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Abstract: Peptide-amphiphiles with collagen-model head groups and dialkyl chain tails have been synthesized and
shown to self-assemble into highly ordered polyPro Il like triple-helical structures when dissolved in aqueous subphases.
Evidence for this self-assembly process has been obtained from (a) compression of stable peptide-amphiphile
monolayers to molecular areas comparable with triple-helical areas, (b) circular dichroism spectra and melting curves
characteristic of triple-helices, and (c) two-dimensional NMR spectra indicative of stable triple-helical structure at
low temperatures and melted triple-helices at high temperatures. The thermal stability of the collagen-like structure
in the peptide-amphiphile is substantially higha&Tg, = 15—20 °C) than that of peptides without lipidation. The
assembly process driven by the hydrophobic tail may provide a general method for creating well-defined protein
molecular architecture using a minimalist peptide-based approach.

Introduction tumor cells®?type | collagen sequences that promote adhesion
of fibroblasts!® type IIl or IV collagen sequences that induce
the aggregation of platelets,and macrophage scavenger
receptor sequences that bind acetylated low-density lipo-

Biomolecules are remarkable in their capability to self-
assemble into well-defined and intricate structures. The most
intriguing self-assembly process is the folding of peptide chains proteins!2
Into native protein structures. The fundamental building blocks The triple-helix is a supersecondary structure characteristic
in proteins are not simple canonical secondary structures (such

heli dB-sheets) but ch reristi bli ¢ of collagent® Collagen-like triple-helices are also found in
as a-helices andf-sheets) but characteristic jassemblies o macrophage scavenger receptors types | atfcatid bacteria-
secondary structural elementsAmong the protein assemblies

; ; _— ) : binding receptor MARCG? complement component CZ1§,
are the simplg/a/§ motif, the halrpln, and tha-hc_allcal-coned pulmonary surfactant apoprotéihacetylcholinesterasé,and
coil, as well as the more complicated foarhelical bundle,

mannose binding proteid. The triple-helix consists of three
the doubly woung-sheet, the Jelly roll, and the Gregk l.(Jey' polypeptide chains, each in an extended, left-handed polyPro
Many researchers have attempted to create protein-like as-

blies for th ; dvi i foldi Il like helix, which are staggered by one residue and then
semblies for the purpose of studying protein foldingn supercoiled along a common axis in a right-handed makner.

add.'t'on’ functlona[ synthetic proteins have been created from Geometric constraints of the triple-helical structure require that
designed assemblies. The most common assembly used for
protein design is the foua-helical bundle, which has been (8) Fields, C. G.; Mickelson, D. J.; Drake, S. L.; McCarthy, J. B.; Fields,
developed as a synthetic enzyfégr redox catalysi$, for G'(gjf\}l _gs'-ACfgemsilL(g?)%’t 263 é4}\l53‘F1‘:gﬁ?-L T Fields. G. B. Biol

. . . iles, A. J.; Skubitz, A. P. N.; Furcht, L. T.; Fields, G. B. Biol.
antibody prodgctloﬁ,as ion channels in lipid bilayefsand as Chem.1994 269, 30939-30945.
surface mimetics of human class | MHCThe collagen-model (10) Grab, B.; Miles, A. J.; Furcht, L. T.; Fields, G. B. Biol. Chem.
triple-helix has also been used for functional protein design. 1952?1)2Zl) h22?4—12|_24FO- MeCulloch. 1 Y.+ B M. Thromb. R

: : _ H H H a orton, L. F.; McCullocn, I. Y.; barnes, ..J.nromp. res.

Synthetic triple-helical proteins have mc;orporated type. v 993 72, 367-372. (b) Rao, G. H. R: Fields, C. G.. White, J. G : Fields,
collagen sequences that promote adhesion and spreading 0§, B. J. Biol. Chem1994 269, 13899-13903.
(12) Tanaka, T.; Nishikawa, A.; Tanaka, Y.; Nakamura, H.; Kodama,

T Department of Laboratory Medicine and Pathology. T.; Imanishi, T.; Doi, T.Protein Eng.1996 9, 307—313.

* The Biomedical Engineering Center. (13) (a) Ramachandran, G. hit. J. Pept. Protein Re4.988 31, 1-16.

§ Department of Chemical Engineering and Materials Science. (b) Brodsky, B.; Shah, N. KFASEB J.1995 9, 1537-1546.

® Abstract published if\dvance ACS Abstractfecember 1, 1996. (14) (a) Kodama, T.; Freeman, M.; Rohrer, L.; Zabrecky, J.; Matsudaira,

(1) Richardson, J. S.; Richardson, D. C.; Tweedy, N. B.; Gernert, K. P.; Krieger, M.Nature199Q 343 531-535. (b) Rohrer, L.; Freeman, M.;
M.; Quinn, T. P.; Hecht, M. H.; Erickson, B. W.; Yan, Y.; McClain, R. D.;  Kodama, T.; Penman, M.; Krieger, M\ature 1990 343 570-572. (c)

Donlan, M. E.; Surles, M. CBiophys. J.1992 63, 1186-1209. Ashkenas, J.; Penman, M.; Vasile, E.; Acton, S.; Freeman, M.; Krieger,

(2) For a recent review, see: Mayo, K. H.; Fields, G. B.Rrotein M. J. Lipid Res.1993 34, 983-1000.

