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Collagens are integral structural proteins in animal tissues and play
key functional roles in cellular modulation. We sought to discover
collagen model peptides (CMPs) that would form triple helices and
self-assemble into supramolecular fibrils exhibiting collagen-like
biological activity without preorganizing the peptide chains by
covalent linkages. This challenging objective was accomplished by
placing aromatic groups on the ends of a representative 30-mer
CMP, (GPO)10, as with L-phenylalanine and L-pentafluoropheny-
lalanine in 32-mer 1a. Computational studies on homologous
29-mers 1a�–d� (one less GPO), as pairs of triple helices interacting
head-to-tail, yielded stabilization energies in the order 1a� > 1b� >
1c� > 1d�, supporting the hypothesis that hydrophobic aromatic
groups can drive CMP self-assembly. Peptides 1a–d were studied
comparatively relative to structural properties and ability to stim-
ulate human platelets. Although each 32-mer formed stable triple
helices (CD) spectroscopy, only 1a and 1b self-assembled into
micrometer-scale fibrils. Light microscopy images for 1a depicted
long collagen-like fibrils, whereas images for 1d did not. Atomic
force microscopy topographical images indicated that 1a and 1b
self-organize into microfibrillar species, whereas 1c and 1d do not.
Peptides 1a and 1b induced the aggregation of human blood
platelets with a potency similar to type I collagen, whereas 1c was
much less effective, and 1d was inactive (EC50 potency: 1a/1b ��
1c > 1d). Thus, 1a and 1b spontaneously self-assemble into throm-
bogenic collagen-mimetic materials because of hydrophobic aro-
matic interactions provided by the special end-groups. These find-
ings have important implications for the design of biofunctional
CMPs.

biomaterial � platelets � structure–function � supramolecular triplex

The self-association of peptides and proteins into well ordered
supramolecular structures is of pivotal importance in normal

physiology and pathophysiology, such as in the assembly of
collagen fibrils (1), actin filaments (2), and amyloid fibrils (3, 4).
Collagens, which constitute a ubiquitous protein family in ani-
mals, contribute an essential matrix component to soft tissues
and bones (5, 6). A structural hallmark of many collagens is a
rope-like triple helix, the architecture of which derives from the
interplay of three proline-rich polypeptide strands (e.g., two �1
and one �2 for type I collagen) (6–8). In the core domain of the
triple helix, the amino acid sequence G-X-Y is repeated multiple
times, and each glycine amide NH forms a hydrogen bond with
the X-position amide carbonyl on an adjacent strand. The X- and
Y-positions are often populated by L-proline and 4(R)-hydroxy-
L-proline (O; Hyp), respectively, with the latter stabilizing the
triple helix by stereoelectronic effects (9) and water-bridged
hydrogen bonds (10).

To investigate collagen’s structure and function, researchers
have resorted to using synthetic collagen model peptides (CMPs)

with the sequences (GXY)n, where X and Y are natural or
unnatural amino acids and n � 5–10 (11, 12). Analytical meth-
ods, such as x-ray crystallography, circular dichroism (CD)
spectroscopy, and dynamic light scattering (DLS), have yielded
structural information relevant to collagen mimicry (11, 12).
However, much less attention has been directed to CMPs that
manifest collagen-like biological properties. A challenge in this
area is devising CMPs that spontaneously self-assemble into
collagen-mimetic materials without the aid of covalent linkages
(13, 14). After reviewing various structural concepts, we hypoth-
esized that suitably disposed hydrophobic interactions may be
applicable to this problem.

