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ABSTRACT. Collagen is a multifunctional protein, serving as a structural scaffold and a modulator of cellular
responses. Prior work has identified distinct regions from several collagen types that promote cell adhesion,
spreading, migration, and signal transduction. One of these regiditB/)1263—-1277 from type IV
collagen, mediates these responses via melanoma cell -€&vhdrotin sulfate proteoglycan receptors.

In the study presented here, we have used a triple-helical model (#¥)1263—1277 to evaluate (a)
conformational stability and (b) cellular responses based on single-site incorporatiam®4-fluoro-
L-proline transFIp) or cis-4-fluoro--proline (is-FIp) for trans-4-hydroxy+-proline transHyp). The
structural effects otis-Flp andtransFlp substitution were studied by circular dichroism and NMR
spectroscopies. The peptide containing a sitrgles-FIp instead otrans-Hyp was slightly more thermally

stable than the parent peptide,(= 37 vs 34°C), while the peptide containingjs-FIp was considerably

less stable than the parent peptide & 30 °C). Melanoma cell adhesion and spreading were examined
under conditions where theans-Hyp-, trans-Flp-, andcis-FIp-containing ligands were-15, <10, and

~65% denatured, respectively. Adhesion to each of the three ligands was remarkably sensitive to the
respective ligand conformation, with Egralues of~2.5,~0.35, and>5.0uM for the trans-Hyp-, trans:

Flp-, andcis-Flp-containing ligands, respectively. Melanoma cell spreading was quantitated over a ligand
concentration range of 0.650 uM and, in a fashion similar to adhesion, was more extensive on the
trans-Flp ligand than on thd@rans-Hyp ligand. Very low levels of spreading were observed with the
cis-FIp-containing ligand at all concentrations tested. Melanoma cell adhesion to and spreading on the
three ligands suggested the dramatic biological consequence of even subtle changes in relative triple-
helical content. Such subtle changes may model those occurring in the basement membrane during the
tumor cell invasion process, and thus provide mechanistic insight into this stage of metastasis.

Tumor cell invasion, a key step in the metastatic process, The most prominent feature of collagen is its unique triple-
involves a complex series of correlated macromolecular helical structure, resulting from the intertwining of three poly-
interactions. These interactions result in tumor cell surface Pro Il-like peptide strands in a helical structure that twists
receptor recognition of extracellular matrix components, in a right-handed manner. The individual strands of the triple
induction of “outside-in” signal transduction, dissolution of helix are composed of Gly-Xxx-Yyy repeating sequences.
the extracellular matrix, and promotion of tumor cell motility. To better define the forces that contribute to triple-helical
To better understand tumor cell behavior, numerous model stability, peptide models of collagen have been constructed
systems have been designed, each approximating one specifigsing the Gly-Xxx-Yyy repeating sequenck—6). Peptide
step or series of steps in the invasion process. In generalmodels have also been developed to correlate triple-helical
such systems may be significant in two regards; they aid in structure and collagen-mediated biological activities, such
a molecular understanding of biochemical mechanisms, andas cell adhesion and activatio@—15). In cases of cell
they guide the design of inhibitory molecules. There is a adhesion and activation, model studies have examined the
long history of model system development for better under- gverall role of the triple helix by incorporating analogous

standing the physiological roles of collagen. Collagen is the collagen-derived sequences into clustered triple-helical, mon-
most abundant protein in vertebrates, and functions as bothomeric triple-helical, and non-triple-helical peptidé&s-9,

a structural scaffold and modulator of cellular activities. 11-13 16, 17). The effects of subtle variations in triple-

Tumor cell invasion involves interaction with, and movement helical structure on cellular systems have not been addressed.
through, collagen, most often type | and/or basement gych variations may be relevant for the physiological
membrane (type 1V) collagen. modeling of the invasion process, specifically after the
basement membrane is compromised. To analyze triple-
t This research was supported by grants from the National Institutes helical variations, one may utilize a biologically active “host”
of Healthh(CA 77402 an(é AR 01?]29&10 t?'B'cli:d)' ; fsequence in which single-amino acid substitutions can either
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Modulation of Triple-Helical Stability

The effects of single-site substitution of naturally occurring
amino acids on triple-helix nucleation and stability have been
examined previously using a hegjuest approach, where
either Pro in the Xxx or 4-hydroxy-proline (Hyp} in the
Yyy position of a Gly-Pro-Hyp triplet is replaced with the
“guest” residue 18, 19). Of the 20 natural amino acids that
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One type of construct, a “peptid@mphiphile” construct of
general structure -(CHy)n—2-C(O)-(Gly-Pro-Hyp)-[IV-
H1]-(Gly-Pro-Hyp)-NH,, has undergone extensive biophysi-
cal characterization by CD and one- and two-dimensional
NMR spectroscopies3f—39). When incorporated into the
peptide-amphiphile construct, the [IV-H1] region forms a

were studied, none provided either enhanced stability or morecontinuous triple helix 8, 39). Loss of triple-helical

rapid nucleation than the Gly-Pro-Hyp sequence. The non-

native amino acidrans-4-aminot-proline is more stabilizing
than Hyp for Phe-(Pro-Yyy-Gly)triple helices 20). Interest-
ingly, 5-p-galactose glycosylation of Thr in the Yyy position
of the (Gly-Pro-Yyy)o peptide greatly enhances triple-helical
stability compared to that of Thi2q, 22). The non-native
amino acidtrans-4-fluoro+-proline ¢ransFlp) has been
shown to induce hyperstability in the triple helix of the (Pro-
Flp-Gly)io peptide compared to the (Pro-Hyp-Glypeptide
(4, 5). Alternatively, cis-FIp destabilizes the triple helix of
the (Pro-Flp-Gly) peptide compared to the (Pro-Hyp-Gly)
peptide 23). In general, the use of fluorine-based amino acids

structure dramatically reduces the level of melanoma cell
adhesion, spreading, and signaling modulated by this ligand
(7, 34). Thus, a HC-(CH,)n--C(O)-(Gly-Pro-Hyp)-[IV-H1]-
(Gly-Pro-Hyp)-NH; “host” could be used to evaluate the
structural and biological consequences of single-site substitu-
tions. For studying melanoma cell activities, it would be
desirable to compare substitutions that enhance triple-helix
stability versus substitutions that diminish stability.