Structural Biology in Bio-Medical ResearcAllewell, N., Woodward, C., (15) Elomaa, O.; Kangas, M.; Sahlberg, C.; Tuukkanen, J.; Sormunen,
Eds.; JAI Press, Inc.: Greenwich, CT, 1996; in press. R.; Liakka, A.; Thesleff, I.; Kraal, G.; Tryggvason, Kell 1995 80, 603—

(3) (a) Sasaki, T.; Kaiser, E. 7. Am. Chem. S04989 111, 380-381. 609.

(b) Hahn, K. W.; Klis, W. A.; Stewart, J. MSciencel99Q 248 1544— (16) Brodsky-Doyle, B.; Leonard, K. R.; Reid, K. Biochem. J1976
1547. 159 279-286.

(4) Robertson, D. E.; Farid, R. S.; Moser, C. C.; Urbauer, J. L; (17) Benson, B.; Hawgood, S.; Schilling, J.; Clements, J.; Damm, D.;
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every third amino acid is Gly, resulting in a Gly-X-Y repeating peptide synthesis chemicals and solvents were analytical reagent grade
sequence. The stability of the triple-helix depends upon the or better and purchased from Applied Biosystems, Inc. (Foster City,

imino acid content® Furthermore, hydroxyproline (Hyp)
stabilizes the triple-helical structure by facilitating the formation
of a hydrogen-bonding network with surrounding water mol-
ecules?! For simple collagen-model peptides, (Gly-Pro-Hyp)
forms the most thermally stable triple-helices, with a melting
temperature ) of 58—60 °C whenn = 1022

CA), or Fisher Scientific (Pittsburgh, PA). ((Fluorenylmethoxy)car-
bonyl) [Fmoc]-4-((2,4'-dimethoxyphenyl)aminomethyl)phenoxy resin
(substitution level= 0.46 mmol/g) was purchased from Novabiochem
(La Jolla, CA). All Fmoc-amino acid derivatives were from Nova-
biochem and are af-configuration. 1-Hydroxybenzotriazole (HOBLt)
was purchased from Novabiochem, H¢benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) from Richelieu Bio-

Several strategies have been employed in order to inducetechnologies (St. Hyacinthe, Quebec), ahdéi-diisopropylethylamine

triple-helical structure formation in isolated collagen sequences
that promote cellular and enzymatic activitt8sSimply adding

(DIEA) from Fisher Scientific.
Peptide-resin assembly was performed by Fmoc solid phase meth-

a number of Gly-Pro-Hyp repeats to both ends of a collagenous odology on an ABI 431A peptide synthesiZéf® Peptide-resins were
sequence can, under certain circumstances, induce triple-helicafharacterized by Edman degradation sequence analysis as described

conformation. However, even with more than 50% of the
peptide sequence consisting of Gly-Pro-Hyp repeats, the result
ing triple-helices still may not have sufficient thermal stability
(Tm < 37°C) to survive physiological conditions. If synthetic
proteins are to be utilized for biological and biomaterial
applications, physiological stability is an important design
criteria. Substantial stabilization of the triple-helical structure
can be achieved with the introduction of covalent links between
the C-terminal regions of the three peptide chdi#s?42%or by

use of a Kemp triacid (KTA) template linked to theterminus

of three peptide chair’s. However, the large size (925
amino acid residues) of some of the resulting triple-helical
peptide compounds makes them difficult to synthesize and/or
purify. ldeally, one would like to create a system by which

synthetic linear peptide chains self-assemble into desirable

secondary and tertiary structures. Inthe present paper, we repo
a new, noncovalent, self-assembly approach to building a
collagen-like structural motif which uses the alignment of
amphiphilic compounds at the lipiesolvent interface to
facilitate peptide alignment and structure initiation and propaga-
tion.

Experimental Section

Synthesis of Peptides and Peptide-AmphiphilesThe three dialkyl
ester tail precursors used in this study,31dihexadecylN-[O-(4-
nitrophenyl)succinyll:--glutamate [designated (§,-Glu-C-pNp], 1,3 -
ditetradecyN-[O-(4-nitrophenyl)succinyl]-glutamate [designated (£):-
Glu-C-pNp], and 1,3-didodecyl N-[O-(4-nitrophenyl)succinyl}--
glutamate [designated (§,-Glu-C,-pNp], were synthesized as described
previously for (Ge)-Glu-C-pNp?” The G4 and G tails were prepared
using 1-tetradecyl alcohol and 1-dodecyl alcohol, respectivelye)£C
Glu-C-Gly was prepared as described previoddlyAll standard

(20) (a) Privalov, P. L.Adv. Protein Chem.1982 35, 1-104. (b)
Burjanadze, T. VBiopolymers1992 32, 941-949.

