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Biomimetic extracellular matrices prompt major advances in
regenerative medicine.! Main efforts are being focused on
engineering self-assembling peptide fibers. These fibers are
nanostructures exhibiting near-crystalline periodicities, which
are believed to be necessary for cell-matrix interactions.”!
Nanoscale ordering, however, rigidifies the fiber architecture
and can hinder the accommodation of subtle morphological
alterations inevitable in dynamic cellular environments."!
More adaptive approaches are sought and may include the
incorporation of fiber-shaping peptides*® or metal-binding
sites, ! biocatalytic!*! induction, or amphiphilic packing.*"
In these designs matrices are furnished by fiber rearrange-
ments or gelation, which, in contrast to the native matri-
ces,’*l can restrict branching and porosity to nanometer
dimensions.[**! The question remains whether a nongelated
microscopic scaffold can be designed that would mimic native
architectures.”*! Herein we describe an arbitrary self-assem-
bly mechanism, which enables the formation of microscopic
highly branched peptide matrices. We show that such
architectures can be programmed into a single peptide block.

Our approach stems from two interrelated criteria. The
assembly 1) must support the formation of intricate fibrillar
networks rather than individual fibers and 2) should exhibit
positive tropism, being responsive to external stimuli (ther-
mal denaturation) and cell adhesion.

With this in mind we designed a self-assembling peptide,
dubbed Cycl_one (cyclic one), which comprises two domains
that oligomerize by forming a parallel coiled-coil heterodi-
mer.”! Each domain pairs with its complementary partner
from another copy of the same peptide such that interactions
occur between different peptides and not within the same
peptide. To ensure this arrangement, the domains were linked
through two short linkers and cyclized antiparallel to each
other. The linkers provide sufficient spacing only for outward
interactions of the antiparallel domains, thus yielding a
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bifaceted anisotropic block, which propagates laterally
through interfacial interactions of the two domains (Fig-
ure 1a,b).

Given that three contiguous heptads provide cooperative
and stable coiled coils,®*! each domain was made three
heptads long. Heptads were designed based on a canonical
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Figure 1. Cycl_one design. a) Bifaceted cyclopeptide block consisting
of two domains, which run antiparallel to each other and are separated
by two triglycyl linkers. The domains of different copies of the same
cyclopeptide block form parallel coiled-coil heterodimers. The block
can have four different orientations, two of which are shown. b) Sche-
matic depiction of the arbitrary assembly of the block. The cell
adhesion motif (Cam), shown in gray, binds to a cyclopeptide block
through a two-heptad coiled-coil stretch. c) Two heptad types; linear
sequences and on coiled-coil helical wheels. One cyclopeptide block is
highlighted by the square. Cationic and anionic heptads and residues
are in blue and red, respectively; arrows indicate electrostatic inter-
actions between lysine and glutamate residues. G =Gly=glycine,
E=Glu=glutamic acid, | =lle =isoleucine, A=Ala=alanine,
L=Leu=leucine, Q=Gln=glutamine, K=Lys=lysine, Y =Tyr=tyro-
sine, S=Ser=serine, s=D-Ser, R=Arg=arginine, N=Asn=aspara-
gine.

repeat pattern of hydrophobic (H) and polar (P) residues,
PHPPHPP, usually designated gabcdef (Figure 1c). The
combination of isoleucine and leucine residues in positions
a and d was chosen to specify the hydrophobic interface of a
dimer; small and polar alanine and glutamine residues were
used at the solvent-exposed b, c, and f sites to facilitate
solubilization of the peptide.”>¥ A single f site was taken by a
tyrosine residue to allow concentration determination by
optical absorption measurements. Lysine and glutamate
residues occupied g and e sites to provide helix-stabilizing
electrostatic g—e’ interactions between heptads of different
peptides (Figure 1a,c).
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The two obtained heptad types, namely anionic heptad
EIAALEQ and cationic heptad KIAALKQ, alternate in the
domains to enable mixed sequence alignments between
different blocks. The block can adopt four different orienta-
tions with respect to the plane of the cycle, thereby sustaining
multiple modes of assembly. This feature makes the assembly
arbitrary. The design rationale is summarized in Figure 1 as
well as in Scheme S1 and Table S1 in the Supporting
Information.

