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ABSTRACT. Organized polymeric assemblies that incorporate bioactive sequences and structures are finding
important applications for the study of protein structdfenction relationships. We have recently described

a heteropolymeric peptideamphiphile system that forms organized structures in solution and on surfaces.
While the overall three-dimensional features of peptidephiphiles 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-detectéd—15N NMR spectroscopy to examine the structure and dynamics of a
peptide and peptideamphiphile that incorporate thel(1V)1263—-1277 ([IV-H1]) amino acid sequence

from type IV collagen. Three variants of the sequence (Gly-Pro-Hyp}H1]-(Gly-Pro-Hyp)s were
constructed with a singl®N-labeled Gly placed in the middle of tiéterminal (Gly-Pro-Hyp) region
(residue Gly), in the middle of the [IV-H1] sequence (residue )y or in the middle of theC-terminal
(Gly-Pro-Hyp), region (residue GB#). These peptides were ald¢terminally acylated with hexanoic

acid to create an analogous serie$®f-labeled peptide amphiphiles. HSQC spectra indicated that both

the peptide and the peptit@mphiphile 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 peptideamphiphile, 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(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s
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 pep&dghiphile compared to the
analogous triple-helical peptide, along with the multitude of organized structures formed by lipidlike
compounds, suggest that pepticmphiphiles could be utilized as targeted liposomes, sensors, receptors,
or enzymes.

The design of organized polymeric assemblies that incor- Such polymers have been developed for modulation of
porate bioactive sequences and/or structures represents protein-ligand interactions1), protein adsorption to surfaces
burgeoning area of biochemical and biomaterials research.(2), and cell adhesior8(-6). We have recently described a
heteropolymeric peptideamphiphile system that forms
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compounds. For example, when the peptide acetyl-Lys-Gly- forms a distinct, non-triple-helical structure in solution with
Arg-Gly-Asp-Gly amide is attached to dodecylphosphocho- unique backbone and side-chain mobilitid4, 36—38). One
line, the peptide-amphiphile forms a type Il or'lturn is particularly concerned as to the structure of the [IV-H1]
conformation, while the peptide itself mixed with the sequence within the peptidamphiphile, i.e., does the
phopholipid does notl@). N-Octadecanoyl (Gly)ethyl ester sequence itself form a triple helix or are only the surrounding
monolayers and LangmuiBlodgett films, wheren = 1-5, Gly-Pro-Hyp regions in triple-helical conformation. Flex-
form polyGly Il helices while the oligoGly peptides do not ibility of triple-helical structure may have subtle effects on
(13). The next stage in the evolution of synthetic peptide  biological recognition processe&6). In our prior studies,
amphiphiles is the detailed three-dimensional structural triple-helical structure of the peptid@amphiphiles was
analysis of both the peptide headgroup and the lipophilic confirmed by circular dichroism (CD) spectroscopy and two-
tail, as well as a more comprehensive understanding of thedimensional NMR spectroscopy of the Pro and Hyp side
forces responsible for inducing the respective structures of chains within and/or surrounding the [IV-H1] sit8, (11).
these components. The present work employs NMR spectroscopy to further

Our peptide-amphiphile system has utilized headgroups characterize the peptidamphiphile and the [IV-H1] se-
that have primarily been based on collagen triple-helical quence itself.