(21) (a) Bella, J.; Eaton, M.; Brodsky, B.; Berman, H. 8tiencel994
266, 75-81. (b) Bella, J.; Brodsky, B.; Berman, H. Mtructure1995 3,
893-906.

(22) (a) Sakakibara, S.; Inouye, K.; Shudo, K.; Kishida, Y.; Kobayashi,
Y.; Prockop, D. JBiochim. Biophys. Acta973 303 198-202. (b) Engel,
J.; Chen, H.-T.; Prockop, D. J.; Klump, WBiopolymers1977, 16, 601—
622. (c) Long, C.; Li, M. H.; Baum, J.; Brodsky, B. Mol. Biol. 1992
225 1-4.

(23) For a recent review, see: Fields, G.@nnect. Tissue Re$995
31, 235-243.

(24) (&) Roth, W.; Heppenheimer, K.; Heidemann, E.Nrakromol.
Chem1979 180 905-917. (b) Roth, W.; Heidemann, BiopolymersL98Q
19, 1909-1917. (c) Thakur, S.; Vadolas, D.; Germann, H.-P.; Heidemann,
E. Biopolymersl1986 25, 1081-1086. (d) Germann, H.-P.; Heidemann, E.
Biopolymers1988 27, 157-163.

(25) (a) Fields, C. G.; Lovdahl, C. M.; Miles, A. J.; Matthias Hagen, V.
L.; Fields, G. B.Biopolymersl993 33, 1695-1707. (b) Fields, C. G.; Grab,
B.; Lauer, J. L.; Fields, G. BAnal. Biochem1995 231, 57—64. (c) Fields,
C. G.; Grab, B.; Lauer, J. L.; Miles, A. J.; Yu, Y.-C.; Fields, G. Eett.
Pept. Sci1996 3, 3—16.

(26) Goodman, M.; Feng, Y.; Melacini, G.; Taulane, JJPAm. Chem.
Soc.1996 118 5156-5157.

(27) Berndt, P.; Fields, G. B.; Tirrell, Ml. Am. Chem. S0d.995 117,
9515-9522.

previously for “embedded” (noncovalent) sequencthdeptide-resins
were then either (a) cleaved or (b) lipidetedith the appropriate (2-
Glu-GC; tail and then cleaved. Cleavage and side chain deprotection of
peptide-resins and peptide-amphiphile-resins proceedet tiousing
either ethanedithietthioanisole-phenot-H,O—trifluoroacetic acid
(TFA) (2.5:5:5:5:82.5) or RHO—TFA (1:19) as described®. Peptide-
amphiphile cleavage solutions were not extracted with metig

butyl ether prior to purification.

Peptide Purification and Analysis. Preparative RP(reverse phase)-
HPLC purification was performed on a Rainin AutoPrep system.
Peptides were purified with a Vydac 218TP152022 lumn (15-

20 um particle size, 300 A pore size, 25025 mm) at a flow rate of

5.0 mL/min. The elution gradient was either60% B or 6-100% B

in 60 min where A was 0.1% TFA in ¥0 and B was 0.1% TFA in

acetonitrile. Detection was at 229 nm. Peptide-amphiphile purification

was achieved with a Vydac 214TP152022 @lumn (15-20 um
article size, 300 A pore size, 250 22 mm) at a flow rate of 10

L/min. The elution gradient was 5%0% B in 20 min where A
was 0.05% TFA in HO and B was 0.05% TFA in acetonitrile.
Detection was at 229 nm. Analytical RP-HPLC was performed on a
Hewlett-Packard 1090 liquid chromatograph equipped with a Hypersil
Cis column (5um particle size, 120 A pore size, 200 2.1 mm) a
flow rate of 0.3 mL/min. The elution gradient was-60% B in 45
min where A and B were the same as those used 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 analyzer. Laser desorption
mass spectroscopy (LDMS) was performed on a Hewlett-Packard
G2025A LD-TOF (time-of-flight) mass spectrometer. We previously
found LDMS to be effective for peptide-amphiphile characterization.
FABMS was performed on a VG 7070E-HF with a glycerol matrix.

The following [M + H]* values for peptides and peptide-amphiphiles
were obtained: [IV-H1], 1436.8 Da (theoretical 1436.6 Da); (Gly-Pro-
Hyp)s-[IV-H1], 2502.5 Da (theoretical 2502.7 Da); [IV-H1]-(Gly-Pro-
Hyp)s, 2502.6 Da (theoretical 2502.7 Da); (Gly-Pro-HyfV-H1]-
(Gly-Pro-Hyp), 3574.2 Da (theoretical 3574.9 Da);1B-Glu-C-[IV-
H1]-Tyr, 2277.2 Da (theoretical 2278.4 Da);(-Glu-C,-(Gly-Pro-
Hyp)s-[IV-H1], 3184.6 Da (theoretical 3183.8 Da); {£»-Glu-C,-[IV-
H1]-(Gly-Pro-Hyp), 3130.8 Da (theoretical 3127.8 Da); #2-Glu-
Cx[IV-H1], 2003.6 Da (theoretical 2002.6 Da); {§>-Glu-Cx-(Gly-
Pro-Hyp)-[IV-H1], 3075.8 Da (theoretical 3071.8 Da); {£>-Glu-C-
[IV-H1]-(Gly-Pro-Hyp)s, 3076.9 Da (theoretical 3071.8 Da). For the
(C12)2-Glu-C-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp). peptide-amphi-
phile, [M + Na]* = 4166.8 Da (theoretical 4162.9 Da).