Self-assembly is a powerful technique for organizing molec-
ular building blocks into complex structures (15) and aromatic
groups can facilitate this process (16–18). For example, the
Phe–Phe dipeptide motif in Alzheimer’s disease �-amyloid
protein was able to self-assemble into peptide-based nanotubes
(19). In fact, aromatic residues play an important role in collagen
self-assembly from the requirement of the telopeptide regions of
collagen (20), especially the Tyr and Phe residues within the
C-terminal chain (21). Thus, we pursued a strategy predicated on
using hydrophobic amino acids as recognition elements, at-
tached to the termini of a 30-mer CMP. The modified single
strand should adopt a triple-helix structure and then, it was
hoped, self-assemble with end-to-end stacking of triplex building
blocks into supramolecular fibrils, by strictly noncovalent means.
This approach proved to be successful, as observed in our
preliminary work with 32-mer peptide 1a (Fig. 1), which yielded
a bioactive, collagen-like material (22). However, it is important
to gain a better understanding of the scope and limitations of
such CMP self-assembly, and to develop a correlation between
structure and function. In this vein, we have now conducted
experiments to compare four analogous 32-mer CMPs with
different end-groups, 1a-d (Fig. 1). Our studies establish the
structural properties of these CMPs vis-à-vis their biological
activity, in terms of thrombogenicity, and support the proposal
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that specific hydrophobic interactions can drive the self-assembly
of collagen-related peptides into functional, supramolecular,
fibrillar materials.

Results
Design of Collagen-Model Peptides. To ensure a stable triple helix
at 25–37°C, we considered a CMP core structure with 30 amino
acids in the chain, i.e., (GPO)10. For suitable hydrophobic
interactions to facilitate self-assembly into supramolecular
fibrils, we would add aromatic subunits onto the N and C termini.
Phenyl and pentafluorophenyl groups emerged as good candi-
dates because of strong noncovalent aromatic-stacking interac-
tions between benzene and hexafluorobenzene (23, 24). Thus,
we decided to append L-pentafluorophenylalanine (F5-Phe) and
L-phenylalanine (F) onto the ends of 30-mer (GPO)10, as in
32-mer 1a (Fig. 1). Peptides 1b (Phe/Phe pair) and 1c (Phe/Leu
pair) were meant to test the adequacy of other hydrophobic
interactions: a weaker aromatic-aromatic interaction and an
aromatic-aliphatic interaction. The end-groups plus the inter-
face between juxtaposed, head-to-tail triplexes subtends the
space of one GPO to provide a continuous GPO-repeat distance
in an axial alignment of triple-helical building blocks. We
speculated that ordered hydrophobic interactions ought to en-
courage propagation of 32-mer building blocks, by end-to-end
stacking, into lengthy strands akin to the fibrils of certain native
collagens (5, 6). This hypothesis was first tested theoretically via
molecular mechanics calculations on 29-mer homologues of 1a–c
with one less GPO (n � 9; 1a�–c�) as head-to-tail triple-helical
homodimers with three �-stacking interactions and one salt
bridge (22). We reexamined the interface of the triplex ho-
modimer of 1a� [(1a�)3/(1a�)3] and concluded that three salt
bridges and three �-stacking interactions could be established in
the context of a ‘‘six-point model.’’ Energy minimization of this
structurally revised homodimer, (1a�)3/(1a�)3, with an extended
electron distribution (XED) force field (25, 26), afforded the
energy for dimer interaction (see Materials and Methods). The six

key interactions were retained and the total binding energy (in
vacuo; enthalpic) was calculated to be �83.5 kcal/mol [Fig. 2,
supporting information (SI) Fig. S1, and Table S1]. The pre-
XED model for (1a�)3/(1a�)3 was used to construct starting
homodimers for 1b�–d�, and their binding energies (kcal/mol)
were computed (XED): 1b�, �70.4; 1c�, �58.9; 1d�, �43.8. Thus,
our calculated stabilization energies for head-to-tail, triplex
homodimers of 1a�–d� are in the order 1a� � 1b� � 1c� � 1d�,
which suggests a marked advantage for self-assembly of 32-mer
1a into ordered molecular aggregates, such as fibrils.

