one minor cross-peak. The cross-peak found at 7.86 ppm
in the 25°C spectrum has disappeared, while the 8.38 ppm
cross-peak has shifted upfield to∼8.18 ppm. In similar
fashion, the spectrum of [15N-Gly34]-(Gly-Pro-Hyp)4-[IV-
H1]-(Gly-Pro-Hyp)4 (Figure 3, right panel) shows one major
and one minor cross-peak. The cross-peak found at 7.86 ppm
in the 25°C spectrum has disappeared, while the 8.38 ppm
cross-peak has shifted to∼8.18 ppm. The spectrum of the

〈D*0q
(2) [ΩLD(t)]D0q′

(2)[ΩLD(0)]〉 ) 0.2δqq′ exp(-Dqt)
(5)

Dq ) 6D⊥ + (D| - D⊥)q2 (6)

Ca(t) ) 0.8π ∑
q,m,m′

e-Dqt dqm
(2)(â) dqm′

(2)(â) Cmm′(t) (7)

Cmm′(t) ) 〈Y2m[θa(t),æa(t)]Y*2m′[θa(0),æa(0)]〉 (8)

Cmm′(∞) ) S2δm0δm′0 (9)

S2 ) 0.25 cos2 θ0(1 + cosθ0)
2 (10)

Ja(ω) ) S2[P2
2(cosâ)J0(ω) + 3 cos2 â sin2 â J1(ω) +

0.75 sin4 âJ2(ω)] (11)

Jq(ω) ) Dq/(Dq
2 + ω2) (12)

FIGURE 1: General sequences of the15N-labeled (A) peptides and
(B) peptide-amphiphiles used for HSQC experiments. The proper
triple-helical alignments of the (C) (Gly-Pro-Hyp)4 N- or C-terminal
regions and (D) [IV-H1] region are shown.
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peptide containing15N-Gly19 (Figure 3, middle panel) is now
similar to those of the15N-Gly7 and 15N-Gly34 peptides, in
that only one major and one minor cross-peak is seen. The
three cross-peaks occurring at 8.32, 8.45, and 8.48 ppm in
the 25 °C spectrum have disappeared, and the 8.26 ppm
cross-peak has shifted to∼8.18 ppm. The transition of the
peptide (Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 from a triple-
helical state at 25°C to a monomeric, non-triple-helical state
at 45°C results in significant changes in the HSQC spectra.

HSQC experiments were repeated with the C6-(Gly-Pro-
Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 peptide-amphiphile. At 25
°C, the spectrum of the peptide-amphiphile containing15N-
Gly7 (Figure 4, left panel) shows two major cross-peaks
occurring at 7.86 and 8.38 ppm, in fashion similar to the
peptide. However, unlike the peptide spectrum (Figure 2,
left panel), the intensity of the cross-peak at 7.86 ppm is
stronger than the intensity of the 8.38 ppm cross-peak. A
very similar spectrum is obtained for the peptide-amphiphile
containing15N-Gly34 at 25 °C (Figure 4, right panel). The
25°C HSQC spectrum of the peptide-amphiphile containing
15N-Gly19 has four cross-peaks occurring at 8.26, 8.32, 8.45,

and 8.48 ppm (Figure 4, center panel). The intensities of
the 8.32, 8.45, and 8.48 ppm cross-peaks are equivalent to
each other and greater for the peptide-amphiphile than for
the peptide alone at 25°C (see Figure 2, center panel).

HSQC experiments were performed for C6-(Gly-Pro-
Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 at 45 °C (Figure 5). Since
C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 has aTm of 42.2
°C (10), NMR data obtained at 45°C will be indicative
primarily of the monomeric (non-triple-helical) peptide-
amphiphile. The spectrum of [15N-Gly7]-C6-(Gly-Pro-Hyp)4-
[IV-H1]-(Gly-Pro-Hyp)4 (Figure 5, left panel) shows one
major and one minor cross-peak. The cross-peak found at
7.86 ppm in the 25°C spectrum has disappeared, while the
8.38 ppm cross-peak has shifted to∼8.18 ppm. In similar
fashion, the spectrum of [15N-Gly34]-C6-(Gly-Pro-Hyp)4-[IV-
H1]-(Gly-Pro-Hyp)4 (Figure 5, right panel) shows one major
and one minor cross-peak. The cross-peak found at 7.86 ppm
in the 25°C spectrum has disappeared, while the 8.38 ppm
cross-peak has shifted to∼8.18 ppm. The spectrum of the
peptide-amphiphile containing15N-Gly19 (Figure 5, middle
panel) is now similar to15N-Gly7 and15N-Gly34, in that only

FIGURE 2: HSQC spectra for (left panel) [15N-Gly7]-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4, (center panel) [15N-Gly19]-(Gly-Pro-Hyp)4-
[IV-H1]-(Gly-Pro-Hyp)4, and (right panel) [15N-Gly34]-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 at 25°C. Two major cross-peaks occurring
at 7.86 and 8.38 ppm are found for the peptide containing15N-Gly7 or 15N-Gly34. The peptide containing15N-Gly19 exhibits four cross-
peaks occurring at 8.26, 8.32, 8.45, and 8.48 ppm. Conditions are given in Experimental Procedures.