Pressure-Area Isotherms. All isotherms were obtained at 22
after spreading a peptide-amphiphile solution in hexeDECl;—
methanol (5:4:1) over a pure water subphase. After 15 min, the
monolayer was compressed laterally with constant speed of 10 mm/
min on a computerized KSV LB5000 LangmwiBlodgett instrument

(28) (a) Fields, G. B.; Noble, R. Unt. J. Pept. Protein Re<.99Q 35,
161-214. (b) Fields, C. G.; Lloyd, D. H.; Macdonald, R. L.; Otteson, K.
M.; Noble, R. L.Pept. Res1991], 4, 95-101. (c) Lauer, J. L.; Fields, C.
G.; Fields, G. B.Lett. Pept. Sci1995 1, 197—205.

(29) Fields, C. G.; VanDrisse, V. L.; Fields, G. Bept. Res1993 6,
39-47.

(30) (a) King, D. S.; Fields, C. G.; Fields, G. Bt. J. Pept. Protein
Res.199Q 36, 255-266. (b) Fields, C. G.; Fields, G. Betrahedron Lett.
1993 34, 6661-6664.



Self-Assembling Amphiphiles

o
\n/\/U\(GIy-Pro-Hyp)m-[lV-H1]—(Gly—Pro-Hyp),,-NH2

o

Z-I

R=C,.H.;, C\.H.,, C,H,,

m=0,4; n=0,4
Figure 1. General structure of the peptide-amphiphiles used in this
study. The sequence of [IV-H1] is Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-
Pro-Gly-Trp-Pro-Gly-Ala-Pro.

and the surface pressure was detected using a film balance with a

platinum Wilhemy plate.
Circular Dichroism Spectroscopy. Spectra were recorded on a
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————— (C,),-Glu-C,-Gly

(C.o):~Glu-C,-[IV-H 1} Tyr
(Ce),-Glu-C~(Gly-Pro-Hyp),-[IV-H1]
(C..)-Glu-C,-[IV-H1}(Gly-Pro-Hyp),

70
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0
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Surface Area {(nm2/molecule)

Figure 2. Surface pressurearea isotherms of collagen-model peptide-

0.0

JASCO J-710 spectropolarimeter using a thermostated 0.1 mm quartzamphiphiles. All peptide-amphiphile isotherms converge at surface

cell. Thermal transition curves were obtained by recording the molar
ellipticity ([6]) in the range of 16-80°C atA = 225 nm. The peptide
and peptide-amphiphile concentrations were 0.5 mM i@ ldt 25°C.

NMR Spectroscopy. Freeze-dried samples for NMR spectroscopy
were dissolved in BO or D,O—H,0 (1:9) at peptide and peptide-
amphiphile concentrations o5 mM. NMR spectra were acquired
on a 500 MHz Bruker AMX-500 spectrometer at 10, 25, 50, and 80
°C. Two-dimensional total correlation spectroscopy (TOCSY) and
nuclear Overhauser effect spectroscopy (NOESY) were performed with
256 T, increment and 1024 complex data points in Thedimension.
TOCSY spectra were obtained at mixing times 0480 ms. NOESY
spectra were obtained at mixing times of-660 ms. The spectral
widths were 6024 Hz in both dimensions.

Results

We have recently described the synthesis of novel peptide-
amphiphiles which incorporate a long-chain dialkyl ester lipid
“tail"” onto a peptide head groufd. For the present study, the
al(lV)1263-1277 collagen sequence Gly-Val-Lys-Gly-Asp-
Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro ([IV-H1]), which is
known to promote melanoma cell adhesion and spreddihg,
has been combined with the lipid to create collagen-like peptide-
amphiphiles (Figure 1). Initially, the surface activity of peptides
and peptide-amphiphiles was investigated. While the [IV-H1]
peptide and variants without lipid tails were not surface active,
formation of monolayers at the aiwater interface was observed
for all investigated collagen-like peptide-amphiphiles. For
(C16)2-Glu-Cy- and (G4)2-Glu-Cy-derived peptide-amphiphiles,

surface pressure (which can be interpreted as a measure o

pressure values of above 50 mN/m at a surface area of 0% nm
molecule. This surface area is different from the exclusion volume (0.4
nm?/molecule) for an dialkyl chain amphiphile molecule [e.g.:d&
Glu-C-Gly].