Synthesis and Characterization of CMPs. Peptides 1b–d were syn-
thesized and purified for comparison with 1a, in experimental
studies geared to establish (1) the relationship between hydro-
phobic end-group interactions and the propensity for self-
assembly, and (2) the structural requirements for biological
activity in terms of thrombogenicity. As a control, we prepared
and used 17-mer (F5-Phe)-(GPO)5-Phe (2) (Fig. 1) (27). Pep-
tides 1a–d and 2, from solid-phase synthesis, were purified by
reversed-phase (RP) HPLC on a heated column (see Materials
and Methods). Their identities were confirmed by MALDI-TOF
MS and amino acid analysis.

Peptides 1a–d and 2 were analyzed by CD spectroscopy to
determine triple-helical content. After incubation at 4°C for 24 h
in water, 1a–d exhibited a positive peak near 225 nm (Fig. 3A),
which is characteristic for collagen triple helices, but 2 showed
a much weaker positive peak at 222 nm. Thermal stability of the
triple helices for 1a–d was evaluated by monitoring the 225-nm
signal with increasing the temperature (Fig. 3B). The melting
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Fig. 1. Structures of 1a–d and 2.
Fig. 2. Interface from energy-minimized structure of triple-helical, head-to-
tail homodimer (1a�)3/(1a�)3 (one blue, one yellow; standard atom-coloring
scheme for N, O, F, and H) showing three aromatic stacking interactions (black
double-headed arrows; A–C) and three salt bridges with hydrogen bonds
(magenta dotted lines; 1–3), each involving an ammonium group (NH3

�) and
a carboxylate group (CO2

�). The H-bond between an ammonium and a
backbone carbonyl is also shown (magenta dotted line; 4).

Fig. 3. CD spectral data. (A) CD curves for 1a (red), 1b (blue), 1c (green), 1d (orange), and 2 (pink). (B) CD melting curves for 1a (red), 1b (blue), 1c (green), and
1d (orange).
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temperatures (Tm) for 1a–d were in the range of 56–62°C, but the
melting curve for 2 had no clear transition (Fig. S2).

Self-Assembly of CMPs. A crucial aspect was assessment of the
triple-helical CMPs for their ability to self-assemble into su-
pramolecular materials. In an earlier study (22), we found that
1a forms high-order aggregates of micrometer-size by using
DLS, whereas 31-mer Ac(GPO)10G (3), which lacks special
end-groups, does not. Thus, we sought to analyze 32-mers 1a–d
comparatively by DLS, but attempts to differentiate the peptides
were unsuccessful, possibly related to inherent variability in this
type of measurement. However, by using light microscopy to
compare 1a, 1d, and type I collagen (0.05 mg/ml in water), we
observed �100-�m fibrils for 1a that resembled collagen fibrils
but only observed large globular conglomerates for 1d (Fig. S3).

Atomic force microscopy (AFM) proved to be a very effective
method for imaging CMP morphology (SI Text, AFM Back-
ground). Aqueous solutions of 1a–d were heated to 73°C for 10
min to facilitate disaggregation, filtered to remove any aggre-
gated material, diluted, and let stand (‘‘incubated’’) for 24 h at
23°C. A sample of each peptide was deposited onto freshly
cleaved mica. Peptides 1a and 1b formed fibrous aggregates, with
lengths ranging from 0.5 to 5 �m (Fig. 4 A and B). High-
resolution images of 1a and 1b revealed a periodicity pattern (D)
of �33 � 3 nm (Fig. S4). At 0.1 mg/ml, 1a and 1b yielded a
network of fibrillar material, including long fibrils (�5 �m) with
branches, and smaller branched fibrils on closely packed tubular
fibrils. By contrast, at 0.1 mg/ml (and 1.0 mg/ml), 1c formed small
spherical aggregates �0.5 �m in diameter, and 1d wet the
surface unevenly, forming sheets with irregular shaped holes
(Fig. 4 C and D). Phase images for 1a–c indicated that 1a and 1b
are much stiffer, consistent with self-assembly of 1a and 1b into
supramolecular fibrils (Fig. S5). AFM images of collagen showed
�m-length fibrils with a periodic band gap of 62 � 2 nm (Fig.
S6) (28).