This study has sought to measure the effects of a single-
amino acid substitution on the triple helix. We wished to
understand both the structural and biological consequences
of replacing a single Hyp residue in the Yyy position with

for construction of model proteins has received a great deal Flp. For this purpose, the host peptide was (Gly-Pro-ktyp)
of recent attention. Fluorinated residues have been utilized Gly-Pro-Yyy-[IV-H1]-(Gly-Pro-Hyp)-NH,. The residue in

to enhance hydrophobic stabilization of coiled coil proteins
(24—26). Since fluorine-containing molecules have a wide
range of chemical shifts51000 ppm compared to 15 ppm
for protons), they are more sensitive to their environment
than protons, and fluorinated probes can be valuabl&for
NMR conformational analyses of peptides and protes-(
29). Also, a combination of electron microscopy and electron

the Yyy*? position wadrans-Hyp, cis-Flp, ortrans-Flp. Since
both cis-Flp andtrans-Flp are required for this study, we
first examined more efficient methods for the preparation
of 9-fluorenylmethoxycarbonyl (Fmoc) aneért-butyloxy-
carbonyl (Boc) Flp derivatives. The desired peptides and
peptide-amphiphile constructs were then assembled, and
biophysical comparisons were performed using CD and

energy-loss spectroscopy has been used to visualize specifilNMR spectroscopies to determine the conformational effects

platelet intracellular localization of the fluorine tracer of 4,6-
difluoroserotonin 80). Thus, fluorinated peptides are poten-
tially useful for localizing cellular binding sites, which could
prove valuable for studies of triple-helical cellular ligands.
Flp residues, in either theis or trans form, could be used
to modulate triple-helical structure and function. However,

neither the structural nor biological consequences of single-

Flp substitutions are known.

Human melanoma cells have been shown to bind to
distinct triple-helical regions within type IV (basement
membrane) collagerv(8, 10, 12, 31). Interaction with and

of single-site Flp incorporation. Last, melanoma cell adhesion
and spreading on the respective peptidenphiphile ligands
were quantitated to (a) determine the biological consequences
of Hyp replacement with Flp and (b) correlate ligand
conformation with cellular activities.

MATERIALS AND METHODS

General All reactions were carried out under an inert
atmosphere and anhydrous conditions with dry solvents
unless otherwise stated. Thin-layer chromatography (TLC)
was performed on Polygram Sil G/UV254 (Macherey-Nagel)

invasion of basement membrane collagen is believed to bewith detection by UV light. Organic solutions were dried

a critical step in the metastatic process. One region from
type IV collagen, thex1(1V)1263—-1277 sequence [Gly-Val-
Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro (des-
ignated [IV-H1])], promotes melanoma cell adhesion, spread-
ing, and signalingq, 10, 32—34). Affinity chromatography
studies with [IV-H1] resulted in the isolation of melanoma
cell CD44 receptors, in the chondrotin sulfate proteoglycan
form (31, 35, 36). Several triple-helical constructs incorpo-
rating the [IV-H1] sequence have been described 2, 34).

! Abbreviations: Boc,tert-butyloxycarbonyl; Bzl, benzyl; CD,
circular dichroism; CTH, catalytic transfer hydrogenation; DAST,
diethylaminosulfur trifluoride; DIEAN,N-diisopropylethylamine; DMF,
N,N-dimethylformamide; ESMS, electrospray mass spectrometry; Flp,
4-fluoro-L-proline; Fmoc, 9-fluorenylmethoxycarbonyl; Fmoc-ONSu,
Fmoc N-hydroxysuccinimide ester; HBTU, 24itbenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate; HOBt, 1-hydroxy-
benzotriazole; Hyp, 4-hydroxy-proline; [IV-H1], a1(1V)1263-1277
collagen sequence Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-
Pro-Gly-Ala-Pro; MALDI-MS, matrix-assisted laser desorption/ioniza-
tion mass spectrometry; NMR, nuclear magnetic resonance; PTH,
phenylthiohydantoin; RP-HPLC, reversed-phase high-performance
liquid chromatography; TFA, trifluoroacetic acid; TLC, thin-layer
chromatography.

over anhydrous N&O, before being concentrateds-Hyp,
morpholinosulfur trifluoride, and palmitic acid [GHCH,)14-
CO;H, designated ¢] were purchased from Aldrich. Elec-
trospray mass spectra (ESMS) were recorded in the positive
mode on a Finnigan MAT LCQ Deca mass spectrometer,
with 0.1% acetic acid in water as the liquid phase. All
standard peptide synthesis chemicals were peptide synthesis
grade or better and purchased from FisherBiotech (La Jolla,
CA). 1-Hydroxybenzotriazole (HOBt) and-[(1H-benzot-
riazol-1-yl)(dimethylamino)methylend}-methylmethanamin-
ium hexafluorophosphats-oxide (HBTU) were purchased
from Quantum Biotechnologies (Montreal, PQ), aNgdN-
diisopropylethylamine (DIEA) was from Fisher Scientific.
transHyp-OBzl, Fmoc-4-[(24'-dimethoxyphenyl)aminom-
ethyl]phenoxy resin (substitution level, 0.55 mmol/g), Fmoc-
N-hydroxysuccinimide ester (Fmoc-ONSu), and Fmoc-
labeled amino acid derivatives were purchased from
Novabiochem (La Jolla, CA). Amino acids are of the
L-configuration (except for Gly). Ammonium formate, 10%
Pd/C, and dtert-butyl dicarbonate were from Acros Organ-
ics (Fair Lawn, NJ).
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Preparation of cis-4(S)-Hydroxy-proline Benzyl Ester  (m, 2H, -CH-). ESMS gave [M+ H]* = 356 Da (theoreti-
(cis-Hyp-OBzl)2b. cis-4(S)-Hydroxy-+-proline (Lb, 0.5 g, cal, 355.12 Da). For comparison, ESMS of commercially
3.81 mmol) was dissolved in 10 mL of 10% NaHg@and available Fmoc-Hyp gave [M- H]™ = 351.8 Da (theoretical,
cooled to 6-4 °C. Benzyl bromide (0.652 g, 3.81 mmol) 353.13 Da).
dissolved in cold (£4C) N,N-dimethylformamide (DMF) (10 Preparation of Fmoc-cis-4(S)-Fluonoproline (Fmoc-cis-
mL) was then added slowly. The mixture was stirred at 4 Flp) 5a. Fmoceis-Flp was prepared fronransHyp-OBzI
°C for 30 min and then overnight at room temperature. DMF (2a) in a fashion similar to the preparation of Fmans
was evaporated in vacuo at room temperature, and water (15FIp from cis-Hyp-OBzl.*H NMR analysis forsb (300 MHz,

mL) was added to the resulting residue. The agueous phasecDs;0D): ¢ 7.31-7.78 (m, 8H, Fmoc-ArH), 4.56 (m, 1H,
was extracted with ethyl acetate ¢ 20 mL). The ethyl =CH-F), 4.47 (m, 1H, Fmoc-CH), 4.314.43 (m, 2H, Fmoc-
acetate layer was dried over anhydrous sodium sulfate andCH,), 4.27 (dt, LH=CH-COOH), 3.56-3.75 (dd, 2H, -CH),
evaporated in vacuo at room temperature to gigeHyp- 2.29-2.45, 2.17 (m, 2H, -CH). ESMS gave [M+ H]" =
OBzl (2b, 0.75 g, 3.38 mmol, 88%). 356 Da (theoretical, 355.12 Da).