structural elements88(-11). The triple helix consists of three High-resolution multidimensional NMR has been success-
polypeptide chains, each in an extended, left-handed polyProfy|ly applied to structural and dynamic studies of many
ll-like helix, which are staggered by one residue and then piomolecules. The study of protein structure by NMR
supercoiled along a common axis in a right-handed mannerspectroscopy relies on the observation of NOEs and-spin
(14). Geometric constraints of the triple-helical structure spin coupling constant&Jun,. NOES occur between two
require that every third amino acid is Gly, resulting ina G'y- atoms at distances smaller than 5 A. THan. coupling
X-Y repeating sequence. The X and Y positions are constants depend on dihedral angles. The distance constraints
commonly occupied by imino acids, with the triplet Gly-  derived from NOEs and dihedral angle constraints may then
Pro-Hyp known to be the strongest promoter of triple-helical be used for creating computer models of the protein.
conformation {4). Substantial stabilization of the triple-  Difficulties arise when these approaches are used to deter-
helical structure can be achieved with the introduction of a mine the structure of a triple helix. The three strands in a
di-Lys or di-Glu template at th€- or N-terminal regions of  triple helix are staggered by one residue and often of the
the three peptide chaing4—19), a double disulfide “knot”  same sequence. When NOEs are observed, it is difficult to
at theC-terminal region of the three peptide stran@)( or distinguish between interchain and intrachain NOEs since
a Kemp triacid template linked to the-terminus of three  poth are within 5 A, and one would anticipate both intra-
peptide chains21-23). Conversely, we have described the and interchain NOEs for triple helice8%—42). Even when
noncovalent, peptideamphiphile self-assembly approach to nonsequential NOEs may exist, it is very difficult to assign
bUIIdlng a Collagenlike structural motiB( 9) The thermal the Cross_peaks due to severe over|appm©—@_2)_ One
stability of the triple-helical headgroup can be controlled by approach has been to compare observed NOEs of backbone
the lipophilic tail length and extent of branching (.0, 11). protons with those predicted by models for triple-helical
This is especially important for the function of bioactive structure based on X-ray analyses of collagen and model
sequences, where the maintenance of distinct three-dimenpeptides 89). However, with >N or 1°C residues, it is
sional structure may correlate to optimal activiths). In possible to study specific regions within collagenous peptides
some cases, fluctuations in the triple-helical backbone are(41, 43). In the present study, we have used site-spetifie
possible 24, 25) and may be necessary for some collagen- |abeled peptides and peptidemphiphiles in concert with
mediated activities26). two-dimensional NMR spectroscopy to (1) provide further
The potential activities mediated by triple helices are quite evidence that monoalky! peptig@mphiphiles are in triple-
varied. Collagen’s triple-helical conformation can modulate helical conformation, (2) examine the dynamics of monoalkyl
cell and platelet binding15, 16, 27, 28) and induction of  peptide-amphiphiles, and (3) investigate the [IV-H1] region
signaling pathways20). The triple helix is found in a variety  to see if a biologically active sequence within a peptide
of proteins in addition to collagen, such as macrophage amphiphile is in triple-helical conformation.
scavenger receptors types | and Il and bacteria-binding
receptor MARCO, complement component C1q, pulmonary EXPERIMENTAL PROCEDURES
surfactant apoprotein, acetylcholinesterase, and mannose ) _ _ o
binding protein 14, 30). Triple-helical conformation appears ~ Synthesis of Peptides and Peptidemphiphiles. All
to have an important role in the binding of acetylated low- Standard peptide synthesis chemicals and solvents were
density lipoprotein (Ac-LDL) 17, 31) and tetraplex nucleic analytical reagent grade or better and were purchased from
acids B2) to macrophage scavenger receptor type |.
In the present and prior studies, we have incorporated a 1 apbreviations: CD, circular dichroism; DIEAY,N-diisopropyl-
type IV collagen-derived cell adhesion site ([IV-H1]ito ethylamine; Fmoc, 9-fluorenylmethoxycarbonyl; HBTN[(1H-ben-
pepice-amphpfies. The bioactve collagen sequence is a0 Lyt iamngietiens netymetianinr
then flanked by Gly-Pro-Hyp repeat8, (9, 11). The [IV- coherence; HOB, 1—hydroxﬂ/benzotr‘iazole; HSQC, heteronuclear single
H1] sequence, Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-  quantum coherence; Hyp, 4-hydroxyproline; [IV-H1], Gly-Val-Lys-
Trp-Pro-Gly-Ala-Pro fromo1(1V)1263—-1277, is known to Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro; MALDI-TOF-

; BR) MS, matrix-assisted laser desorption/ionization time-of-flight mass
promote melanoma cell adhesion and spread 65) spectrometry; NMR, nuclear magnetic resonance; RP-HPLC, reversed-

Tripl_e-helical conformation greatly enhances the biological phase high performance liquid chromatography: TFA, trifluoroacetic
activity of [IV-H1] (9, 10, 35). The [IV-H1] sequence alone  acid.
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Perkin-Elmer/Applied Biosystems Division (Foster City, CA)
or Fisher Scientific (Pittsburgh, PA). Fmoc-4-[[(2-
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 afconfiguration. HOBt was pur-
chased from Novabiochem, HBTU from Quantum Biotech-
nologies (Montreal, Quebec), DIEA from Fisher Scientific,
hexanoic acid [ChH(CH,)4-COH, designated € from
Aldrich, and Fmoc®N-Gly from Cambridge Isotope Labo-
ratories (Andover, MA).

Peptide-resin assembly was performed by Fmoc solid-
phase methodology on an ABI 431A peptide synthesié (
with appropriate modificationslg, 45). All peptides and
peptide-amphiphiles were synthesized as C-terminal amides
to prevent diketopiperazine formation. Peptidesins were
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were measured in experiments with “reverse” proton detec-
tion (48, 49). For the peptideamphiphiles with'>N-labeled