FIGURE 3: HSQC spectra for (left panel) [15N-Gly7]-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4, (center panel) [15N-Gly19]-(Gly-Pro-Hyp)4-
[IV-H1]-(Gly-Pro-Hyp)4, and (right panel) [15N-Gly34]-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 at 45°C. One major cross-peak occurring
at 8.18 ppm is found for the peptide containing15N-Gly7, 15N-Gly19, or 15N-Gly34. Conditions are given in Experimental Procedures.
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one major and one minor cross-peak are seen. The three
cross-peaks occurring at 8.32, 8.45, and 8.48 ppm in the 25
°C spectrum have disappeared, and the 8.26 ppm cross-peak
has shifted to∼8.18 ppm. The transition of the peptide-
amphiphile C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 from
a triple-helical state at 25°C to a monomeric, non-triple-
helical state at 45°C results in significant changes in the
HSQC spectra, in fashion similar to those seen for the peptide
alone.

HSQC spectra of the peptide and peptide-amphiphile
containing15N-Gly19 showed four cross-peaks at 25°C, three
of which disappeared at 45°C. These three cross-peaks could
correspond to individual peptide strands in triple-helical
conformation. Since the three strands in a triple helix are
staggered by one residue, the15N-Gly19 in each peptide chain
of the triple-helical peptide or peptide-amphiphile would
be in a different environment with respect to neighboring
residues (14, 41) (see Figure 1). Thus, the three15N-Gly19

residues would have different chemical shifts if a properly
aligned triple-helix was formed. In addition, the intensities

of the three cross-peaks should be similar. Our results are
consistent with these assumptions, and thus the [IV-H1]
region within both the peptide and peptide-amphiphile
appears to be in triple-helical conformation. The various
cross-peaks can be assigned to a triple-helical or monomeric
state (Table 1).

Other researchers have previously documented similar two-
dimensional NMR spectral behavior for diverse sequence
triple-helical peptides. One example is peptide T3-785, which
incorporatesR1(III) collagen residues 785-796 (39). HSQC
spectra of [15N-Ala13]-T3-785 showed four Ala-related cross-
peaks, three of which disappeared with increasing temper-
ature (53). HMQC spectra of [15N3-Gly15,Leu16,Ala17]-T3-
785 showed 12 cross-peaks for the three labeled residues,
nine of which disappeared above the melting temperature
of the triple-helical peptide (24). A second example is MSR-
1, a peptide derived from the collagenous domain of
macrophage scavenger receptor (54). HSQC spectra of [15N-
Gly15]-MSR-1 showed four cross-peaks, three of which
disappeared with increasing temperature (54). If in proper

FIGURE 4: HSQC spectra for (left panel) [15N-Gly7]-C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4, (center panel) [15N-Gly19]-C6-(Gly-Pro-
Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4, and (right panel) [15N-Gly34]-C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 at 25°C. Two major cross-peaks
occurring at 7.86 and 8.38 ppm are found for the peptide-amphiphile containing15N-Gly7 or 15N-Gly34. The peptide-amphiphile containing
15N-Gly19 exhibits four cross-peaks occurring at 8.26, 8.32, 8.45, and 8.48 ppm. Conditions are given in Experimental Procedures.

FIGURE 5: HSQC spectra for (left panel) [15N-Gly7]-C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4, (center panel) [15N-Gly19]-C6-(Gly-Pro-
Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4, and (right panel) [15N-Gly34]-C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 at 45°C. One major cross-peak
occurring at 8.18 ppm is found for the peptide-amphiphile containing15N-Gly7, 15N-Gly19, or 15N-Gly34. Conditions are given in Experimental
Procedures.
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register, four cross-peaks per15N-labeled residue within a
diverse triple-helical sequence have been demonstrated. Three
cross-peaks are assigned to the triple-helical conformation,
while one corresponds to the monomeric (non-triple-helical)
state.