Preparation of Fmoc-cis-4(S)-Hydroxyproline Benzyl Preparation of Boc-cis-4(S)-Fluoroproline (Boc-cis-FIp)
Ester (Fmoc-cis-Hyp-OBzBb. cis-Hyp-OBzl (2b, 0.644 g, 5c. Hyp-OBzl (0.644 g, 2.50 mmol) was dissolved in 30 mL
2.50 mmol) was dissolved in 30 mL of 10% M&O; and of 10% NaCO; and cooled to £C. Procedures were then
cooled to 4°C. Fmoc-ONSu (1.89 g, 5.6 mmol) dissolved identical to those for Fmocis-FIp preparation, except that
in cold (4°C) dimethoxyethane (30 mL) was added slowly. di-tert-butyl dicarbonate (0.6 g, 2.75 mmol) in 7 mL of
The mixture was stirred at 4C for 4 h and then overnight  dimethoxyethane was used instead of Fmoc-ONSu. The
at room temperature. The resulting suspension was filteredoverall product yield obc was 71%.H NMR analysis for
and acidified to pH~3 with HCI. Dimethoxyethane was 5c¢ (300 MHz, C3OD): ¢ 8.56 (b, 1H, -COOH), 4.22 (m,
evaporated in vacuo at room temperature, and the reactionlH, =CH-COOH), 3.42 (dm, 1H=CH-F), 3.51 (bm, 2H,
mixture was extracted with ethyl acetate X240 mL). The -CH-), 1.98 (m, 2H, -CH), 1.40 (s, 9H, Boc-Ch. ESMS
ethyl acetate layer was dried over anhydrous sodium sulfategave [M + H]™ = 232.8 Da (theoretical, 233.12 Da).
and evaporated in vacuo at room temperature to give Fmoc- Peptide Synthesis, Purification, and Characterization
cis-Hyp-OBzl 3b, 1.03 g, 2.32 mmol, 93%). Peptide resin assembly was performed by Fmoc solid-phase

Preparation of Fmoc-trans-4(R)-Fluoroproline Benzyl methodology on a Perkin-Elmer/ABD 433A peptide syn-
Ester (Fmoc-trans-FIp-OBzI¥b. The hydroxyl group in thesizer by methods previously described in our laboratory
Fmoc<eis-Hyp-OBzl was converted into a fluoro group using (37, 38). Peptides were synthesized as C-terminal amides to
the morpholino analogue of DASTQ). Morpholinosulfur prevent diketopiperazine formatioal). Peptide resins were
trifluoride (0.564 g, 3.22 mmol) was added dropwise over characterized by Edman degradation sequence analysis as
10 min with constant stirring to a solution (5 mL) of GH described previously for “embedded” (noncovalent) sequenc-
Cl, containing Fmoc-Hyp-OBzl 3b) at —80 °C under ing (42) on an Applied Biosystems 477A protein sequencer/
nitrogen. The reaction mixture was allowed to warm to room 120A analyzer. Peptide resins were then either (a) cleaved
temperature, further stirred for 48 h, and concentrated underor (b) acylated with the ¢ alkyl tail (38) and then cleaved.
reduced pressure, and the reaction was quenched with wate€leavage and side chain deprotection of the peptide resin
(2 mL). The diluted reaction mixture was then evaporated proceeded fo2 h using an ethanedithiol/thioanisole/phenol/
in vacuo at room temperature and subjected to flash water/TFA mixture (2.5:5:5:5:82.5) as described previously
chromatography [1:4 (v/v) ethyl acetate/hexane mixture] to (43). The cleavage solution was extracted with metieyt-
give FmoctransFlp-OBzl (4b, 0.849 g, 1.90 mmol, 83%).  butyl ether prior to purification.

Preparation of Fmoc-trans-4(R)-Fluoroproline (Fmoc- RP-HPLC purification was performed on a Rainin Auto-
trans-FIp) 5b. Hydrogenation of FmotransFlp-OBzl to Prep System. The peptide was purified with a Vydac
Fmoctrans-Flp was achieved using ammonium formate as 218TP152022 G column (15-20 um particle size, 300 A
the hydrogen donor and Pd/C as the heterogeneous catalyspore size, 250 mnx 25 mm) at a flow rate of 5.0 mL/min.
FmociransFlp-Obzl @b) was dissolved in methanol (5 mL).  The elution gradient was 0 to 85% B in 85 min, where A
Ten percent Pd/C (0.100 g) was added, followed by the was 0.1% trifluoroacetic acid (TFA) in water and B was 0.1%
addition of ammonium formate (0.471 g, 7.46 mmol) at room TFA in acetonitrile. Detection was at 229 nm. Analytical
temperature. The reaction mixture was stirredXd atroom RP-HPLC was performed on a Hewlett-Packard 1100 liquid
temperature. After completion of hydrogenolysis (monitored chromatograph equipped with an ODS Hypersilk RP
using TLC), the mixture was filtered through Celite and the column (5um particle size, 120 A pore size, 100 mm2.1
catalyst was washed with methanol ¢ 10 mL). The mm). Eluants were the same as for peptide purification. The
combined filtrates were evaporated in vacuo at room tem- elution gradient was 0 to 100% B in 30 min with a flow
perature to minimal volume and extracted with ethyl acetate rate of 0.3 mL/min. Diode array detection was at 220, 254,
(2 x 25 mL). The ethyl acetate extract was washed with a and 280 nm.

saturated sodium chloride solution ¢ 10 mL) and dried Matrix-assisted laser desorption/ionization mass spectrom-
with sodium sulfate. The ethyl acetate was evaporated inetry (MALDI-MS) was performed on a Hewlett-Packard
vacuo at room temperature to give FmoansFlp (5b, G2025A LD-TOF mass spectrometer using either a sinapinic

0.64 g, 1.81 mmol, 95%). The overall yield was 65%d. acid or 2,5-dihydroxybenzoic acid/2-hydroxy-5-methoxy-
NMR analysis for5b (300 MHz, CyOD): ¢ 7.31-7.78 benzoic acid (9:1, v/v) matrixdd). Peptide mass values were
(m, 8H, Fmoc-ArH), 4.56 (m, 1H=CH-F), 4.48 (m, 1H, as follows: (Gly-Pro-Hyp}[IV-H1]-(Gly-Pro-Hyp)s,-NH,
Fmoc-CH), 4.33-4.43 (m, 2H, Fmoc-Ch), 4.28 (dt, 1H, [M + H]™ = 3573.3 Da (theoretical, 3574.9 Da); (Gly-Pro-
=CH-COOH), 3.55-3.78 (dd, 2H, -CH)), 2.30-2.48, 2.17 Hyp)s-Gly-Pro-[cis-Flp]-[IV-H1]-(Gly-Pro-Hyp)s-NH,, [M +
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H]*™ = 3577.4 Da (theoretical, 3576.9 Da); (Gly-Pro-Hyp) Os...OH Oy ..OH Os,..OH
Gly-Pro-ftransFlp]-[IV-H1]-(Gly-Pro-Hyp)s-NHy, [M + H] * Y 2 C

= 3577.2 Da (theoretical, 3576.9 Da)igfGly-Pro-Hyp)- Fmocy, ' Fmoc\NQ Boc~y
[IV-H1]-(Gly-Pro-Hyp),-NH;, [M + H]™ = 3808.4 Da Q / Q
(theoretical, 3813.3 Da); & (Gly-Pro-Hyp}-Gly-Pro-[cis- (= F =
Flp]-[IV-H1]-(Gly-Pro-Hyp)s-NH, [M + Na]" = 3834.8 Da 5a 56 5¢

(theoretical, 3837.3 Da); and:&(Gly-Pro-Hyp-Gly-Pro-
[trans-Flp]-[IV-H1]-(Gly-Pro-Hyp),-NH,, [M + H]t =
3816.2 Da (theoretical, 3815.3 Da).