Gly in the N-terminal (Gly-Pro-Hypj or in the C-terminal
(Gly-Pro-Hyp), one-dimensional versions of the pulse
sequences were used since the signals in the HSQC spectra
do not overlap in thé2 dimension. A spectral width of 7200
Hz was used in thé2 dimension, and a spectra width of
2000 Hz was used in thel dimension. For thd; and T,
experiments, 32 scans pdr increment were accumulated.
For the NOE experiment, 128 scans pklincrement were
recorded.T; values were obtained with relaxation delays of
5.5,71.5, 159.5, 269.5, 401.5, 577.5, and 836.0Tmgalues
were measured with delays of 16, 32, 48, 64, 80, 113, and
145 ms. For measuringd—>N NOE, spectra were recorded

in the presence and absencétdfsaturation*N Ty, T,, and
heteronuclear NOE values were calculated as described

characterized by Edman degradation sequence analysis apreviously @4).

described previously for “embedded” (noncovalent) sequenc-
ing (46). Peptideresins were then either (a) cleaved or (b)
lipidated with the Gtail (8) and then cleaved. Cleavage and
side-chain deprotection of peptidessins and peptide
amphiphile-resins proceeded f@ h with 1,2-ethanedithiet
thioanisole-phenot-H,O—TFA (2.5:5:5:5:82.5) as described
(47). Peptide-amphiphile cleavage solutions were extracted
with methyltBu ether prior to purification.

Peptide Purification and Analysi®reparative RP-HPLC
purification was performed on a Rainin AutoPrep System.
Peptides were purified with a Vydac 218TP152022 C
column (15-20 um particle size, 300 A pore size, 250
25 mm) at a flow rate of 5.0 mL/min. The elution gradient
was either 6-60% buffer B or 3-100% buffer B in 60 min,
where buffer A was 0.1% TFA in $#0 and buffer B was
0.1% TFA in acetonitrile. Detection was at 280 nm.
Peptide-amphiphile purification was achieved on a Vydac
214TP152022 ¢column (15-20 um particle size, 300 A
pore size, 250« 22 mm) at a flow rate of 5.0 mL/min. The
elution gradient was 30100% buffer B in 70 min where
buffer A was 0.05% TFA in KO 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 Hypersik€olumn (5um
particle size, 120 A pore size, 2002.1 mm) at a flow rate
of 0.3 mL/min. The elution gradient was-®0% 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 o
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 {, 8). All peptides gave the desired
sequence, and all peptides and peptidmphiphiles had
proper mass values.

NMR SpectroscopiNMR spectra were acquired on a 600
MHz Varian INOVA spectrometer. Freeze-dried samples for
NMR spectroscopy were dissolved in@or D,O—H,0 (1:

9) at peptide and peptidgamphiphile concentrations of-5
mM at least 48 h prior to experiments. Two-dimensional
sensitivity-enhanced HSQC spectroscog§) (experiments
were recorded at 25 and 48 with 256t1 increments. The
spectral widths were 7200 Hz in th2 dimension and 2000
Hz in thetl dimension!®N T;, T,, and heteronuclear NOE

Motional Models for Analysis of NMR Relaxation Data.
The general equation for the rotational correlation function
for motions of some vectaoa can be written as50)

Cot) = 4l 05(0] Yo 0(0)]1 (1)

and for the Lipari-Szabo model-free approachl( 52)

C,() = exp(tir)[S? + (1 — S?) exp(-tir)] (2)

wherety is the correlation time for overall tumbling; is

the correlation time for internal motion, aigf is an order
parameter that reflects incomplete motional averaging of the
bond vector within a particular molecular frame. In general,
S2 is the limiting value of the internal correlation function
att — oo:

2
S =087 Z Nor(0a@a) IY* 200 (3)
m=—2

6, andg, are polar angles defining the motional vecéan
the molecular frame.

For molecules that are nonspherical in shape, such as
collagen triple helices, the LipariSzabo 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

r;umbling occur independently. To address this, one can

consider the symmetric top rotational diffusion mod&0)(
parametrized with diffusion coefficient®, and Dp. The
diffusive frame{ Xp, Yp, Zp} can be chosen such that thg
axis is directed along theD, rotational axis. Having
transformed the laboratory frame into the diffusive frame,
the correlation function can be written as

2
0.87 ) M, [Qp®] Dog®[Rup(0)]
=2
Y2q[aD(t)] Y* 2q[aD(0)] O (4)

Q,p(t) are Euler angles for transformation from the labora-
tory frame to the molecular (diffusive) framap(t) denotes
the orientation of the motional vectaiin the diffusive frame.
If one assumes that internal bond rotations and overall

Cdt) =
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tumbling occur independently for rotational diffusion of the
symmetric top, one can write

(D* oq(Z) [Qp(1)] DOq’(Z)[QLD(O)]DZ 0.20,, exp(—Dyt)
)

where

D, = 6Dy + (D, — DD)q2 (6)
By use of Euler angle$O0, 5, yo + y(t)} for the second
transformation from the diffusive frame to th&g, Yr, Zr}
frame wherein theZg axis is directed along the average
orientation of vector, a general equation for the correlation
function can be obtained:

