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Collagen, the most abundant protein in mammals, has fascinated )
scientists because of its extraordinary structural features and
biological importance. In 1961, Rich and Crick suggested that r
collagen possesses a triple-helical structurghich was later
confirmed by X-ray analysis of 30-mer collagen-related peptides
(CRPs), such as (Pro-Hyp-Glro-Hyp-Ala-(Pro-Hyp-Glyd and
(Pro-Pro-Gly)o.2 The large triple-helical domains of collagen consist

of three peptide strands with Gly-X-Y repeating motifs, 300 nm in 1 a:R=GeFs
length (vs~9 nm for CRPs), with the X and Y mainly populated ":: - P]l:r
c:R=i-

by Pro and Hyp, respectively. In addition, there are short telopeptide |
regions at the N- and C-termini, which are important for fibril 50 1 (a) Structure of peptidesa—c; (b) modeled interface of two
assembly. The rigidity of the ropelike super-helix and the as- triple helices ofla (key aromatic and H-bond interactions noted).
sembled fibril helps provide mechanical strength to tissues, such
as skin, tendons, ligaments, and blood vessels. Following vascularphobic interactions would encourage the usual triple-helical species
injury, the exposed collagen in the vessel wall promotes tissue repairto associate into longer, higher-order peptide strands that represent
by activating platelets for aggregation and adhesion. However, collagen-like structures (fibrils and fibers).
excessive platelet activity, such as from rupture of an atherosclerotic  The feasibility of this hypothetical self-assembly process was
plaque, can lead to pathological thrombosis with attendant arterial investigated by computational molecular modeling. The interface
obstruction, as in myocardial infarction or stroke. between two head-to-tail triple helices @A was probed on a
The study of the structure, stability, and function of collagen suitable model structure by using an XED (extended electron
triple helices has been facilitated by the use of synthetic collagen distribution) force field (Figure 119%1°A reported X-ray structure
model peptide8. Although oligomerized CRPs, via dendrimer  for a CRP2was mutated to incorporatePhe at the N-terminus
assembly or covalent crosslinking, can effectively induce platelet (Hyp-position) and Phe at the C-terminus (Gly-position) to construct
aggregation, less organized CRPs have lacked this prapevty. a starting conformatiotf As the two triple-helices approached on
sought to identify asingle-stranded CREhat could spontaneously  their central axis, the phenyl/pentafluorophenyl pairs adopted a face-
self-assemble into a bioactive material. Recently, two research to-face (FTF) orientation resulting in a total interface binding energy
groups obtained micrometer-scale CRP-based materials from thegf —55.2 kcal/molt! For comparison, the interfaces of analogous
self-assembly of covalently attached triple-stranded entities by cRps1b and1cwere also examine¥.In the case oflb, a lower
employing a cysteine kndtWe report on the design, synthesis, interface energy was obtained (total energy-@.2 kcal/mol) with
and characterization of novel single-stranded GRRFigure 1a),  no symmetrical FTF interactions preséhf substantial drop-off
which self-assembles by noncovalent interactions into a triple- in energy occurred withic (total energy of-32.5 kcal/mol)l° Thus,
helical, micrometer-scale, composite fibrillar substance with note- the possibility of strong interactions between opposite ends of the
worthy biological activity. . ' triple helices oflais supported by the computational analysis.
The requirement of the telopeptide regions of collagemd Peptide1a was synthesized by standard FastMoc chemistry,
specific Tyr and Phe residues within the C-terminal telopeptide pified by reversed-phase HPLC, and characteri?d@the material
chain® suggests the importance of aromatic residues in the “code” ;a5 found to adopt a triple-helix structure by CD spectroscépy(
for collagen self-assembfinspired by nature, we sought to explorg = 225 nm)1° The thermal stability olawas studied by CD (3C
short, single-stranded CRPs that possess the main repeat-unit Ofycrements with 5-min equilibration), and its melting temperature
collagen, Gly-Pro-Hyp, and contain aromatic recognition units at (Tw) is 57 °C (Figure 2)1° This result was confirmed by a
the N- and C-termini. Phenyl and pentafluorophenyl end-groups temperature-dependetd NMR study, in which we observed a

were considered, given the strong noncovalent aromatic-stacking characteristic downfield shift for thé-H of proline (originally 0
interaction between benzene and hexafluorobenZzbmthis regard, 3.0-3.5 ppm) from 55 to 65C (with equilibration)® Thus, 1a

32-mer peptidd.a, with pentafluorophenylalanine {fPhe) and Phe
residues at the N- and C-termini, respectively, was of interest. We
speculated that interstrand aromatic-stacking and ordered hydro-

forms a stable triple helix well above room temperature. It is
noteworthy that its thermal stability is slightly higher than that for
a recently described collagen-mimetic compouhg=<€ 47 °C) with

three peptide strands covalently linked by a pair of disulfide bdhds.

Ié‘;g’s‘gg{‘Bgi‘ofrﬁ’glgiﬂ?arpB?;ge\‘fe‘i;_“ca' Research & Development. The lower melting temperature & compared to 31-mer reference
University of Miami. C -Pro- of aQ Im= ma e attributable
§ Ac(Gly-Pro-Hyp)oGlyOH (2a; T, 70°C y be attributabl
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Figure 2. Thermal equilibrium curves of peptidka (red) and reference
CRP 2a (black) in water (0.25 mM) by CD spectroscopy at 225 nm.
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Figure 3. TEM images of (a) self-assembléa (ca. 7um in length) and
(b) a murine blood vessel cross-section.
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Figure 4. Platelet response to collagen (red squat@)in PBS (7 days,
green triangle; HF/7 days, blue triangle; HF/24 h, purple diamond) and
H2O (24 h, orange circle); andb in PBS (H+F/24 h, open square), by
measuring the optical density decrease (650 nm) fres0 tot = 5 min.

to some structural disruptions (“fraying”) at the ends of triple-helical
la by the phenyl and pentafluorophenyl groups.

Dynamic light scattering (DLS) measurements were conducted

aggregation, but shorter incubations and+H' samples showed
decreased potency. Remarkably, peplidéuntreated, aged 7 days;
ECso = 0.37 ug/mL) was nearly equipotent with equine type |
collagen (EGy = 0.25ug9/mL), whereas 30-mer reference peptide
2b [(Pro-Hyp-Gly) ] failed to aggregate platelets Our findings
indicate thatla can self-organize over time into aggregates of
appropriate length and conformation to meet the structural require-
ments for platelet recognition (presumably at platelet collagen
receptors). In a confirmatory experiment, platelet aggregation
induced by a fixed concentration (B&70) of laor collagen was
inhibited by the GPIIb/Illa antagonist elarofiban (RWJ-53368).

In conclusion, we have observed the self-assembly of a short
(9-nm) single-stranded CRPLa, by noncovalent means, into
collagen-like fibrils with collagen-mimetic properties. Notably,
micrometer-length, triple-helix-containing, composite fibrils were
formed, as determined by CD, DLS, and TEM data. Alkaacted
as a functional protein-like material, with an ability to induce platelet
aggregation in analogy to collagen. The aromadoomatic rec-
ognition motif employed in our study offers a straightforward
approach to collagen-mimetics and has important implications for
the design of triple-helical building blocks that can spontaneously
oligomerize into functional fibrillar structures.
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