In contrast to the [IV-H1] region, the15N-labeled Gly
residues in the middle of a (Gly-Pro-Hyp)4 region (either
Gly7 or Gly34) would have identical environments with
respect to neighboring residues (see Figure 1). Thus, a total
of only two cross-peaks would be anticipated, one corre-
sponding to triple-helical conformation and one correspond-
ing to monomeric conformation. Our results are consistent
with this assumption.2 Two sets of cross-peaks have been
observed previously for Gly, Pro, and Hyp in (Pro-Hyp-
Gly)10 at 10°C (39, 53). One set of cross-peaks disappears
above the melting temperature of (Pro-Hyp-Gly)10 (39). The
cross-peaks observed in our study can be assigned to a triple-
helical or monomeric state (Table 1) on the basis of (a) the
effect of temperature on the specific cross-peaks and (b) prior
assignment of the proton resonances for Gly in (Pro-Hyp-
Gly)10 (39). One might believe that, if a lipidlike tail enhances
the thermal stability of a triple helix, the region of the triple
helix closest to the tail would be more stable than the region
most distant from the tail. However, the HSQC data indicate
that the C6 tail enhances the stability of the entire triple-
helical structure, as the spectra for theN-terminally labeled
and C-terminally labeled peptide-amphiphiles are very
similar. The equivalent spectral intensities of these two
regions suggest that the presence of both triple-helical and
monomeric resonances, even at low temperature, is most
likely due to both triple-helical and monomeric species being
present, as opposed to only a triple-helical species with less
ordered regions (39).

The 15N-Gly residues used in this study appear to be
sensitive probes of triple-helical conformation. NMR spectral
behaviors of the effects of triple-helical conformation on Gly
resonances are well documented (55, 56). In addition, the
upfield shift of monomeric Gly NH resonances as a function
of temperature has been observed previously.1H NMR

studies of the model peptide (Pro-Pro-Gly)15 showed that as
temperature increased, a weak Gly NH resonance at 8.1 ppm
disappeared while the resonance at 7.85 ppm increased in
intensity and shifted upfield (57). Solid-state15N NMR
indicated an upfield shift of 4.9 ppm for the Gly NH peak
of (Pro-Pro-Gly)10 upon decreased hydration and presumably
decreased triple-helical stability (58). An upfield shift has
been observed for the monomeric1H resonances of [15N2-
Gly6,Ala13]-T3-785 upon increasing temperature (53).

The intensities of the cross-peaks corresponding to triple
helicity are different for the peptide and peptide-amphiphile.
Since C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 has aTm

value of 42.2°C (10), and thus forms a more thermally stable
triple helix than the peptide alone (8), it is not surprising
that the intensities of the triple-helical cross-peaks are
stronger for the peptide-amphiphile. For collagenous pep-
tides of low melting temperature, intensities are typically
stronger for random coil resonances compared with triple-
helical ones (39, 59). While there is always some monomeric
species present, the equilibrium toward triple helix appears
to be more shifted in the peptide-amphiphile case. The
relative intensities can be related to theT2 relaxation decay
values (39). These values are longer for the monomer than
triple-helical species (see below), but the difference between
the monomer and triple-helical values is comparable to that
previously observed for the triple-helical peptide T3-785 (39).

Dynamics of the Peptide-Amphiphile. To study the
internal dynamics of C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-
Hyp)4, 15N relaxation data were acquired by using inverse-
detected1H-15N NMR at 25°C for the15N-labeled peptide-
amphiphiles described above.3 The two sets ofT1 relaxation
decay values generated for the15N-Gly34 peptide-amphiphile
(Figure 6) could each be fit with a single exponential and
T1 values were calculated (Table 2). In similar fashion, the
two sets ofT1 relaxation decay values generated for the15N-
Gly7 peptide-amphiphile (data not shown) and the four sets

2 The major cross-peak that corresponds to the monomeric conforma-
tion is often accompanied by a minor cross-peak (see Figures 2, 3, and
5). The presence of two monomeric cross-peaks suggests that, in the
non-triple-helical state, the peptide-amphiphile has at least two distinct
structures. Prior NMR studies have shown that the [IV-H1] sequence
exists in several distinct structures when not in a triple-helical
environment (34).

3 Due to the weak NMR signals generated by the trimeric (Gly-Pro-
Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 peptide,15N relaxation data could not
be obtained for this species.