CD SpectroscopyCD spectra were recorded over the

FiGure 1: Structures of Fmocis-4(S)-fluoroproline 6a), Fmoc-
trans-4(R)-fluoroproline 6b), and Boceis-4(S)-fluoroproline 6¢).

Cell Spreading Assay3hese assays are performed exactly

wavelength range of 19250 nm on a JASCO J-600
instrument using a 10 mm path length quartz cell. The
peptide concentration (3.44M in H,O) was kept constant
for all the experiments. Thermal transition curves were
obtained by recording the molar ellipticityd]) at 225 nm,
while the temperature was continuously increased in the
range of 5-80°C at a rate of 12C/h. The temperature was
controlled using a JASCO PTC-348WI temperature control
unit. For samples exhibiting sigmoidal melting curves, the
reflection point in the transition region (first derivative) is
defined as the melting temperaturg,). Alternatively, T,
was evaluated from the midpoint of the transition.

NMR SpectroscopyH and'3C NMR spectra for amino
acid derivatives were acquired on a 300 MHz Varian Inova
spectrometer at 300 K for solutions in CRCCD;0D, or
D,0O (Aldrich). *H chemical shifts were expressed relative
to tetramethylsilane as an internal standard. Peptidand
1% NMR spectra were acquired on a 500 MHz Varian Inova

as the adhesion assays with the exception of the last step,
cell lysis. After unbound cells are washed, the remaining
cells are fixed with 2.5% glutaraldehyde diluted in formalin,
and stained with R-250 Coomassie Blue. Digital photos of
each well are taken, and the area of the cells is quantitated
with the assistance of Quantity One software (Bio-Rad).

RESULTS

Synthesis of Flp Deratives To efficiently incorporate
Flp into peptides, convenient synthetic routes for the produc-
tion of derivatized Flp residues (Figure 1), such as Fmoc-
cis-Flp (5a), FmoctransFlp (5b), and Boceis-Flp (5¢),
would be most desirable. Initial methods reported for the
synthesis of fluoro- and difluoroprolines started frblhacetyl
(45—-47), benzoyl @8), or benzyloxycarbonyl 49) Hyp
methyl esters or Hyp-derived diketopiperaziné$)(and
oxazolidinones{1). Avent et al. reported the direct fluorina-

spectrometer at room temperature. Freeze-dried samples wertion of Boc-4-hydroxypyroglutamic acid in moderate yield

dissolved in a DO/H,O mixture (1:9) at concentrations of
0.5-3 uM, depending upon the solubility of the peptides
and peptide-amphiphile constructstH and *°F chemical
shifts were expressed relative to sodium 3-(trimethylsilyl)-

(40%) (62). Taking advantage of the direct fluorination route
using diethylaminosulfur trifluoride (DASTY(Q), Demange
et al. converted BotransHyp-OCH; to Bocis-Flp-OCHg

in 81% vyield 63). Saponification of the methyl ester was

tetradeuteriopriopionate and hexafluorobenzene, respectivelyachieved in 92% yield. To prepare Fmois-Flp, the Boc
Cells SK-Mel2 human melanoma cells were propagated group was removed with TFA and the Fmoc group added
as described previousIyL2). Briefly, melanoma cells were ~ with Fmoc-ONSu $3). Fmoceis-FIp was obtained in 65%
cultured in EMEM supplemented with 10% fetal bovine Yyield. Tran et al. prepared Fmais-FIp and Fmodrans
serum, 1 mM sodium pyruvate, 0.1 mg/mL gentamicin, 50 Flp directly from the appropriate Fmoc-Hyp-OgHeriva-

units/mL penicillin, and 0.05 mg/mL streptomycin. Cells

tives using DAST %4). The methyl ester was removed by

were passaged eight times and then replaced from frozentreatment with refluxig 6 N HCI (54).

stocks of early passage cells to minimize phenotypic drift.
All cells were maintained at 37C in a humidified incubator
containing 5% CQ All media reagents were purchased from
Fisher Scientific (Atlanta, GA).

We envisioned slightly more convenient synthetic routes
for the preparation of Fmocis-FIp and Fmodrans-Flp, and
a more practical one for Bocis-Flp, from readily available
transHyp-OBzl or cis-Hyp. For the preparation of Fmoc-

Cell Adhesion AssayMelanoma cell adhesion to substrate- cis-Flp, we proposed a three-step synthesis comprised of
coated Immulon 96-well plates (Dynatech) was performed Fmoc addition totrans-Hyp-OBzl, conversion of the hy-
as described previously{?). Peptide-amphiphile constructs  droxyl group to a fluoro group, and debenzylation (Scheme
dissolved in PBS were diluted in 70% ethanol, added to the 1). The first step was achieved by a straightforward reaction
96-well plate, and allowed to adsorb overnight at room of Fmoc-ONSu with Hyp-OBzl. The second step, direct
temperature with mixing. Nonspecific binding sites were fluorination of an Fmoc-labeled amino acid, had been
blocked with 2 mg/mL ovalbumin in PBS f@ h at 37°C. described previously5@). The Fmoc group appeared to be
Cells were released with 5 mM EDTA in PBS, washed twice completely stable to the conditions of the morpholinosulfur
with adhesion medium (20 mM HEPES, 1 mM sodium trifluoride reaction, and thus, conversion of the hydroxyl to
pyruvate, and 2 mg/mL ovalbumin in EMEM), and labeled a fluoro group was not complicated. The third step, deben-
with 5- or 6-carboxyfluorescein diacetate. Unincorporated zylation, was the most problematic. The Fmoc group is stable
fluorophore was removed with repeated washings of adhesionto allyl transfer reactions using (F)PdC} or (PhP,Pd
medium. Cells were then resuspended in adhesion medium(55), but is not completely stable to standard Pd/C hydro-
and added to the plate. The plate was incubated for 60 mingenation reactions56, 57). Of the conditions that were
at 37°C. Nonadherent cells were removed by washing three tested, hydrogenation of Fmoc-aniline in an acetic acid/
times with adhesion medium. Adherent cells were lysed with methanol mixture (1:4) resulted in the slowest removal of
0.2% SDS and quantitated with a SpectraMAX Gemini, 96- the Fmoc groupX7). We believed that the relatively mild
well plate spectraflurometer (Molecular Devices). conditions of ammonium formate catalytic transfer hydro-
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Scheme 1: Synthesis of Fmoc-4-Fluoroproline (Flp) Derivatives