10

-20
[IV-H1)
(Gly-Pro-Hyp),-[IV-H1]
[IV-H1}1(Gly-Pro-Hyp),
——— (Gly-Pro-Hyp),-{iV-H1}-(Gly-Pro-Hyp),

[©]1x10° (degree cm®/decimole)

\ /e (C.,)~Glu-C-fIvV-H1]
-40 |- \ / — — {C,)).-Glu-C{Gly-Pro-Hyp) -fIV-H1]
~ — - —+ (C,),Glu-C-{IV-H1}-{Gly-Pro-Hyp),
- (C,.)~Glu-C-(Gly-Pro-Hyp},-{IV-H1]-(Gly-Pro-Hyp),
.50 L ) I . ) I 1 " L
190 200 210 220 230 240 250

Wavelength (nm)

Figure 3. Circular dichroism spectra of collagen-model peptides and
peptide-amphiphiles. Positive values of ellipticity in theange of 215
245 nm are attributed to an ordered, polyPro Il like structéitemong
the investigated peptides, only (Gly-Pro-HyfiV-H1]-(Gly-Pro-Hyp),
shows this structure distinctly. However, except forf&Glu-C-[I1V-
H1], all peptide-amphiphiles display a positive signal with the residual
ellipticity corresponding to the maximum values reported for triple-
elical structures. Solutions of (§,-Glu-C,-Gly (the lipid tail without
collagenous head group) show little positive or negative ellipticity

resistance of amphiphile molecules against lateral compression)yyer thei range 196-250 nm (data not shown).

could be detected at surface areas-eBhn?/molecule (Figure

2). The surface pressure increased gradually as the monolayegqyps for alkyl chains larger tham4{data not shown). The

was compressed for peptide-amphiphiles containing both [IV-

m-A isotherms for G, amphiphiles repeat the trend that was

H1] and Gly-Pro-Hyp repeats. At a surface area of 0.6/n"m  gpserved for amphiphiles with longer alkyl chains, although
molecule, no further compression was possible and the mono-mgnelayers of the former are not as stable at room temperature.
layer reached the maximum surface pressure and collapsed. Theygwever, good solubility in the aqueous subphase makes C

common value of 0.6 nffmolecule for the limiting surface area
of the (Gg)2-Glu-Co-(Gly-Pro-Hyp)-[IV-H1] and (Ci4)2>-Glu-
Co-[IV-H1]-(Gly-Pro-Hyp)s peptide-amphiphiles can only be

compounds well suited for spectroscopic investigations. We
report spectral observations only for the;@mphiphiles (see
below), but the main spectral features have been observed

explained assuming a fully stretched, elongated peptide headingependent of the amphiphile tail length.

group?’ Prior X-ray crystallographic analyses of a triple-helical

peptide revealed hexagonal-packed trimers with axis-to-axis

distances of 1.4 nrf. The calculated surface area for this triple-

helical peptide would be 1.7 rftrimer, very close to the surface

area of 1.8 nifitrimer for the peptide-amphiphiles studied here.
We did not observe a dependency of tiié\ isotherm on

the length of the dialkyl tail for the investigated peptide head

(31) Chelberg, M. K.; McCarthy, J. B.; Skubitz, A. P. N.; Furcht, L. T;
Tsilibary, E. C.J. Cell Biol. 1990 111, 261—270.

(32) Mayo, K. H.; Parra-Diaz, D.; McCarthy, J. B.; Chelberg, M.
Biochemistry1991, 30, 8251-8267.

Collagens in triple-helical conformation exhibit a circular
dichroism (CD) spectrum similar to a polyPro Il helix, with
positive ellipticity atA = 215-240 nm33 At 25 °C, (Gly-Pro-
Hyp)s-[IV-H1]-(Gly-Pro-Hyp)s was found to exhibit this char-
acteristic CD spectrum (Figure 3). For (Gly-Pro-HyfVv-
H1] and [IV-H1]-(Gly-Pro-Hyp) a small magnitude of positive
ellipticity at A = 225 nm was observed, while the [IV-H1]
peptide did not show any positive ellipticity at this wavelength.
Of the peptide-amphiphiles, {&>-Glu-Cx-[IV-H1] displayed

(33) Heidemann, E.; Roth, WAdv. Polym. Sci1982 43, 143-203.



12518 J. Am. Chem. Soc., Vol. 118, No. 50, 1996
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Figure 4. Temperature dependence of molar ellipticity per amino acid
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Figure 5. Total correlation spectroscopy (TOCSY) spectrum of (Gly-
Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp). in D,O at 10°C. Peptide concentra-
tion was 5 mM. For the preliminary assignment of amino acid residues

residue for collagen-model peptides and peptide-amphiphiles. Among Presentin the peptide, data from additional TOSCY experimenG+D

the peptides, only (Gly-Pro-Hyp]IV-H1]-(Gly-Pro-Hyp), displays a
thermal denaturation curve typical for collagen-like triple-helices, with
aTm~ 36 °C. All peptide-amphiphiles, except {§,-Glu-Cx-[IV-H1],
show a more gradual transition starting at-3@ °C and finishing at
about 80°C.