Table 1: 15N and1H Chemical Shifts for
(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4 and
C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4a

15N-labeled
residue

conformational
state

(N)1H
(ppm)

15N(H)
(ppm)

Gly7 monomeric 8.38 110.2
Gly7 trimeric 7.86 106.6
Gly19 monomeric 8.26 109.2
Gly19 trimeric 8.48 109.2
Gly19 trimeric 8.45 108.9
Gly19 trimeric 8.32 108.4
Gly34 monomeric 8.38 110.2
Gly34 trimeric 7.86 106.6

a 1H chemical shifts are expressed relative to sodium 3-(trimethyl-
silyl)tetradeuteriopriopionate.15N chemical shifts are expressed relative
to liquid NH3.

FIGURE 6: 15N T1 relaxation decay curves for (9) trimeric and ([)
monomeric [15N-Gly34]-C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4
at 25°C. The two sets ofT1 relaxation decay values generated could
each be fit with a single exponential andT1 values were calculated
(see Table 2). Conditions are given in Experimental Procedures.
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of T1 relaxation decay values generated for the15N-Gly19

peptide-amphiphile (data not shown) could each be fit with
a single exponential andT1 values were calculated (Table
2). The two sets ofT2 relaxation decay values generated for
the15N-Gly34 peptide-amphiphile (Figure 7) could each be
fit with a single exponential andT2 values were calculated
(Table 2). In similar fashion, the two sets ofT2 relaxation
decay values generated for the15N-Gly7 peptide-amphiphile
(data not shown) and the four sets ofT2 relaxation decay
values generated for the15N-Gly19 peptide-amphiphile (data
not shown) could each be fit with a single exponential and
T2 values were calculated (Table 2). The heteronuclear NOE
for each15N-labeled species was also determined (Table 2).

The relaxation parameters for the monomeric peptide-
amphiphile show striking differences from those for the
triple-helical form (Table 2). TheT1 values for the monomer
are longer than theT1 values for the triple helix, regardless
of which 15N-Gly is analyzed. TheT2 relaxation times for
the monomeric species are approximately 10 times longer
than theT2 relaxation times for the trimeric conformation.
The NOEs in the monomeric form are negative, while the
trimeric form has large positive NOEs. These results are all
consistent with those observed previously for triple-helical
peptides.T1 values were found to be longer for the random
versus triple-helical state of the 36-residue collagenous
peptideR1-CB2 (59). In similar fashion, theT1 relaxation
decay curve is slightly slower/longer for the monomeric state
of T3-785 (24). TheT2 relaxation decay curve is also very

long/slow for the monomeric state of T3-785 (24), with T2

values of>100 ms for non-triple-helical species and 8 ms
for the triple-helical form (39). For both T3-785 and T1-
892 [which incorporatesR1(I) residues 892-909], NOEs are
negative for the monomer and positive for the trimer (24,
60). Our results for the differences in dynamics parameters
between the trimer and monomer state are in agreement with
the dynamics studies of the collagenous peptide T3-785. This
further confirms the assumptions made on the assignment
of cross-peaks in the HSQC spectra for the two different
conformational states.

For the trimer form, theT1 and T2 relaxation times and
NOEs for the three15N-Gly19 residues are similar in
magnitude (Table 2). The [IV-H1] region thus appears to be
a well-formed triple helix.4 In the trimer form, theT1 andT2

relaxation times and NOE value for the15N-Gly7 residue are
similar to those for the15N-Gly34 residue (Table 2). These
results indicate that the presence of theN-terminal C6 tail
does not significantly affect the conformational and dynamic
properties of the adjacent (Gly-Pro-Hyp)4 region.

1H-15N relaxation data were initially analyzed by the
Lipari-Szabo model-free approach (51, 52) as described in
Experimental Procedures.τ0, τi, andSNH

2 values are listed in
Table 2. The overall tumbling time for peptide monomer is
about 5-10 times smaller than that for the peptide trimer.
For all 15N-labeled positions within the peptide, averageτ0

values are 2 ns for peptide monomer and 10.9 ns for peptide
trimer. Upon comparison of these values with those reported
by Daragan and Mayo (50) for the dependence ofτ0 on the
number of residues in a peptide, bothτ0 values agree well
with those expected for monomeric and trimeric species of
the peptide-amphiphile. This information increases confi-
dence in the assignment of peptide-amphiphile aggregation
states.