C) =087 Y € " dy () dyw¥(B) Cor® (V)

q,m,m

Connt(1) = Yon 00,9201 Y* 2a[0(0) 0 (0)]T (8)

g, m, m are equal to-2, —1, 0, 1, 2.d?(B) terms are
reduced Wigner functiongi is the angle formed between
Zp and Zg axes, andd, and ¢, are polar angles that define
motional vectora within the {Xg, Yg, Zr} molecular frame.
If one now assumes that vect@ wobbles about its
equilibrium position within a cone having semianglg the
limiting value of the correlation functiorC,y(t) can be
expressed as

Crmi(®) = Szénroémo )

where

& =0.25 co8 6,(1 + cosby)? (10)

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 densif(w), which corresponds

to the correlation function given by eq 7, can be written as

J(0) = F[P,%(cosp)I(w) + 3 cos f sin’ B Jy(w) +
0.75 siff I, (w)] (11)
where
Jy(®) = DJ(D + »?) (12)

RESULTS AND DISCUSSION
Conformation of Peptides and Peptiddmphiphiles.A

Yu et al.
(A) (Gly-Pro-Hyp),-[IV-H1]-(Gly-Pro-Hyp),-NH,

o

(B) CH,(CH,) -C~(Gly-Pro-Hyp),-[1V-H1]-(Gly-Pro-Hyp),-NH,

Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp
Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp
Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp

©)

Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro
(D) Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro
Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro
FicUrRe 1: General sequences of tHé-labeled (A) peptides and
(B) peptide-amphiphiles used for HSQC experiments. The proper

triple-helical alignments of the (C) (Gly-Pro-Hyg)l- or C-terminal

regions and (D) [IV-H1] region are shown.

CD and one-dimensional NMR spectroscopic studies of the
peptide-amphiphile G-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-
Hyp), 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 peptidamphiphiles, site-specific
N-labeled peptides were synthesized. Three variants of
(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), were constructed,
each with a singlé®N-labeled Gly. The®®N-labeled amino
acid was placed in the middle of ti¢terminal (Gly-Pro-
Hyp)s region (residue GF), the middle of the [IV-H1]
sequence (residue GHR, or the middle of theC-terminal
(Gly-Pro-Hyp), region (residue GBEf) (Figure 1). These
peptides were also acylated with & @il to create an
analogous series 6iN-labeled peptide amphiphiles. Studies
of these biomolecules proceeded by heteronucldar>N
correlation NMR spectroscopy.

HSQC experiments were performed initially on labeled
(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), (Figure 2). We first
examined the peptide containidgN-Gly’ (Figure 2, left
panel). The HSQC spectrum at 25 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 containifig-Gly3* at
25°C (Figure 2, right panel). However, the peptide contain-
ing 1>N-Gly'® has a very different HSQC spectrum at 2%
(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)s-[IV-H1]-(Gly-Pro-Hyp), at 45°C (Figure 3). Since
(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s has a melting tem-
perature () of 35.6°C (8), NMR data obtained at 45C

vast number of approaches have been described by whichwill be indicative of the monomeric (non-triple-helical)
proteinlike molecular architecture can be created and stabi-peptide. The spectrum ofN-Gly’]-(Gly-Pro-Hyp)-[IV-

lized. We have recently examined the use of lipophilic H1]-(Gly-Pro-Hyp), (Figure 3, left panel) shows one major
compounds for potentially aligning peptide strands and and one minor cross-peak. The cross-peak found at 7.86 ppm
inducing and/or stabilizing proteinlike secondary, super- in the 25°C spectrum has disappeared, while the 8.38 ppm
secondary, and tertiary structures within these peptide cross-peak has shifted upfield te8.18 ppm. In similar

sequences/(-9). Our initial studies demonstrated that dialkyl
ester compounds of carbon chain lengths-18 stabilize
triple-helical conformation § 9). We have subsequently
shown that monoalkyl carbon chains of lengthsl® also
stabilize triple-helical conformationl(, 11). Specifically,