We made an unusual observation related to the self-assembly
of 1a in turbidity experiments with 1a and (POG)10 (4) (29),
which lacks special end-groups. Solutions of 1a and 4 (PBS, 5
mg/ml) were heated at 80°C, filtered (0.45 �m), held at 45°C, and
monitored at 313 nm for 0–85 min (Fig. S7). There was a marked
increase in absorbance for 4 in this time period (29), but the

absorbance for 1a did not change. After aging at 23°C for 3 days,
4 gave a thick precipitate and 1a gave fine particles. Intriguingly,
light microscopy images of particles from 1a showed millimeter-
size objects in the form of an ordered hydrogel, with apparent
periodic banding (Fig. 5), whereas 4 did not form such objects.

Platelet Aggregation Studies. Circulating blood platelets adhere to
exposed collagen in an injured vessel wall to prevent bleeding
and promote tissue repair. This basic platelet function is medi-
ated by the collagen receptor, glycoprotein VI (GP VI), which
triggers intracellular signal transduction that activates the inte-
grin GP IIb/IIIa and induces platelet aggregation (30). Platelet
adhesion is stabilized by another collagen receptor, integrin �2�1
(31). Hence, the ability of CMPs to mimic collagen’s biological
function can be assessed by a platelet aggregation assay.

We examined 32-mer 1a–d, type I collagen, 17-mer 2, and
30-mer (POG)10 (4) in various aggregation experiments with
human platelets (Fig. 6 and Tables S2 and S3). Initially, solutions
of the materials (2 mg/ml in PBS) except for collagen were
incubated at 4°C for 7 days (Fig. 6A). Peptides 1a and 1b, and
collagen, were potent platelet agonists with EC50 values of 4.1,
8.6, and 0.41 �g/ml, respectively; however, 1c was a weak agonist,
and 1d, 2, and 4 were inactive (Table S2). We wondered whether
4 might induce platelet aggregation after incubation under
conditions of turbidity (see above). Thus, experiments were
performed with 1a, 1b, and 4 incubated in PBS at 37°C for 80 min
(7 mg/ml) or under the above conditions (2 mg/ml, 4°C, 7 days).
In both cases, 4 was inactive, whereas 1a and 1b were potent
agonists (EC50 � 1–2 �g/ml) in the realm of collagen (EC50 �
0.63 �g/ml) (Fig. 6B and Table S3). This result signifies that the
aggregate from 4 is not collagen-like, in contrast to the self-
assembled materials from 1a or 1b. Importantly, 1a and 1b were
able to self-organize into bioactive materials at 37°C in a
reasonable time frame of 80 min. Relative to thrombogenic
pharmacology, preliminary studies with 1a (in PBS for 7 days at
4°C) impregnated in a poly(�-caprolactone-co-glycolide) foam
exhibited topical hemostatic action in a porcine spleen-bleeding
model (32, 33).

Discussion
We compared 32-mer peptides 1a–d for their ability to mimic
collagen structurally and functionally. Whereas 1a and 1b readily
self-assembled into supramolecular, collagen-like materials, 1c
and 1d did not. Peptides 1a and 1b had stable triple-helical
character, formed micrometer-length fibrillar material, and were
potent in inducing platelet aggregation.

The energetics for head-to-tail stacking of triple-helical ho-
modimers of 1a–d were explored via XED force-field calcula-
tions on 29-mer homologues 1a�–d� with an optimal six-point
model, involving three salt bridges and three aromatic interac-
tions at the dimer interface. Energy-minimized (1a�)3/(1a�)3

Fig. 4. AC-AFM topography images for 1a (A), 1b (B), 1c (C), and 1d (D) from
incubated aqueous solutions (0.1 mg/ml) deposited onto freshly cleaved mica.
(Scale bars, 1 �m.)