A Q 0
C-OH &-0 20
H\NGL Bzl-Br, NaHCO3, H, / Fmoc-ONSu, Na,COs, :
H on DMF,25°C H’NCL DME, 25°C Fmoc—N
88% OH 91-93% OH
1a-b 2a-b 3a-b
2 &-on
Morph-DAST, C-0 10% Pd/C, ammonium formate, H
CH,Cl,, -80°C ; 25°C "Nijm
80-83% Fmoc—NJ 91-95% Fmoc .
F
4a-b S5a-b

Table 1: Elution of PTH-Hyp and PTH-FIp Derivatives

PTH retention time, retention time, molar ratio
derivative early peak (min) late peak (min) (early peak/late peak)
cis-Hyp 7.88 9.08 1.25
cis-Flp 7.73 8.92 1.18
trans-Hyp 7.77 8.97 0.40
trans-Flp 7.81 9.00 0.40

genation (CTH) %8, 59) in methanol may result in minimal
loss of the Fmoc group. We found that removal of the benzyl
ester using ammonium formate CTHrf@ h was highly
efficient, and that the Fmoc group appeared to be relatively
stable to these conditions. Fmois-Flp was obtained in 65%
overall yield by this procedure (Scheme 1). Fnians-Flp

was prepared in one additional step, where the starting
material €is-Hyp) first needed conversion to the benzyl ester
(Scheme 1).

Synthesis of Boeis-Flp followed the same basic three-
step approach used for Fmois-FIp. Boc-Hyp-OBzl was
synthesized by treatment of Hyp-OBzl with w@irt-butyl
dicarbonate. Conversion of Boc-Hyp-OBzI| to Boc-FIp-OBzI
was achieved by reaction with morpholinosulfur trifluoride.
Ammonium formate CTH was then used to remove the
benzyl group. Prior studies have shown that the Boc group
is stable to both DAST and ammonium formate CTH reaction
conditions 63, 58, 59). Boc-FIp was obtained in 71% overall
yield. The procedure described here for Boc-Flp derivatives
is very similar to one described by Demange et &B)(

; Ficure 2: Circular dichroism spectra of (A) (Gly-Pro-HypEly-
except that we chose to work with the benzyl ester of Hyp Pro-frans FIp]-[IV-H1]-(Gly-Pro-Hyp)s-NHy. (B) (Gly-Pro-tiyp)-

rather than the methyl ester. _ [IV-H1]-(Gly-Pro-Hyp)s-NHs, and (C) (Gly-Pro-Hyp}Gly-Pro-
Construction of Flp-Containing PeptideEmoc-Flp de- [cis-Flp]-{IV-H1]-(Gly-Pro-Hyp),-NH, at 5°C. Peptide concentrations

rivatives 5a and 5b were used for the synthesis of the were 3.41uM in H0.

collagen model sequence (Gly-Pro-Hy®ly-Pro-Flp-Gly-

Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-  tization of the amino acid to its PTH form. The peptides
Pro-(Gly-Pro-Hyp)-NH; [(Gly-Pro-Hyp)-Gly-Pro-Flp-[IV- were subsequently purified by RP-HPLC, and characterized
H1]-(Gly-Pro-Hyp)-NH,]. The analogous sequence containing by MALDI-MS.

transHyp instead of the Flp residues has been synthesized Biophysical CharacterizatianCD spectra were obtained
previously and structurally characterized by CD and NMR for (Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s,-NH,, (Gly-Pro-
spectroscopie37—39). Synthesis of the peptides proceeded Hyp)s-Gly-Pro-frans-Flp]-[IV-H1]-(Gly-Pro-Hyp),»-NH,, and
without difficulty, and Edman degradation sequence analysis (Gly-Pro-Hyp}-Gly-Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-Hyp),-

of the peptide resins indicated a highly efficient assembly. NH, at 5°C (Figure 2). CD spectra characteristic of triple
Interestingly, each of the PTH-Flp residues eluted as two helices exhibit a positive molar ellipticity at 22227 nm
peaks in positions similar to the two peaks seen for PTH- and a negative molar ellipticity at 19200 nm 61). The
Hyp (Table 1) 42, 60). By comparison t@is-Hyp andtrans CD spectra for (Gly-Pro-Hyp)[IV-H1]-(Gly-Pro-Hyp),-
Hyp standards, it appears that ttisderivatives elute earlier ~ NH;, (Gly-Pro-Hyp}-Gly-Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-
and thetransderivatives elute later (Table 1). Interconversion Hyp)s-NH,, and (Gly-Pro-Hyp)-Gly-Pro-ftrans-Flp]-[IV-
between thecis andtrans forms occurs during the deriva- H1]-(Gly-Pro-Hyp)-NH, are indicative of triple-helical
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Ficure 3: Temperature dependence of molar ellipticity at 225 nm
for (A) (Gly-Pro-Hyp)k-Gly-Pro-ftrans-Flp]-[IV-H1]-(Gly-Pro-
Hyp)s-NH,, (B) (Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp),-NH,, and

(C) (Gly-Pro-Hyp}-Gly-Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-Hyp)s-
NH,. Peptide concentrations were 3.44 in H,O.

structure. (Gly-Pro-Hyp)Gly-Pro-ftrans-Flp]-[IV-H1]-(Gly-
Pro-Hyp)-NH, exhibited the highest positive molar ellip-
ticity, at 222.7 nm. (Gly-Pro-Hyp)[IV-H1]-(Gly-Pro-Hyp)s-
NH. had a slightly lower positive molar ellipticity, at 221
nm. (Gly-Pro-Hyp)-Gly-Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-
Hyp)s-NH; has the smallest positive molar ellipticity, at 224.2
nm.

Biochemistry, Vol. 41, No. 19, 2005059

ing p-amino acids or interruptions in the Gly-Xxx-Yyy
repeating sequenc&4—64), but is distinct from the near-
linear decrease in molar ellipticity as a function of temper-
ature observed for non-triple-helical speci@8, 62, 64). The
approximateTy, for (Gly-Pro-Hyp)-Gly-Pro-[cis-Flp]-[IV-
H1]-(Gly-Pro-Hyp)-NH; was 30°C (Table 2).

The 'H NMR spectra for (Gly-Pro-Hyp)[IV-H1]-(Gly-
Pro-Hyp)-NH,, (Gly-Pro-Hyp}-Gly-Pro-trans-Flp]-[IV-
H1]-(Gly-Pro-Hyp)-NH,, and (Gly-Pro-Hypy-Gly-Pro-[cis-
Flp]-[IV-H1]-(Gly-Pro-Hyp)s,-NH, were recorded at 5C.