fashion, the spectrum oftN-Gly34-(Gly-Pro-Hypy-[IV-
H1]-(Gly-Pro-Hyp), (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 t08.18 ppm. The spectrum of the
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FIGURE 2: HSQC spectra for (left panel}>N-Gly”]-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)a, (center panel)PN-Gly9-(Gly-Pro-Hyp)-
[IV-H1]-(Gly-Pro-Hyp)a, and (right panel)’PN-Gly34]-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), at 25°C. Two major cross-peaks occurring
at 7.86 and 8.38 ppm are found for the peptide contaifthigGly” or 13N-Gly34 The peptide containingPN-Gly® exhibits four cross-
peaks occurring at 8.26, 8.32, 8.45, and 8.48 ppm. Conditions are given in Experimental Procedures.
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Ficure 3: HSQC spectra for (left panel}>N-Gly]-(Gly-Pro-Hypy-[IV-H1]-(Gly-Pro-Hyp)s, (center panel)pN-Gly9-(Gly-Pro-Hypy-
[IV-H1]-(Gly-Pro-Hyp)s, and (right panel)’PN-Gly34-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), at 45°C. One major cross-peak occurring
at 8.18 ppm is found for the peptide containity-Gly?, 15N-Gly19, or 15N-Gly34 Conditions are given in Experimental Procedures.
peptide containing®™N-Gly®® (Figure 3, middle panel) isnow and 8.48 ppm (Figure 4, center panel). The intensities of
similar to those of thé®N-Gly” and >N-Gly3* peptides, in the 8.32, 8.45, and 8.48 ppm cross-peaks are equivalent to
that only one major and one minor cross-peak is seen. Theeach other and greater for the peptidganphiphile than for
three cross-peaks occurring at 8.32, 8.45, and 8.48 ppm inthe peptide alone at 28 (see Figure 2, center panel).
the 25°C spectrum have disappeared, and the 8.26 ppm HSQC experiments were performed for-(Gly-Pro-
cross-peak has shifted te8.18 ppm. The transition of the  Hyp)s-[IV-H1]-(Gly-Pro-Hyp), at 45°C (Figure 5). Since
peptide (Gly-Pro-Hyp}[IV-H1]-(Gly-Pro-Hyp), from a triple- Ce-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), has aly, of 42.2
helical state at 23C to a monomeric, non-triple-helical state °C (10), NMR data obtained at 48C will be indicative
at 45°C results in significant changes in the HSQC spectra. primarily of the monomeric (non-triple-helical) peptice
HSQC experiments were repeated with the(Gly-Pro- amphiphile. The spectrum ofN-Gly’]-Cs-(Gly-Pro-Hyp)-
Hyp).-[IV-H1]-(Gly-Pro-Hyp), peptide-amphiphile. At 25 [IV-H1]-(Gly-Pro-Hyp), (Figure 5, left panel) shows one
°C, the spectrum of the peptigamphiphile containing®N- major and one minor cross-peak. The cross-peak found at
Gly” (Figure 4, left panel) shows two major cross-peaks 7.86 ppm in the 25C spectrum has disappeared, while the
occurring at 7.86 and 8.38 ppm, in fashion similar to the 8.38 ppm cross-peak has shifted+®&.18 ppm. In similar
peptide. However, unlike the peptide spectrum (Figure 2, fashion, the spectrum ofiN-Gly34-Cs-(Gly-Pro-Hyp)-[IV-
left panel), the intensity of the cross-peak at 7.86 ppm is H1]-(Gly-Pro-Hyp) (Figure 5, right panel) shows one major
stronger than the intensity of the 8.38 ppm cross-peak. A and one minor cross-peak. The cross-peak found at 7.86 ppm
very similar spectrum is obtained for the peptigenphiphile in the 25°C spectrum has disappeared, while the 8.38 ppm
containing®®N-Gly3* at 25°C (Figure 4, right panel). The cross-peak has shifted te8.18 ppm. The spectrum of the
25°C HSQC spectrum of the peptig@amphiphile containing  peptide-amphiphile containing®N-Gly*°® (Figure 5, middle
15N-Gly*® has four cross-peaks occurring at 8.26, 8.32, 8.45, panel) is now similar td°N-Gly” and**N-Gly34, in that only
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15N-Gly1® exhibits four cross-peaks occurring at 8.26, 8.32, 8.45, and 8.48 ppm. Conditions are given in Experimental Procedures.

I S N W

%o

T
116.0

“N (ppm)

T
120.0

T
84

T
8.1

'H (ppm)

T
7.8

K

T
116.0

“N (ppm)

T

120.0

T

84

T
8.1

"H (ppm)

T

7.8

%

T
116.0

"N (opm)

T
120.0

T
8.4

T

8.1
'H (ppm)

T
7.8

Ficure 5: HSQC spectra for (left panel}®N-Gly”]-Ce-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s, (center panel)PN-Gly9-Ce-(Gly-Pro-
Hyp)s-[IV-H1]-(Gly-Pro-Hyp)s, and (right panel)PN-Gly34-Ce-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), at 45°C. One major cross-peak
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Procedures.