1 mm

Fig. 5. Light microscopy image of a particle from self-assembly of 1a. (Scale
bar, 1 mm.)
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retained the six key interactions and had a total binding energy
(in vacuo) of �83.5 kcal/mol, which is a 50% increase in
stabilization energy relative to having just one salt bridge (22).
In the final model (Fig. 2 and Fig. S1), the ion pairs are sheltered
by the hydrophobic environment to contribute added stabiliza-
tion. It is meaningful that the energies (kcal/mol) for the four
triplex homodimers, which decreased in going from 1a� (�83.5)
to 1b� (�70.4) to 1c� (�58.9) to 1d� (�43.8), trend with the
platelet aggregation results for 1a–d (EC50 potency: 1a/1b ��
1c � 1d).

Our study of 1a–d, structurally and biofunctionally, tested the
self-assembly hypothesis by evaluating the importance of hydro-
phobic/ionic interactions in collagen mimicry. Peptide 1d is an
important example because it has an identical length to 1a–c and
can form three interfacial salt bridges but lacks hydrophobic
end-groups. Peptides 1a–d formed stable triple helices by CD
with a narrow range of melting temperatures (Tm � 56–62°C),
which signifies similar thermodynamic stability. These Tm values
exceed that (Tm � 47°C) for a collagen-mimetic with three
peptide strands covalently linked by disulfide bonds (14), but are
lower than that (Tm � 70°C) for 31-mer Ac(GPO)10G (3) (22).
By light microscopy, there was a clear difference between 1a and
1d in that 1a formed fibrils but 1d did not. Control peptide 4,
(POG)10, which cannot capitalize on end-group hydrophobic or
ionic interactions, self-associates and precipitates with increas-
ing temperature and concentration (29). With aged solutions of
1a and 4, 4 formed a thick precipitate, but 1a formed fine

particles that appeared by light microscopy as a banded ‘‘worm-
like’’ hydrogel (Fig. 5), consistent with an ordered, supramo-
lecular material. For 1a, we observed microfibrils by transmis-
sion EM (TEM) akin to collagen fibrils in murine aortic tissue
(22). Given fibril dimensions of �1 �m long and 0.25 �m in
diameter (22), triple-helical 1a (9 nm long) associates by both
linear (presumably head-to-tail) and lateral stacking, with �100
triple-helical building blocks in each direction. Thus, the aro-
matic end-groups facilitate both axial and lateral assembly.

The AFM topography images of 1a–d displayed notably
different morphologies. At 0.1 or 1.0 mg/ml 1a and 1b formed
microfibrils, whereas 1c and 1d did not. In contrast, a collagen-
mimetic with three peptide strands covalently linked by disulfide
bonds, showed small, one-dimensional fibrils �120 nm in length
by AFM (14). Clearly, this fibrillar material is very different from
the long, three-dimensional fibrils obtained from 1a and 1b,
which also exhibit periodicity (D) reminiscent of collagen. A
recent report described a 36-mer peptide that self-assembles into
banded collagen-mimetic fibrils driven by multiple electrostatic
interactions (34).

Collagen can function as a signaling peptide (35), such as by
interacting with cell-surface receptors GP VI and �2�1 on
platelets (30, 31). After damage to the blood vessel wall, exposed
collagen induces platelets to adhere and aggregate. Synthetic
triple-helical peptides containing the main collagen repeat, GPO
(or analogues), offer useful tools to probe the structural basis of
such platelet activation. For example, polymerization of short
CMPs by chemical cross-linking led to materials that were highly
platelet aggregatory (36), by direct action on GP VI (37). In a
previous platelet aggregation study with solutions of 1a, we used
protracted incubation at 4°C to obtain an optimal effect (7 days
in PBS; EC50 � 0.37 �g/ml) (22). Our present comparison of the
thrombogenic properties of 1a–d, 17-mer 2, 30-mer (POG)10 (4),
and collagen with respect to human platelets (Fig. 6A) is
informative. Peptides 1a and 1b were potent agonists, 1c was a
weak agonist, and 1d, 2, and 4 were inactive. In fact, robust
platelet agonist activity was realized for 1a and 1b after brief
incubation (80 min) at 37°C (Fig. 6B). Apparently, the Phe/Phe
end-groups in 1b are nearly as effective for facilitating self-
assembly as the F5-Phe/Phe end-groups in 1a. Despite their
hydrophobicity, Leu/Phe in 1c is not a satisfactory arrangement.
The failure of 17-mer 2, with F5-Phe/Phe end-groups, to induce
platelet aggregation is due to its short sequence, which is
inadequate for stable triple-helix formation. Because aggrega-
tion stimulated by 1a was inhibited by the GP IIb/IIIa antagonist
RWJ-53308 (38) dose-dependently (Fig. S8), 1a acts via GP
IIb/IIIa signaling (like collagen). Our AFM results, which de-
picted fibrillar species for 1a and 1b, but not for 1c and 1d,
correlate with our platelet aggregation data. In summary, throm-
bogenesis required fibrous supramolecular structures; it was not
caused by triple helical structures alone. As such, our study
supports the fibrillar morphology of collagen as being critical for
platelet binding and activation (36, 39, 40). The disparity in
behavior between 1a/1b and 1d/4 indicates the importance of
hydrophobic aromatic interactions in the self-assembly of such
triple-helical building blocks into collagen-like biomaterials.