For comparison to a non-triple-helical species, the spectrum
of [IV-H1]-(Gly-Pro-Hyp),-NH, was used38). The'H NMR
spectra for the three triple-helical peptides were similar to
each other (data not shown). One-dimensiottalNMR
spectroscopy has been previously demonstrated to be an
effective probe of triple-helical conten8g, 65—67). The

%F NMR spectra were then recorded for (Gly-Pro-Hyp)
Gly-Pro-frans-Flp]-[IV-H1]-(Gly-Pro-Hyp),-NH; and (Gly-
Pro-Hyp}-Gly-Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-Hyp),-NHa.
The!®F NMR spectrum of (Gly-Pro-Hyg)Gly-Pro-[cis-Flp]-
[IV-H1]-(Gly-Pro-Hyp),-NH, at 5 °C exhibited a single
major peak at-174.6 ppm. This result is similar to the single
major peak observed for Bats-Flp at —175.9 ppm §3).
The F NMR spectrum of (Gly-Pro-Hyg)Gly-Pro-ftrans
Flp]-[IV-H1]-(Gly-Pro-Hyp)s-NH, at 5 °C exhibited three
major peaks at-177.54,—177.56, and-177.58 ppm. This
result is substantially different from the single major peak
observed for BodransFlp at—178.5 ppm §3). Clearly, the
effects of the triple-helical environment are different ¢

Flp andtrans-Flp. The nature of these effects on e NMR
spectra will be further explored elsewhere.

To assess the biological effects of Flp, we prepared the
peptide-amphiphile models of (Gly-Pro-Hyp]IV-H1]-
(Gly-Pro-Hyp)-NH,, (Gly-Pro-Hyp}-Gly-Pro-ftrans-Flp]-
[IV-H1]-(Gly-Pro-Hyp)s-NH,, and (Gly-Pro-Hypy-Gly-Pro-
[cis-FIp]-[IV-H1]-(Gly-Pro-Hyp)s,-NH,. Prior work has shown
that construction of peptideamphiphile species, whereby
an alkyl chain is incorporated onto the N-terminus of a
peptide, results in enhanced thermal stability of the peptide
conformation and improved binding to hydrophobic surfaces
(10, 34, 37, 38, 68). Biophysical studies were repeated for
all three peptideamphiphile constructs. The melting tem-
peratures were 42.0, 47.0, and 35 for Ci6-(Gly-Pro-

To examine the thermal stability of the three peptides, the Hyp)s-[IV-H1]-(Gly-Pro-Hyp)s-NH,, Cie-(Gly-Pro-Hyp)-

molar ellipticity at 225 nm was monitored as a function of

Gly-Pro-ftrans-Flp]-[IV-H1]-(Gly-Pro-Hyp)s-NH,, and Ge

increasing temperature. A ftriple-helical assembly can be (Gly-Pro-Hyp}-Gly-Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-Hyp)s:-

distinguished from a simple, nonintercoiled poly-Pro I

NH,, respectively (Table 2). TheSg, values are sufficient

structure by its thermal denaturation behavior. A triple helix for analysis of cellular activities. Th&, of 42.0°C for Cis
is relatively sensitive to temperature, and thus, triple-helical (Gly-Pro-Hyp)}-[IV-H1]-(Gly-Pro-Hyp)s-NH. is considerably

melts are highly cooperativé{). Both (Gly-Pro-Hyp)-[IV-
H1]-(Gly-Pro-Hyp)-NH, and (Gly-Pro-Hyp}-Gly-Pro-trans
Flp]-[IV-H1]-(Gly-Pro-Hyp),-NH, exhibited sigmoidal tran-
sitions, consistent with the melting of a triple helix to a
single-stranded structure (Figure 3). Thevalues for (Gly-
Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp),-NH, and (Gly-Pro-Hypy
Gly-Pro-trans-Flp]-[IV-H1]-(Gly-Pro-Hyp),-NH, were 34
and 37°C, respectively (Table 2). The molar ellipticity of
(Gly-Pro-Hyp}-Gly-Pro-[cis-Flp]-[IV-H1]-(Gly-Pro-Hyp),-
NH, decreased very gradually between 5 and@@&nd then
markedly between 30 and 4TC, followed by a gradual
decrease until 80C (Figure 3). This broad melting curve is

typical of “destabilized” triple helices, such as those contain-

lower than theT,, value reported previously for this peptide
amphiphile construc3g). However, the peptideamphiphile
concentration for the earlier study was 0.5 m88), which
causes more extensive aggregation and a correspondingly
higherT, value 68). The peptide-amphiphile concentration
used for the CD analysis described herein (3:4%)
approximates the concentration range required for biological
studies (see below).

Melanoma Cell Adhesion and Spreaditguman mela-
noma cell adhesion was examined fo-QGly-Pro-Hyp)-
[IV-H1]-(Gly-Pro-Hyp)s-NH,, Cie-(Gly-Pro-Hyp)-Gly-Pro-
[trans-FIp]-[IV-H1]-(Gly-Pro-Hyp)s,-NH,, and Ge-(Gly-Pro-
Hyp)s-Gly-Pro-[cis-FlIp]-[IV-H1]-(Gly-Pro-Hyp)s,-NH,. The
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Table 2: T, Values for Triple Helix= Coil Transitions

peptide or peptideamphiphilé Tm (°C)
(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s-NH2 34.0
(Gly-Pro-Hyp)-Gly-Pro-frans-Flp]-[IV-H1]-(Gly-Pro-Hyp)s-NH- 37.0
(Gly-Pro-Hyp)-Gly-Pro-[cis-FlIp]-[IV-H1]-(Gly-Pro-Hyp)s--NH, 30.0
Ci16-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s--NH 42.0
C16-(Gly-Pro-Hyp}-Gly-Pro-ftrans-Flp]-[IV-H1]-(Gly-Pro-Hyp)s,-NH; 47.0
Ci6-(Gly-Pro-Hyp)-Gly-Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-Hyp)s-NH> 35.5

a[IV-H1] is Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro.
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Ficure 4: Human melanoma cell adhesion tesQGly-Pro-Hyp)-[I1V-H1]-(Gly-Pro-Hyp)s-NHz (—), Cie-(Gly-Pro-Hyp)-Gly-Pro-frrans

Flp]-[IV-H1]-(Gly-Pro-Hyp)s-NH; (— — =), Ci6-(Gly-Pro-Hyp}-Gly-Pro-[cis-FlIp]-[IV-H1]-(Gly-Pro-Hyp)s-NH, (:-+), type IV collagen &),
or BSA.