one major and one minor cross-peak are seen. The threeof the three cross-peaks should be similar. Our results are
cross-peaks occurring at 8.32, 8.45, and 8.48 ppm in the 25consistent with these assumptions, and thus the [IV-H1]
°C spectrum have disappeared, and the 8.26 ppm cross-peakegion within both the peptide and peptic@mphiphile
has shifted to~8.18 ppm. The transition of the peptide appears to be in triple-helical conformation. The various
amphiphile G-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), from cross-peaks can be assigned to a triple-helical or monomeric
a triple-helical state at 28C to a monomeric, non-triple-  state (Table 1).
helical state at 453C results in significant changes in the Other researchers have previously documented similar two-
HSQC spectra, in fashion similar to those seen for the peptidedimensional NMR spectral behavior for diverse sequence
alone. triple-helical peptides. One example is peptide T3-785, which
HSQC spectra of the peptide and peptidenphiphile incorporatest1(lll) collagen residues 785796 39). HSQC
containing!®N-Gly® showed four cross-peaks at 25, three spectra of PN-Ala'®-T3-785 showed four Ala-related cross-
of which disappeared at £&. These three cross-peaks could peaks, three of which disappeared with increasing temper-
correspond to individual peptide strands in triple-helical ature 63). HMQC spectra of PNs-Gly'5 Leuts Alal’]-T3-
conformation. Since the three strands in a triple helix are 785 showed 12 cross-peaks for the three labeled residues
staggered by one residue, tiR-Gly*° in each peptide chain  nine of which disappeared above the melting temperature
of the triple-helical peptide or peptidgamphiphile would of the triple-helical peptide2d). A second example is MSR-
be in a different environment with respect to neighboring 1, a peptide derived from the collagenous domain of
residues 14, 41) (see Figure 1). Thus, the thré&N-Gly® macrophage scavenger recept®f)( HSQC spectra of'fN-
residues would have different chemical shifts if a properly Gly*®-MSR-1 showed four cross-peaks, three of which
aligned triple-helix was formed. In addition, the intensities disappeared with increasing temperatusé)( If in proper
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Table 1: **N and*H Chemical Shifts for
(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), and °
Cs-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp): 5w
15N-labeled conformational (N)*H I5N(H) :
residue state (ppm) (ppm) E "
Gly’ monomeric 8.38 110.2 a
Gly’ trimeric 7.86 106.6 g
Gly®® monomeric 8.26 109.2 a W
Gly?®® trimeric 8.48 109.2 z
Gly*® trimeric 8.45 108.9 ~
Gly® trimeric 8.32 108.4 F
Gly% monomeric 8.38 110.2 a
Gly34 trimeric 7.86 106.6 ;2
50
alH chemical shifts are expressed relative to sodium 3-(trimethyl- %
silyl)tetradeuteriopriopionatéN chemical shifts are expressed relative "
to liquid NHs. 0

0 0.2 04 08 o8 1 12 14

Time (sec)

register, four cross-peaks p&N-labeled residue within a

diverse triple-helical sequence have been demonstrated. ThreE!GURE 6: 1N Tj relaxation decay curves follj trimeric and @)

. . . . “monomeric I°N-Gly34-C¢-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-H
cross-peaks are assigned to the triple-helical conformation, ;; seoc Tht{a two ge:]s o'?'l(rel)élxation%%cgy vall]Je(s generatgg )éould

while one corresponds to the monomeric (non-triple-helical) each be fit with a single exponential afigvalues were calculated
State. (see Table 2). Conditions are given in Experimental Procedures.
In contrast to the [IV-H1] region, théN-labeled Gly
residues in the middle of a (Gly-Pro-Hyplegion (either studies of the model peptide (Pro-Pro-G#ghowed that as
Gly” or Gly**) would have identical environments with temperature increased, a weak Gly NH resonance at 8.1 ppm
respect to neighboring residues (see Figure 1). Thus, a totaldisappeared while the resonance at 7.85 ppm increased in
of only two cross-peaks would be anticipated, one corre- intensity and shifted upfield5(). Solid-state’>N NMR
sponding to triple-helical conformation and one correspond- indicated an upfield shift of 4.9 ppm for the Gly NH peak
ing to monomeric conformation. Our results are consistent of (Pro-Pro-Gly)o upon decreased hydration and presumably
with this assumptioR.Two sets of cross-peaks have been decreased triple-helical stabilit$§). An upfield shift has
observed previously for Gly, Pro, and Hyp in (Pro-Hyp- been observed for the monometd resonances of'{N,-
Gly)io at 10°C (39, 53). One set of cross-peaks disappears Gly®,Alal¥-T3-785 upon increasing temperatufs).
above the melting temperature of (Pro-Hyp-G¥B9). The The intensities of the cross-peaks corresponding to triple
cross-peaks observed in our study can be assigned to a triplehelicity are different for the peptide and pepticemphiphile.
helical or monomeric state (Table 1) on the basis of (a) the Since G-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s has aTn,
effect of temperature on the specific cross-peaks and (b) priorvalue of 42.2C (10), and thus forms a more thermally stable
assignment of the proton resonances for Gly in (Pro-Hyp- triple helix than the peptide alon@)( it is not surprising
Gly)10 (39). One might believe that, if a lipidlike tail enhances that the intensities of the triple-helical cross-peaks are
the thermal stability of a triple helix, the region of the triple stronger for the peptideamphiphile. For collagenous pep-
helix closest to the tail would be more stable than the region tides of low melting temperature, intensities are typically
most distant from the tail. However, the HSQC data indicate stronger for random coil resonances compared with triple-
that the G tail enhances the stability of the entire triple- helical ones39, 59). While there is always some monomeric
helical structure, as the spectra for thgerminally labeled species present, the equilibrium toward triple helix appears
and C-terminally labeled peptideamphiphiles are very to be more shifted in the peptidamphiphile case. The
similar. The equivalent spectral intensities of these two relative intensities can be related to fherelaxation decay
regions suggest that the presence of both triple-helical andvalues 89). These values are longer for the monomer than
monomeric resonances, even at low temperature, is mostriple-helical species (see below), but the difference between
likely due to both triple-helical and monomeric species being the monomer and triple-helical values is comparable to that
present, as opposed to only a triple-helical species with lesspreviously observed for the triple-helical peptide T3-789)(
ordered regions30). Dynamics of the PeptideAmphiphile. To study the
The *N-Gly residues used in this study appear to be internal dynamics of &(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-
sensitive probes of triple-helical conformation. NMR spectral Hyp),, °N relaxation data were acquired by using inverse-
behaviors of the effects of triple-helical conformation on Gly detectedH—N NMR at 25°C for the*N-labeled peptide
resonances are well documentédb,(56). In addition, the amphiphiles described abo¥&he two sets ofl; relaxation
upfield shift of monomeric Gly NH resonances as a function decay values generated for til-Gly3* peptide-amphiphile
of temperature has been observed previoudty.NMR (Figure 6) could each be fit with a single exponential and
T, values were calculated (Table 2). In similar fashion, the
2 The major cross-peak that corresponds to the monomeric conforma-two sets ofT; relaxation decay values generated for ¥