In type I collagen, which has a 1,011-residue triple-helical section
and telopeptide sequences at the N and C termini, the staggered
assembly of five triple helices yields micrometer-length fibrils.
There is characteristic banding in the superstructure from gaps in
the ordered array of triple-helical bundles, with repeat spacing of 67
nm (28), corresponding to a cluster of conserved hydrophobic
amino acids with a periodicity of 234 aa (41). Fibril assembly
depends on the hydrophobic telopeptides, with their aromatic
amino acids (F, Y) (20, 21), and fibril diameter is regulated by
hydrophobic amino acids in the gap regions, via interaction with
Leu-rich proteoglycans (42, 43). Our use of Leu in 1c was connected
with this point, but Leu also offered a nonaromatic hydrophobic
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Fig. 6. Platelet aggregation experiments with peptides, under different
conditions, and collagen. (A) 1a, green; 1b, yellow; 1c, blue; 1d, black; 2, violet;
4, light blue (2 mg/ml in PBS, incubated at 4°C for 7 days); and collagen, red.
(B) 1a, dark green; 1b, yellow-brown; and 4, black (7 mg/ml in PBS, incubated
at 37°C for 80 min); 1a, green; 1b, yellow, diamond; 2, violet; and 4, blue (2
mg/ml in PBS, incubated at 4°C for 7 days); collagen (red, inverted triangle).
EC50 values are given in Tables S2 and S3.
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group to test the importance of aromatic-aromatic interactions.
Clearly, the concept of hydrophobic self-assembly is intimately
rooted in the structural characteristics of collagen. Our investiga-
tion extends this phenomenon to the spontaneous self-assembly of
smaller peptide systems into fibrils. Specifically, short (9-nm) pep-
tides 1a and 1b form triple helices that self-assemble into collagen-
like fibrils with collagen-like biological properties. For archetype
1a, we observed micrometer-length composite fibrils by TEM, light
microscopy, and AFM; also, 1a generated striated hydrogels of
millimeter length. The comparative behavior of 1a and 1b vs. 1c, 1d,
and 4 underscores the importance of hydrophobic aromatic inter-
actions in the self-assembly process. This straightforward approach
should provide a useful means to obtain collagen model peptides
that can self-organize into fibrillar structures with biofunctionality.

Materials and Methods
General Experimental Information. Equine type-I collagen (92% identity to
humancollagen)wasobtainedfromChrono-Log.MALDI-TOFMSwasperformed
withanAppliedBiosystemsVoyager-DEPROBiospectrometryworkstation linked
to a delayed extraction laser-desorption mass spectrometer (�-cyano-4-
hydroxycinnamic acid as matrix) at M-Scan. Amino acid analysis was performed
with a Beckman 6300 Li-based analyzer (Molecular Structural Facility, University
of California, Davis). Peptide 4 was purchased from Peptides International. Solu-
tions were prepared based on peptide content with concentration established by
the absorbance at 214 nm (PBS; � � 6.0 	 104 M�1cm�1) or 215 nm (water; � �
6.5 	 104 M�1cm�1). Peptide ultrafiltrations were done with Acrodisc syringe
filters [0.45-�m poly(tetrafluoroethylene) membrane; Pall].