a CD spectrum similar to that of [IV-H1] (no positive ellipticity
at A = 225 nm), while the other three amphiphiles showed a
large magnitude of positive ellipticity & > 220 nm. Most
remarkably, the ellipticity per residue for the amphiphilic
compounds (&)>-Glu-C,-(Gly-Pro-Hyp)-[IV-H1], (C12)2-Glu-
Co-[IV-H1]-(Gly-Pro-Hyp)s, and (G2)2-Glu-Cx-(Gly-Pro-Hyp)-
[IV-H1]-(Gly-Pro-Hyp)s was about 5 times larger than that of
(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s (Figure 3) and ap-
proximately equal to that of the triple-helical peptide (Gly-Pro-
Hyp)10.3* These ellipticity per residue values indicate maximal
ordered structures for (©),-Glu-Cx-(Gly-Pro-Hyp)-[IV-H1],
(C12)2-Glu-C-[IV-H1]-(Gly-Pro-Hyp)s, and (G2),-Glu-Co-(Gly-
Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s. It appears that all residues
in these three peptide-amphiphiles are in triple-helical confor-
mation.

A triple-helical assembly can be distinguished from a simple,
non-intercoiled polyPro Il structure by its thermal denaturation
behavior. A triple-helix is relatively sensitive to temperature,
since it is stabilized by a hydrogen bonded intra- and interstran
water network! Triple-helical melts are highly cooperativé.

The thermal stability of peptides and peptide-amphiphiles were

studied by monitoring ellipticity ak = 225 nm as a function

of increasing temperature. Among the peptides, only (Gly-Pro-

Hyp).-[IV-H1]-(Gly-Pro-Hyp), gave a typical sigmoidal transi-
tion associated with the transformation of triple-helical to single-
stranded structurd, = 36 °C) (Figure 4). [IV-H1]-(Gly-Pro-
Hyp)s showed a small magnitude of positive ellipticity which
decreased nearly linearly from 5 to 2@ and then flattened
out (Figure 4), as did (Gly-Pro-Hyp]IV-H1] (data not shown).

The molar ellipticities of the peptide-amphiphiles decreased very

gradually between 10 and 3C and then more markedly starting
at around 36-40 °C, with some traces of positive CD detectable
up to 80°C (Figure 4). The midpoint of the transition$y{)
was found to be at 5@ 5 °C, and the melting curve was fully
reversible upon cooling. Although the change in ellipticity was

large, thermal transitions for the peptide-amphiphiles were

broad. These observations suggest that the (Gly-ProzHyp)

(34) (a) Brodsky, B.; Li, M.; Long, C. G.; Apigo, J.; Baum, J.
Biopolymers1992 32, 447-451. (b) Long, C. G.; Braswell, E.; Zhu, D.;
Apigo, J.; Baum, J.; Brodsky, BBiochemistry1993 32, 11688-11695.
(c) Li, M.; Fan, P.; Brodsky, B.; Baum, Biochemistryl993 32, 7377
7387.

H.O, 1:9) and nuclear Overhauser effect spectroscopy (NOESY)
experiments were used. The Pro/Hyp region was identified from the
lack of an amide'H signal and the shown connectivity pattern in
TOCSY.

[IV-H1]-(Gly-Pro-Hyp)s and (G2)2-Glu-Cx-(Gly-Pro-Hyp)-[IV-
H1]-(Gly-Pro-Hyp), structures consist of packed polyPro Il like
helices, possibly triple-helical, and that the lipid tail remarkably
enhanced the stability of this assembly.

The structures of the collagen-model peptides and peptide-
amphiphiles were further investigated by 28 NMR spec-
troscopy (Figure 5). The Pro and Hyp spin systems in TOCSY
were identified by the lack of amide protons and reference to
the chemical shifts of the side chain protons from other collagen-
like peptides* The chemical shift of the Pro and Hyp side
chain protons is sensitive to their conformatfn.For our
peptides and peptide-amphiphiles, there are Pro residues that
occur both surrounding and within the [IV-H1] sequence while
Hyp residues surround the [IV-H1] sequence. At°1D) the
relatively few crosspeaks found in the Pro/Hyp region of the
IH NMR spectra (Figure 6) indicate that the Pro and Hyp
residues of (Gly-Pro-Hyp)[IV-H1]-(Gly-Pro-Hyp), are in a
limited number of conformations, as expected for a compound
with an ordered structure. The crosspeaks at 4.6 ppm are

d comparable to those observed for the triple-helical, template-

bound peptide KTA-[Gly-(Gly-Pro-Hyg)NH,]3.26 The spectra

of (Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), at 50 °C shows
additional crosspeaks at 4.85 ppm, indicating less-ordered
conformation at higher temperature. Some of these additional
crosspeaks are consistent with the multiple states that exist for
the Pro residues within the [IV-H1] sequence when in a non-
triple-helical conformatiod? After the (Gly-Pro-Hyp)-[IV-
H1]-(Gly-Pro-Hyp), peptide is lipidated with a G tail, similar
NMR spectra are obtained (Figure 6). For example, <
Glu-C,-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp), at 25°C shows