tion is often accompanied by a minor cross-peak (see Figures 2, 3, andGly” peptide-amphiphile (data not shown) and the four sets
5). The presence of two monomeric cross-peaks suggests that, in the

non-triple-helical state, the peptiteamphiphile has at least two distinct
structures. Prior NMR studies have shown that the [IV-H1] sequence 2 Due to the weak NMR signals generated by the trimeric (Gly-Pro-
exists in several distinct structures when not in a triple-helical Hyp)s-[IV-H1]-(Gly-Pro-Hyp), peptide, >N relaxation data could not
environment 84). be obtained for this species.
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Table 2: NMR Relaxation Parameters for
Ce-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp),

15N-labeled conformational T; T»

To Ti

NOE (ns) (nls) Swr?

Yu et al.

long/slow for the monomeric state of T3-7834j, with T,
values of>100 ms for non-triple-helical species and 8 ms
for the triple-helical form 89). For both T3-785 and T1-
892 [which incorporateal1(l) residues 892909], NOEs are

residue state (s) (s h > ¢ !
Gly’ monomeric  0.82 059-050 18 0094 036 negative for the monomer and positive for t_he trima24, (
Gly’ trimeric 067 007 043 112 0595 080 60). Our results for the differences in dynamics parameters
Gly® monomeric  0.82 0.60—0.40 2.4 0.083 0.35 between the trimer and monomer state are in agreement with
Glyi trimeric 0.65 0.05 0.65 11.1 0.602 0.95 the dynamics studies of the collagenous peptide T3-785. This
g:yw trimeric 065 0.05 062 108 0592 0.92  ,her confirms the assumptions made on the assignment
y trimeric 0.63 0.05 0.60 10.9 0.597 0.91 . :
Gly% monomeric 0.83 0.84-048 1.7 008 062 Of cross-peaks in the HSQC spectra for the two different
Gly3* trimeric 0.67 0.07 0.40 10.3 0.39 0.84 conformational states.
For the trimer form, theT; and T, relaxation times and
o _ NOEs for the three!™N-Gly'® residues are similar in
magnitude (Table 2). The [IV-H1] region thus appears to be
3 e a well-formed triple helix In the trimer form, thel; and T,
LR relaxation times and NOE value for tH&-Gly’ residue are
> similar to those for thé®N-Gly3* residue (Table 2). These
§ o results indicate that the presence of tiieerminal G tail
- does not significantly affect the conformational and dynamic
® properties of the adjacent (Gly-Pro-Hypkgion.
i e IH-15N relaxation data were initially analyzed by the
5 W y S Lipari'—Szabo model-free approachl( 52) as descr_ibed !n
n Experimental Procedures, 7;, andSyx? values are listed in
8w Table 2. The overall tumbling time for peptide monomer is
g about 5-10 times smaller than that for the peptide trimer.
g F For all 1*N-labeled positions within the peptide, average
0 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 Mayd() for the dependence af on the
number of residues in a peptide, bathvalues agree well

at 25°C. The two sets of; relaxation decay values generated could with thos_,e expectgd ]‘or monomeric a'."d tf'me”c Species of
each be fit with a single exponential alglvalues were calculated the peptldeamp.hlphlle. This '“fmea“‘?” '.ncreases anf"
(see Table 2). Conditions are given in Experimental Procedures. dence in the assignment of peptie@mphiphile aggregation
states.