Peptide Synthesis and Purification. Materials for peptide synthesis are listed in
the SI Text, Peptides. CMPs 1a–d were prepared on an ABI 431 synthesizer by
using FastMoc chemistry (0.1-mmol scale) with Fmoc-Phe-Wang (0.74 mmol/g,
100–200 mesh) or Fmoc-Gly-Wang (0.66 mmol/g, 100–200 mesh) resin beads
(44, 45) and cleaved from the resin with CF3CO2H/(i-Pr)3SiH/water (95:2.5:2.5;
2 h). Peptides were first purified by RP-HPLC at 60°C (SI Text, Peptides). Column
heating was important to disaggregate the analytes and allow for efficient
separation. Each peptide (white powder) was �85% pure by HPLC analysis and
had a satisfactory amino acid analysis. MS values for 1a–d were obtained by
using MALDI-TOF MS (M � Na)�, whereas ESI-MS was applied to 2. Yields,
peptide content, and MS data for 1a–d and 2 are given in Table S4. These
materials were used for CD, turbidity, and platelet aggregation experiments.
Peptides 1a–d were purified further by RP-HPLC at 65°C with mass-selective
fractionation (SI Text, Peptides). For these refined samples of 1a–d, molecular
weights were confirmed by MALDI-TOF MS, and purities were assayed by
analytical RP-HPLC at 65°C (SI Text, Peptides). Thus, we obtained 1a–d with
high purities of 95%, 93%, 98%, and 93%, respectively. These peptides were
used for AFM and platelet aggregation studies. Similar aggregation results
were obtained with both sets of peptides. The synthesis and purification of 2
was the same as that for 1a; Ac(GPO)10G, 3, was prepared as described in ref. 22.

Circular Dichroism Spectroscopy. Solutions of 1a–d and 2 (0.25 mM in water)
were stored at 4°C for 24 h to permit triple-helix formation. CD spectra were
recorded on an Aviv 215 spectrometer equipped with a Peltier temperature
controller with 0.1-cm path-length quartz cells. The spectra were obtained at
25°C by signal-averaging four scans at a scan speed of 120 nm/min. CD melting
curves for 1a–d were obtained by monitoring the ellipticity at 225 nm from 20 to
100°C, at a rate of 1°C/min, with increments of 3°C and an equilibration time of
5 min. CD melting curves for 2 were obtained by monitoring the ellipticity at 222
nm from 5 to 60°C at a rate of 1°C/min, with increments of 2°C and an equilibra-
tion time of 5 min. Measured Tm (°C) values (� 2): 1a, 56; 1b, 57; 1c, 59; 1d, 62.

Turbidity Studies. Solutions of 1a and 4 (5 mg/ml, PBS, pH 7.4) were heated at
80°C for 10 min and filtered (0.45 �m). The solutions were kept at 45°C for 90
min and the absorption at 313 nm was measured (Cary Eclipse spectropho-
tometer). The samples were aged at 23°C for 3 days. A large hydrated particle
formed by 1a was carefully deposited on a microscope slide and images were

taken by using a Nikon stereoscopic zoom microscope (SMZ-U; 7.5	) equipped
with a color CCD camera.