a few well-defined crosspeaks, indicating ordered conformation
of the peptide-amphiphile. Consistent with our CD observa-
tions, the NMR spectra of (G),-Glu-C,-(Gly-Pro-Hyp)-[IV-
H1]-(Gly-Pro-Hyp) at 80 °C indicates more disorder than at
25°C. Additional crosspeaks are seen at 4.85 ppm, in similar
fashion to (Gly-Pro-Hypy}[IV-H1]-(Gly-Pro-Hyp)s at 50 °C.
Overall, the CD and NMR spectra of the (Gly-Pro-HyfV-
H1]-(Gly-Pro-Hyp) peptide and the (3).-Glu-C,-(Gly-Pro-
Hyp)4-[IV-H1]-(Gly-Pro-Hyp) peptide-amphiphile suggest that
both can spontaneously form a well-ordered polyPro Il like
triple-helical structure. Similar NMR spectra were obtained for
the (G2)2-Glu-Cy-[IV-H1]-(Gly-Pro-Hyp)s and (G2)2-Glu-Cp-
(Gly-Pro-Hyp)-[IV-H1] peptide-amphiphiles (data not shown).
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sequence® Thus, one method for creating novel biomaterials
with distinct protein-like structures is to synthesize the peptide
onto a template that (a) induces secondary and tertiary structures
and (b) either serves directly as a biomaterial or is compatible
with biomaterial surfaces. We envisioned the construction of
a novel “peptide-amphiphile” to serve this purpose, whereby a
peptide “head group” has the propensity to form a distinct
structural element (and contains a cell recognition site), while
a hydrophobic “tail” serves to align the peptide strands and
induce secondary and tertiary structure formation as well as
providing a hydrophobic surface for self-association and/or
interaction with other surfaces. As described by Kunitéke,
design of synthetic lipids requires consideration of four building
blocks: tail, linker/connector, spacer, and head group. Our
design features £, Ci4, and Gg dialkyl tails, a Glu linker, a
-(CH,)>- spacer, and a collagen-model peptide head group
(Figure 7).

The peptide-amphiphiles appear to self-assemble into highly
ordered polyPro Il like triple-helical structures when dissolved
in aqueous subphases. Evidence for the self-assembly process
has been obtained from monolayer observations and CD and
NMR spectroscopies. Peptide-amphiphiles have surface areas,
CD spectra, and Pro and Hyp side chain conformations
characteristic of triple-helices and exhibit large structural
transitions, as monitored by CD melting curves. The transitions
were typically broader than those observed for associated triple-
helices (Figure 4). However, broad transitions have been
observed previously for triple-helices which are constrained at
either theN- or C-termini10.12.24.2640 Since these constraints
prevent melting of the triple-helix from both ends simulta-
neously, broad transitions are most likely the result of a shifted
equilibrium between unfolded and folded states compared with

crosspeaks at 4.85 ppm for the peptide-amphiphile are similar to those@SS0ciated triple-helices. For our specific case, we are melting

seen for (Gly-Pro-Hyp)[IV-H1]-(Gly-Pro-Hyp). at 50°C.

Discussion

The de nao design of proteins has been based on the
knowledge of individual amino acid propensities to form distinct
secondary structures, such ashelices andg-sheets, and

modeling of these secondary structures to associate by long-

range interactions and create tertiary structdif@sMutter and
colleagues developed the template-assembled synthetic protei

(TASP) approach based on the concept that templates would.

promote secondary structure formation and minimize aggrega-
tion of larger complexe®P When one considers the contribu-
tions to the free energy of folding, a template is predicted to

decrease the chain entropy of the unfolded state (due to increase

excluded volume effects), while favoring intramolecular inter-
actions (formation of a hydrophobic core) instead of inter-
molecular interactions (aggregatiofi). Lattice statistical me-

chanics predicts that surfaces would enhance secondary structur:

formation by minimizing unfolded staté8. Surfaces have been
shown to induce peptide secondary structures, etthleelical

or B-sheef’” The template effect has since been documented
for synthetic foura-helical bundles, since the-helicity of the
individual peptide chains was greatly enhanced upon incorpora-
tion onto a template containing several othehelical peptide

(35) (a) DeGrado, W. FAdv. Protein Chem.1988 39, 51—-124. (b)
Mutter, M. Trends Biochem. Scl1988 13, 260-265.

(36) (a) Wattenbarger, M. R.; Chan, H. S.; Evans, D. F.; Bloomfield, V.
A.; Dill, K. A. J. Chem. Phys199Q 93, 8343-8351. (b) Chan, H. S.;
Wattenbarger, M. R.; Evans, D. F.; Bloomfield, V. A.; Dill, K. &. Chem.
Phys.1991, 94, 8542-8557.