Motional order parameterSy4? (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 stafg,? values
for all Gly residues are greater than 0.8. In fact, for the three
nonequivalent positions of GI$; Sy? values are all above
0.9, indicating even greater motional restriction in the middle
of the peptide sequence compared to nearer the termini,

Time (sec)

Ficure 7: 15N T, relaxation decay curves folj trimeric and @)
monomeric I°N-Gly34-Ce-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s

of T, relaxation decay values generated for tAd-Gly*®
peptide-amphiphile (data not shown) could each be fit with
a single exponential and, values were calculated (Table
2). The two sets of; relaxation decay values generated for
the >N-Gly34 peptide-amphiphile (Figure 7) could each be
fit with a single exponential andl, values were calculated
(Table 2). In similar fashion, the two sets of relaxation
decay values generated for thhl-Gly’ peptide-amphiphile
(data not shown) and the four sets Df relaxation decay  \here S42 values were 0.8 and 0.84 for Gland Gly,
values generated for tH&N-Gly*° peptide-amphiphile (data  regpectively. It is possible that peptidamphiphile end
not shown) could each be fit with a single exponential and gffacts may be responsible for this behavior. At @e
T values were calculated (Table 2). The heteronuclear NOE terminal end, the Gly-Pro-Hyp region may slightly unwind
for each15N-IapeIed species was also determine_d (Tabl.e 2). (55), while the N-terminal end may be slightly misaligned
The relaxation parameters for the monomeric peptide gye to the alkyl chains. However, it should be noted that
amphiphile show striking differences from those for the the relaxation data obtained in this study apply to a fast time
triple-helical form (Table 2). Th&; values for the monomer  gcale. Other studies have monitored backbone dynamics of
are longer than th&; values for the triple helix, regardless tripje-helical peptides on a slower time scale by measuring
of which **N-Gly is analyzed. Thd; relaxation times for  the hydrogen-exchange rates of individual amide prota4s (
the monomeric species are approximately 10 times longergg). |n those cases, the backbone motion of the triple helix
than theT, relaxation times for the trimeric conformation. \yas found to be quite different comparing the slow versus
The NOEs in the monomeric form are negative, while the fast time scales.
trimeric form has large positive NOEs. These results are all = g\ay though the Lipari Szabo model-free approachl(

consistent with those observed previously for triple-helical g 4iyes reasonable motional parameters, it was nonetheless
peptidesT; values were found to be longer for the random

versus triple-helical state of the 36-residue collagenous — -
peptideal-CB2 G9). In similar fashion, theT; relaxation 4The [IV-H1] region is based upon the gene-derived type IV collagen
' ! 1 sequence, and therefore only Pro, but not Hyp, residues are present.

decay curve is slightly slower/_longer for the mo_nomeric staté Hydrogen bonds unique to Hyp residues are not essential for triple-
of T3-785 @4). The T, relaxation decay curve is also very helical stability within [IV-H1].
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Ficure 8: Model of the triple-helical peptideamphiphile head-
group as a cylinder. The cylindrical triple helix has rotational
diffusion coefficientsD, andDy and an anglgs formed between 1 —_—
the D, axis of rotation and the NH bond vector. 0 20 40 60 80 100
originally formulated for molecules undergoing isotropic B, deg

overall tumbling (see Experimental Procedures). Therefore, FIGURe 9: Plot of D,/Dy versusp for trimeric (3) [*N-Gly”]-Ce-

this model-free approach may not provide the most accurate(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s, (O) [**N-Gly*’]-Ce-(Gly-

; e ) i 1. Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s, and @) [**N-Gly34-Ce-(Gly-
picture of molecular dynamics in a collagen-based triple Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s. By use of the motional model

helical peptide, which by its structural nature is more fo anisotropic rotational diffusion of a symmetric top, parallel and
cylindrical than spherical in shap@4). The anisotropy of  perpendicular components of the rotational diffusion ter8pand
overall tumbling of a triple-helix “cylinder” prevents fac- Dun, respectively, were derived as discussed in Experimental
torization of the correlation function as expressed in eq 2. frocﬁd”ﬁegﬂmﬂ wes the”hpl?ﬁed versus the angleD/Dg values
The simpliest motional model that considers the influence " 1€ three peptideamphiphiles converge # = 60-90"

of rotational anisotropy is the model of rotational diffusion spreading on a variety of surfaces, (10, 62). With the

of a symmetric top. multitude of organized structures formed by lipidlike com-

_ For this analysis, model parameters are diffusion coef- pounds, peptideamphiphiles could be utilized as targeted
ficients Dy and Dp and an anglg formed between th®, liposomes, sensors, receptors, or enzymes.
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