Computational Chemistry. A model for the triple helix of 1a [(1a)3] was con-
structed from the x-ray structure of 30-mer CMP (POG)4(POA)(POG)5 (PBD
entry 1CAG) (46). The Ala was mutated to Gly, the C-terminal Gly was replaced
by Phe (as in 1a), and the N-terminal Pro-Hyp (PO) was replaced by F5-Phe (as
in 1a). This 29-mer, 1a�, as a triple-helix, (1a�)3, was used for interface inter-
action studies (22). To relax strain, the (1a�)3 model was energy minimized by
using an OPLS-AA force field (47), with a generalized Born/surface area
(GB/SA) water solvation model (Macromodel 9.0; Schrödinger). The C terminus
of the triple helix was paired with the N terminus of another triple helix by
alignment along the central axes to give (1a�)3/(1a�)3. The distances between
the three ion pairs (salt bridges) and three centers of paired phenyls were
monitored while manually adjusting the torsion angles for operative interac-
tions in a six-point model. The portion of (1a�)3/(1a�)3 within 18 Å of the
interface center was energy minimized with the SYBYL force field (SYBYL 7.3;
Tripos). This minimized homodimer interface was used in place of the non-
minimized interface and a new model was set up with the six key interactions.
The entire (1a�)3/(1a�)3 ensemble was energy minimized with the XED force
field (25, 26), which is able to predict aromatic stacking in accord with the
experimental observations (23). Formal charges (ionized at pH 7) were set at
1/8th to compensate for charge attenuation by solvent, the dielectric constant
was set at 2, and minimization was performed over all atoms of the ho-
modimer ensemble (5,064 atoms) without any constraints to an exit rms limit
of �0.01. The binding energy for the two triple helices was calculated by
summing the pairwise coulombic and dispersive (van der Waals) interactions,
including all intermolecular terms (but excluding intramolecular terms and
energies between strands in the same 3-helix bundle) (SI Text, Computational
Work). Starting models of 1b�–d�, as triplex homodimers, were constructed
from the 1a� starting model (before XED minimization) by suitably changing
the end-groups. Homodimer ensembles of 1b�–d� were processed to obtain
total binding energies. Dissection of binding energies into coulombic and
dispersive terms revealed some interesting patterns, indicating that the most
stable head-to-tail junction for 1a� forms without perturbing the favorable
H-bond network (SI Text, Computational Work).

Atomic Force Microscopy. AFM imaging was performed with a confocal Ra-
man-AFM alpha300 A,R (WITec Instruments) at 24 � 2°C. For high-resolution
imaging, the AFM was operated in AC-Mode with a damping of r � 50%, with
topography and phase images recorded simultaneously. The cantilevers
(Nanoworld Arrow FMR) had a nominal spring constant of 2.8 N/m and
resonance frequency of 70–80 kHz. Aqueous solutions of 1a–d were heated to
73°C for 10 min, filtered (0.45 �m), diluted to 0.1 or 1.0 mg/ml, and let stand
for 24 h at 23°C (molecular grade water). Equine type I collagen was used (0.1
mg/ml). Sample solutions (40 �l) were deposited on freshly cleaved mica
(grade V-4; SPI Supplies) for 30–60 s, then gently rinsed with water and dried
in air.

Platelet Aggregation. The ability of the 1a–d to mimic collagen’s biological
function was evaluated in an aggregation assay with ‘‘washed’’ human plate-
lets (SI Text, Platelet Studies). Platelet aggregation was initiated by addition
of serial concentrations (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30 �g/ml) of equine type
I collagen or test peptides dissolved in PBS (pH 7.4). The buffer served as a
negative control. The 96-well assay plate was stirred constantly and intermit-
tently placed in a microplate reader (Softmax; Molecular Devices) to measure
optical density (650 nm) at 0 and 5 min after addition of the test solutions.
Aggregation was calculated as the decrease in optical density between the
measurements at t0 and 5 min, and expressed as percentage of aggregation.
For the first study, 1a–d, 2, and 4 were each dissolved in PBS at 2 mg/ml and
each solution was incubated at 4°C for 7 days. In a second study, 1a, 1b, and
4 were each dissolved in PBS at 7 mg/ml and each solution was incubated at
37°C for 80 min; also, solutions of 1a, 1b, 2, and 4 were reevaluated in the prior
manner for comparison. Purchased collagen (1 mg/ml) was diluted into ag-
gregation buffer. An experiment was conducted with GP IIb/IIIa antagonist
RWJ-53308 (38) (SI Text, Platelet Studies).
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