trans-Flp peptide-amphiphile construct promoted significant The ability of Ge(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-
adhesion of melanoma cells, with an ®alue of ~0.35 Hyp)s-NH», Cis-(Gly-Pro-Hyp}-Gly-Pro-ftrans-Flp]-[IV-

uM (Figure 4). This compares to an gvalue of~2.5uM H1]-(Gly-Pro-Hyp)-NH,, and Ge(Gly-Pro-Hyp}-Gly-Pro-

for Ci6-(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s,-NH, (Figure [cis-FIp]-[IV-H1]-(Gly-Pro-Hyp)s-NH, to promote cell

4). The cis-Flp peptide-amphiphile construct promoted spreading was next studied. Spreading was quantitated over
decreased levels of adhesion of melanoma cells, with ag EC a ligand concentration range of 0:630 uM (Figure 5). In
value of>5.0 uM (Figure 4). Over the concentration range a fashion similar to adhesion, melanoma cell spreading was

that was studied, £&(Gly-Pro-Hyp}-Gly-Pro-firans-Flp]- more extensive on {g(Gly-Pro-Hyp}-Gly-Pro-[trans-Flp]-
[IV-H1]-(Gly-Pro-Hyp),-NH, promoted the highest levels of  [IV-H1]-(Gly-Pro-Hyp)s-NH, than on Ge-(Gly-Pro-Hyp)-
cell adhesion, followed by f&(Gly-Pro-Hyp)-[IV-H1]-(Gly- [IV-H1]-(Gly-Pro-Hyp).-NH. at higher ligand concentrations

Pro-Hyp)-NH,, while adhesion to G-(Gly-Pro-Hyp}-Gly- (1-50 uM). Very low levels of spreading were observed
Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-Hyp):-NH, did not reach a ~ With Cis-(Gly-Pro-Hyp)-Gly-Pro-[cis-Flp]-[IV-H1]-(Gly-
maximum (Figure 4). Neither the [IV-H1] (linear) peptide Pro-Hyp)-NH at all concentrations that were tested. Rep-
nor the G tail alone produced significant adhesion over resentative microscopic images of melanoma cell spreading
this range 84). To examine whether adhesion levels were 0n 10uM Cie6(Gly-Pro-Hyp}-Gly-Pro-fransHyp]-[IV-H1]-
due to variations in ligand packing density, adhesion experi- (Gly-Pro-Hyp)-NHz, 1 uM Cae(Gly-Pro-Hyp)-Gly-Pro-
ments were repeated using 1:1 molar mixtures of the [trans-FIp]-[IV-H1]-(Gly-Pro-Hyp),-NHz, and 50uM Cae
peptide-amphiphile construct and;gtail (palmitic acid).  (Gly-Pro-Hyp)-Gly-Pro-[cis-FIp]-[IV-H1]-(Gly-Pro-Hyp)s:-
Previous work had shown that the surface distribution of the NHz (Figure 6) illustrate the variation in cell activity based
peptide-amphiphile construct can influence cellular activities ©n ligand.

(10, 34, 69). Melanoma cell adhesion was improved for the

peptide-amphiphile/palmitic acid mixtures compared to the DISCUSSION

peptide-amphiphile construct alone (data not shown), but  The development of model triple-helical peptide ligands
the relative differences between each peptidmphiphile (7—13, 15) has led to a better understanding of the role of
construct for promotion of cell adhesion remained the same. the triple helix as a modulator of biological function. As these
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Ficure 5: Human melanoma cell spreading or-GGly-Pro-Hyp)-[1V-H1]-(Gly-Pro-Hyp)s-NH; (—), Ci6-(Gly-Pro-Hyp}-Gly-Pro-frans
Flp]-[IV-H1]-(Gly-Pro-Hyp)s-NH; (— — —), C16(Gly-Pro-Hyp}-Gly-Pro-[cis-Flp]-[IV-H1]-(Gly-Pro-Hyp)s-NH, (:++), type 1V collagen (thin
solid line), or BSA (thick solid line) at 37C. Peptide-amphiphile concentrations were 0:0630 uM.

triple-helical models have become more sophisticated, subtleHyp residues in (Pro-Hyp-Glyy or (Pro-Hyp-Gly} with
questions related to triple-helical modulation of cellular transFlp increased th&,, values by 22 and 9C, respec-
activities may be asked. We have previously examined tively (4, 5, 23). Conversely, an analogous substitution in
melanoma cell interaction with thel(1V)1263—1277 ([IV- (Pro-Hyp-Gly) with cis-Flp dramatically decreasen, by
H1]) sequence in one of four conformational contexts: greater than 26C (23). The relative effects ofransHyp,
monomeric single-stranded, clustered single-stranded, mon+rans-Flp, and cis-FIp coincide with their propensity for
omeric triple-helical, and clustered triple-helical ligadd)( forming trans-peptide bonds compared ¢@s-peptide bonds
Dramatic differences were observed in cell adhesion and (70, 71). This “inductive effect,” based on the electronega-
signal transduction for single-stranded versus triple-helical tivity and stereochemistry of the 4-substituent in the pyrro-
sequences3d). Melanoma cell interaction with the [IV-H1] lidine ring system, is an important contributor to triple-helix
region was clearly conformationally dependent. To further stability @, 5, 47, 70), but had only been examined
dissect the mechanisms of melanoma cell behavior, it is previously in the context of identical repeating triplets [i.e.,
necessary to develop ligands that have differences in their(Pro-Hyp-Gly)o, (ProtransFlp-Gly)o, (ProtransFIp-Gly),,
relative triple-helical content, rather than simply being triple- (Pro-cis-FIp-Gly);, etc.]. Our study demonstrates that even
helical versus non-triple-helical. Substitution of (Gly-Pro- a single substitution afrans-Hyp with trans-Flp or cis-Flp
Hyp)4+-[IV-H1]-(Gly-Pro-Hyp),-NH; with eithertrans-Flp or can have a significant impact on triple-helix stability. Thus,
cis-Flp could create ligands that have either enhanced or modulation of triple-helical structural stability, which could
reduced triple helicity compared to the parent ligand. prove to be important in the design of triple-helical ligands
To incorporatetransFlp and cis-Flp into the desired  and substrates and be the basis for development of new
ligands, more convenient methods were developed for thecollagen model biomaterials, can be achieved by judicious
synthesis of Flp derivatives. The primary improvement was incorporation of Hyp and Flp residues. Also, the combination
the use of the benzyl group to protect the carboxyl terminus Of Flp incorporation ané®= NMR spectroscopy may provide
of Hyp. trans-Hyp-OBzl is commercially available, and the for an additional probe of triple-helical environment.
benzyl group is easily removed by CTH. Peptides and Melanoma cell adhesion to the three ligands suggested
peptide-amphiphile constructs were assembled with the dramatic biological consequences of even subtle changes in

Yyyi, position of (Gly-Pro-HypyGly-Pro-Yyy-[IV-H1]- relative triple-helical content. The most stable triple helix
(Gly-Pro-Hyp)-NH, containingtrans-Hyp, cis-Flp, ortrans promoted adhesion the most efficiently. A relatively small
Flp. Overall, the CD spectroscopic studies have shown thatdecrease in triple-helical stability-6 °C) corresponded to
substitution of a singlérans-Flp residue with @ransHyp a significant decrease in the level of adhesion promotion. A

residue slightly increased the thermal stability of the model further decrease in triple-helical stability 6.5 °C) resulted
peptide, while substitution of a singleis-Flp residue in a proportionally smaller amount of adhesion. Promotion
substantially decreased the thermal stability. These resultsof melanoma cell spreading had trends similar, but not
are consistent with prior studies of Flp residue effects on identical, to those seen for cell adhesion. Again, a relatively
triple-helix stability @, 5, 23). Substitution of all of thérans- small decrease in triple-helical stabilityd °C) substantially
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charge will play a larger role in modulating cell adhesion
and spreading.