(37) (a) DeGrado, W. F.; Lear, J. D. Am. Chem. So&985 107, 7684~
7689. (b) Gapay, G.; Taylor, J. W0. Am. Chem. S0d.99Q 112, 6046-
6051. (c) Gapay, G.; Taylor, J. W0. Am. Chem. S0d.992 114, 6966~
6973.

a mixture of amphiphile assemblies (monomers, micelles,
vesicles, etc.) of different sizes and stabilities, which may
additionally contribute to broad thermal transitions. Several of
the prior studies of constrained triple-helicé4%as well as the
study presented here, have used 2D NMR spectroscopy to
substantiate triple-helical structure.

The lipid hydrophobic interactions of the peptide-amphiphiles
exert a significant influence on collagen-model structure forma-

rE’on and stabilization. For example, although the [IV-H1]-(Gly-

ro-Hyp) sequence has the potential of forming a triple-helix,
it is realized only in the amphiphilic compound. The triple-
helix is also exceptionally stable when formed in the presence
of the lipid modification. The difference in the denaturation

mperatures between the structured (Gly-Pro-kjis)-H1]-
Gly-Pro-Hyp), peptide and the corresponding.(oeptide-
amphiphile is about 1520 °C. The tight alignment of the
N-terminal amino acids achieved through the association of the
Epid part of the molecule in a monolayer could be a general
ool for initiation of peptide folding. Model investigations with
amphiphile monolayers mimic this general building principle
and might therefore pave a new way to the design of artificial
proteins and enzymes.

The peptide-amphiphiles described here provide a simple
approach for building stable protein structural motifs using
peptide head groups. One of the most intriguing features of
this system is the possible formation of stable lipid films on

(38) (a) Mutter, M.; Tuchscherer, G. G.; Miller, C.; Altmann, K.-H.;
Carey, R. |.; Wyss, D. F.; Labhardt, A. M.; Rivier, J. E.Am. Chem. Soc.
1992 114, 1463-1470. (b) Dawson, P. E.; Kent, S. B. B. Am. Chem.
So0c.1993 115 7263-7266. (c) Vuilleumer, S.; Mutter, MBiopolymers
1993 33, 389-400.

(39) Kunitake, T.Angew. Chem., Int. Ed. Engl992 31, 709-726.

(40) Lesage, A.; Penin, F.; Geourjon, C.; Marion, D.; van der Rest, M.
Biochemistry1996 35, 9647-9660.
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Figure 7. The computer-modeled structure of the peptide-amphiphilg£Glu-C,-(Gly-Pro-Hyp)-[IV-H1] following energy minimization with

MacroModel.

solid substrates, or the use of the novel amphiphiles in bilayer relatively large, it is anticipated thals < /3 and micellization
membrane systems, where the lipid tail serves not only asis probable. However, one can mix peptide-amphiphiles with
peptide structure inducing agent but also as anchor of the vesicle-forming lipids (such as dilauryl phophatidylcholine) to

functional head group to the lipid assembBly.In general,

form stable mixed vesicles with collagen-model, triple-helical

amphiphile systems may form a great variety of structures in peptide head groups. Vesicles featuring collagen coatings have

solution including micelles and vesicl&s.Israelachvili devised

a dimensionless group, the surfactant numib&j),(to predict
the geometry of the final amphiphile aggreg&eThe surfactant
number is defined alils = v/agl, wherew is the volume of the
hydrocarbon chain taily is the optimal head group area, and
| is the maximal extended length of the hydrocarbon chain tail.
For Ns < /3, spherical micelles are formed; fbis betweent/s
and?/,, cylindrical micelles are formed; fdvs between'/, and

1, flexible bilayers and vesicles are fornf€dSince our peptide-
amphiphiles have a large head group (Figure 7) and #his

(41) (a) Macquaire, F.; Baleux, F.; Giaccobi, E.; Huynh-Dinh, T.;
Neumann, J.-M.; Sanson, ABiochemistry1992 31, 2576-2582. (b)
Shimizu, T.; Hato, M.Biochim. Biophys. Actd 993 1147 50-58. (c)
Winger, T. M.; Ludovice, P. J.; Chaikof, E. Biomaterials1996 17, 437—
441,

(42) Evans, D. F.; Wennerstrom, H. Trhe Colloidal Domain: Where
Physics, Chemistry, Biology, and Technology M&&H Publishers, Inc.:
New York, 1994.

(43) Israelachvili, J. N. Inntermolecular and Surface Force2nd ed.;
Israelachvili, J. N., Ed.; Academic Press Limited: London, 1992; pp-366
394.

already been shown to be advantageous for targeted drug
delivery#* As a first application, we have undertaken the design
of a drug-targeting system against melanoma cells using vesicles
containing the [IV-H1] peptide-amphiphile.

The peptide-amphiphile system presented here offers extra-
ordinary flexibility with regard to head group geometry and
macromolecular structure. For building materials with molec-
ular and cellular recognition capacity, it is essential to have a
wide repertoire of tools to produce characteristic supersecondary
structures at surfaces and interfaces.
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