Motional order parametersSNH
2 (Table 2) indicate that

the Gly N-H bond vector motions within the triple-helical
peptide-amphiphile are rather restricted relative to those in
the unfolded monomer. In the triple-helical state,SNH

2 values
for all Gly residues are greater than 0.8. In fact, for the three
nonequivalent positions of Gly19, SNH

2 values are all above
0.9, indicating even greater motional restriction in the middle
of the peptide sequence compared to nearer the termini,
whereSNH

2 values were 0.8 and 0.84 for Gly7 and Gly34,
respectively. It is possible that peptide-amphiphile end
effects may be responsible for this behavior. At theC-
terminal end, the Gly-Pro-Hyp region may slightly unwind
(55), while theN-terminal end may be slightly misaligned
due to the alkyl chains. However, it should be noted that
the relaxation data obtained in this study apply to a fast time
scale. Other studies have monitored backbone dynamics of
triple-helical peptides on a slower time scale by measuring
the hydrogen-exchange rates of individual amide protons (24,
60). In those cases, the backbone motion of the triple helix
was found to be quite different comparing the slow versus
fast time scales.

Even though the Lipari-Szabo model-free approach (51,
52) gives reasonable motional parameters, it was nonetheless

4 The [IV-H1] region is based upon the gene-derived type IV collagen
sequence, and therefore only Pro, but not Hyp, residues are present.
Hydrogen bonds unique to Hyp residues are not essential for triple-
helical stability within [IV-H1].

Table 2: NMR Relaxation Parameters for
C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4
15N-labeled

residue
conformational

state
T1

(s)
T2

(s) NOE
τ0

(ns)
τi

(ns) SNH
2

Gly7 monomeric 0.82 0.59-0.50 1.8 0.094 0.36
Gly7 trimeric 0.67 0.07 0.43 11.2 0.595 0.80
Gly19 monomeric 0.82 0.60-0.40 2.4 0.083 0.35
Gly19 trimeric 0.65 0.05 0.65 11.1 0.602 0.95
Gly19 trimeric 0.65 0.05 0.62 10.8 0.592 0.92
Gly19 trimeric 0.63 0.05 0.60 10.9 0.597 0.91
Gly34 monomeric 0.83 0.84-0.48 1.7 0.08 0.62
Gly34 trimeric 0.67 0.07 0.40 10.3 0.39 0.84

FIGURE 7: 15N T2 relaxation decay curves for (9) trimeric and ([)
monomeric [15N-Gly34]-C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4
at 25°C. The two sets ofT2 relaxation decay values generated could
each be fit with a single exponential andT2 values were calculated
(see Table 2). Conditions are given in Experimental Procedures.
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originally formulated for molecules undergoing isotropic
overall tumbling (see Experimental Procedures). Therefore,
this model-free approach may not provide the most accurate
picture of molecular dynamics in a collagen-based triple-
helical peptide, which by its structural nature is more
cylindrical than spherical in shape (24). The anisotropy of
overall tumbling of a triple-helix “cylinder” prevents fac-
torization of the correlation function as expressed in eq 2.
The simpliest motional model that considers the influence
of rotational anisotropy is the model of rotational diffusion
of a symmetric top.

For this analysis, model parameters are diffusion coef-
ficients D| andD⊥ and an angleâ formed between theD|

rotational axis and an N-H bond vector. The triple helix is
then simply considered a cylindrical molecule withD|

running down the long axis (Figure 8). By use of eq 11,
diffusion coefficients were calculated for each Gly N-H
vector for different values ofâ. For visualization, the ratio
D|/D⊥ was plotted versus the angleâ (Figure 9).D|/D⊥ values
are more divergent atâ values below about 60°, but converge
to 2.3 forâ between 60° and 90°. This indicates that these
1H-15N relaxation data are best fit within these later limits.
A value of D|/D⊥ ) 2.3 is consistent with the structural
parameters of a triple helix wherein the helix dyad axis is
defined byD|. More interesting is the derived angleâ. In a
model triple helix, the angle which the Gly N-H bond
actually makes with the helix dyad axis falls between 70°
and 90° (39, 41, 61), clearly within the range derived forâ
by using this motional model. This, in turn, strongly supports
the idea that the structure of the acylated peptide is triple-
helical.

Overall, the present study has indicated that the peptide
headgroup of the C6-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-Hyp)4
peptide-amphiphile forms a continuous triple helix. The
peptide-amphiphile triple-helical structure behaves similarly,
in a dynamic sense, to a triple-helical peptide. The enhanced
thermal stability of the peptide-amphiphile compared to
analogous triple-helical peptides makes biochemical and
biomaterial applications of this system most promising. In
addition, peptide-amphiphiles are relatively simple to
construct (7-9, 11). Peptide-amphiphiles have already been
demonstrated to enhance the promotion of cell adhesion and

spreading on a variety of surfaces (9, 10, 62). With the
multitude of organized structures formed by lipidlike com-
pounds, peptide-amphiphiles could be utilized as targeted
liposomes, sensors, receptors, or enzymes.
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