The cell studies performed herein have utilized partially
denatured ligands. Are these ligands in an equilibrium
between triple-helical and unfolded molecules, or are they
an intermediate, partially folded structure? The cell adhesion
and spreading data suggest the latter scenario. For example,
one can compare the levels of adhesion or spreading with
the relative “concentration” of triple-helical species. At 37
°C, thetrans-Flp peptide-amphiphile construct is<10%
denatured while theis-Flp peptide-amphiphile construct
is ~65% denatured (Table 2). If an equilibrium between
triple-helical and unfolded molecules existed, than a/\D
solution of thecis-Flp peptide-amphiphile construct would
contain 3.5uM triple-helical species and 6 &MV unfolded
species. However, at a concentration of @\, the cis-Flp
peptide-amphiphile construct still does not promote cell
adhesion or spreading at levels comparable tdrdes-Flp
peptide-amphiphile construct (Figure 5). Further analysis
of the cell spreading data also suggests the existence of an
intermediate, partially folded species. If only an equilibrium
existed, then we would expect to see some cells (those bound
to the triple-helical species) spread equally well ag-Gly-
Pro-Hyp}-Gly-Pro-[cis-FlIp]-[IV-H1]-(Gly-Pro-Hyp),-NH; as
cells interacting with the -(Gly-Pro-Hyp}-Gly-Pro-firans
Flp]-[IV-H1]-(Gly-Pro-Hyp),-NH, peptide-amphiphile con-
struct. However, such results are not observed (Figure 6).
Instead, we observe a consistently lower level of spreading
induced by Ge(Gly-Pro-Hyp}-Gly-Pro-[cis-FlIp]-[IV-H1]-
(Gly-Pro-Hyp)-NH; than by Gs(Gly-Pro-Hyp}-Gly-Pro-
[trans-FIp]-[IV-H1]-(Gly-Pro-Hyp)s-NH,, implying that the
cells are interacting with a folding intermediate.

Melanoma cell interaction with the [IV-H1] ligands is via
CD44—chondrotin sulfate proteoglycaB]). Clearly, CD44
interaction with this site, and subsequent promotion of
signaling and spreading activities, is dependent upon the
triple-helical conformation. However, the role of CD44 in
tumor cell invasion has not been well defined. CD44 and
several isoforms have been characterized on a variety of
tumor cell surfaces/3—75), and have been suggested to be
prognostic indicators of malignant melanonié)( Although
CD44 binds to collagen types I, 1V, VI, and XIV, it is not a
primary receptor for cell adhesion to collage&®,(77—79).
CD44 has been shown to play a role in two-dimensional
melanoma cell migration on collagen types | and B6,(

F'GIURE 6: Human melanloma cell Spfeadin% on (a) 4@ Clle' 79), but melanoma cell motility on three-dimensional col-
(Gly-Pro-Hyp)-[IV-H1]-(Gly-Pro-Hyp)s-NHa, (b) 1uM Cie-(Gly- lagen lattices does not involve CD44 and results in shedding
pro-Hypl Gly Pro-frans Fipl [IV-HLL (Gly-Pro HypleHz of () s receptor 80, 81). Finally, the CD44 cytoplasmic
50 uM Cye-(Gly-Pro-Hyp)-Gly-Pro-[cis-Flp]-[IV-H1]-(Gly-Pro- S recep , 6l). Y, ylopla
Hyp)s-NH, at 37°C. domain binds to ankyrin and members of the ezradixin—

moesin (ERM) family of cytoskeletal proteing5). Binding
decreased the level of cell spreading. A further decrease into ankyrin may be the first step in intracellular signaling by
triple-helical stability (6.5 °C) resulted in almost negligible =~ CD44, which then leads to Src kinase activit), One result
spreading. The adhesion and spreading effects do not appeanf CD44 outside-in signaling is upregulation and activation
to be the result of the Flp residues per se, as (a) the Flpof integrins 82).
residue is located outside of the active site region of [IV- We have previously described a “collagen structural
H1] and (b) cellular responses are differentti@ns-Flp and modulation” mechanism that may exist for tumor cell
cis-Flp ligands, and it is doubtful that cell receptors are invasion, whereby triple-helical collagen promotes cell
exquisitely sensitive to the orientation of the fluorine atom binding and induction of signal transduction, subsequently
alone. Prior studies have indicated that melanoma cell leading to collagen dissolution by proteases, decreased
recognition of [IV-H1] is based on electrostatic interactions binding and signal transduction levels, and enhanced tumor
(72). Thus, it is unlikely that a relatively minor change in cell motility (12). This mechanism was based on studies of
primary structure €is-FIp to trans-Flp) unrelated to ligand = melanoma cell interaction with the331 integrin specific
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liganda1(1V)531—543, in both triple-helical and non-triple-
helical conformationsg, 12, 83, 84). Results from the present
and prior {, 10, 34) studies with the CD44 specific ligand
al(IV)1263—-1277 ([IV-H1]) are also consistent with the
collagen structural modulation mechanism. The interaction
of CD44 with thea1(1V)1263—1277 region is most likely a

postadhesion event during invasion. Signaling and spreading

are promoted by the native triple-helical structure. As the

Biochemistry, Vol. 41, No. 19, 2005063
22.Bann, J. G., and Bainger, H. P. (2000J. Biol. Chem. 275
24466-24469.
Bretscher, L. E., Taylor, K. M., and Raines, R. T. (2000) in
Peptides for the New MillenniurtFields, G. B., Tam, J. P.,
and Barany, G., Eds.) pp 35856, Kluwer Academic
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1494-1496.
5. Tang, Y., Ghirlanda, G., Vaidehi, N., Kua, J., Mainz, D. T.,

23.

24.

basement membrane is compromised by proteases, triple- "Goddard, W. A., Il DeGrado, W. F., and Tirrell. D. A. (2001)

helical structure is disrupted. Activities promoted by CD44
would then decrease. The disruption of the triple helix would
then result in (a) decreased affinity of tad1 anda231
integrin binding and (b) exposure of “cryptic” site®85 86)
which could aid in subsequent steps of invasion. Future
studies will examine CD44 signaling as a function of relative
ligand conformation and composition.
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