As probed by circular dichroism (CD) spectroscopy, the
domains Indl and Ind2 did not fold individually, but gave
concentration-dependent helical signals as equimolar mix-
tures (Ind12; Figure2 and Figure S1 in the Supporting
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Figure 2. Peptide folding. a) CD and b) FTIR spectra for Ind1 (+), Ind2
(@), equimolar mixture of peptides Ind1 and Ind2 (Ind12, dashed
lines) and the cyclopeptide Cycl_one (solid lines). Samples were at a
concentration of 100 um of each peptide, in 10 mm 3-(N-morpholino)-
propanesulfonic acid (MOPS), pH 7 at room temperature.
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Information). Similarly, increased Cycl_one concentrations
led to enhanced helicity, the degree of which, however,
remained comparatively lower than observed for peptide
mixture Ind12 (Figure S1 in the Supporting Information).
Thermal unfolding of peptide mixture Ind12 revealed dom-
inating transition midpoints below 40°C with sigmoidal
curves, which are characteristic of a cooperatively folded
structure (Figure S2 in the Supporting Information). This was
not observed for peptide Cycl_one, thus suggesting a partial
[-sheet transition or structural destabilization upon denatu-
ration (Figure S2 in the Supporting Information).“*! How-
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ever, both peptide mixture Ind12 and peptide Cycl_one
showed complete reversibility of folding (Figures S3 and S4 in
the Supporting Information). Furthermore, Fourier transform
infrared (FTIR) spectra recorded before and after thermal
denaturation were nearly identical for both systems and were
dominated by helical bands around 1650 and 1550 cm™!
(Figure 2 and Figures S3 and S4 in the Supporting Informa-
tion). The half-widths of the bands, which can be used as a
measure of the helix stability, were comparable and indicative
of moderate helices. This finding was consistent with the CD
spectroscopy data. Bands that would point to the formation of
intermolecular p-pleated structures (i.e. 1610-1625 cm™")“*7)
were not observed.

The spectroscopy results suggest that Cycl_one may fold
and assemble under formation of reversible helical structures
that are deemed sufficiently stable to form high-aspect-ratio
microstructures. In accord with this, differential interference
contrast, scanning electron, and atomic force microscopy
(DIC, SEM, and AFM) showed extensive mesoscopic fibrillar
networks that were dominated by multiply branched and
interconnected fibrils separated at micrometer distances
(Figure 3 and Figure S5 in the Supporting Information). The
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Figure 3. Cycl_one matrix. a) SEM, b) DIC, and c) AFM images of
Cycl_one. Samples were at a concentration of 100 um peptide in
10 mm MOPS, pH 7 at room temperature.
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sizes of the observed branches varied from hundreds of
nanometers to several micrometers, which was consistent with
the size distributions obtained from dynamic light scattering
measurements (Figure S6 in the Supporting Information). No
assemblies were found for peptide mixture Ind12, thus
confirming that the domains did not propagate alone or
when matched in the coiled coil (Figure S5 in the Supporting
Information). The dimensional parameters of the Cycl_one
matrix were similar to those of the native collagen and fibrin
matrices,”’ which points to their potential functional similar-
ities.
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Indeed, as gauged by cell proliferation assays, Cycl_one
promoted the proliferation of human dermal fibroblasts with
an efficiency nearing 40 % of that of fibrous collagen used as a
control (Figure 4). Cell motility was also apparent and similar
to that of the collagen substrate (Videos S1 and S2 in the

cell
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Figure 4. Matrix-supported cell proliferation. DIC micrographs for

a) human dermal fibroblasts on collagen matrix, b) human dermal
fibroblasts on Cycl_one matrix and c) the comparative proliferation of
the fibroblasts on different substrates. Samples were at a concentra-
tion of 100 um total peptide, collagen at 5 mgmL™", incubation times
24 h (see also Videos S1 and S2 in the Supporting Information).

Supporting Information). Notably, these assessments were
made for Cycl_one assembled at micromolar concentrations
and collagen used at mgmL . This observation, together with
the fact that none of the substrates gelled, suggests that the
tensile and surface properties of the Cycl_one matrix were
comparable with those of the collagen. Note that collagen is a
natural substrate, which incorporates cell recognition and
adhesion motifs.>®! These motifs were not present in
Cycl_one.

Therefore, to provide a more consistent comparison, the
Cycl_one matrix was decorated with a cell attachment motif
(Cam). This is a conformational mimic “* of the laminin
peptide YIGSR™ conjugated to the N-terminal triskaideka
peptide of Ind2 (Scheme S1 in the Supporting Information).
The peptide is able to bind to either domain in Cycl_one and
can thereby be incorporated into or onto the matrix (Figure 1
and Table S1 in the Supporting Information).

Mixing the Cam peptide with Cycl_one matrices at ratios
as small as 0.001:1 (Cycl_cam in Figure 4c) resulted in a 20 %
increase of cell proliferation compared with the bare scaffold.
This finding implies that the recruitment of the Cam peptide
through coiled-coil formation between its tetrakaidecad
portion and Cycl_one domains is competent to provide the
necessary exposure of the laminin epitope for cell binding.

In contrast, neither the Cam peptide alone nor peptide
mixture Ind12 supported cell proliferation to a significant
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extent (Figure 4c). Furthermore, CD and FTIR spectra for
the mixture Cycl_cam revealed that the Cam peptide did not
affect helix formation; only a marginal a—f transition was
observed after thermal denaturation, thereby suggesting that
the Cam peptide is complementary to the assembly (Figure S7
in the Supporting Information). The combined data confirms
the defining role of the supramolecular matrix architecture in
supporting efficient cell attachment and growth.

In summary, we have described a microscopic architecture
of de novo design mimicking that of native extracellular
matrices. The matrix is derived from a single peptide block,
the arbitrary self-assembly of which leads to the formation of
hyperbranched fibrillar networks spanning nano- to micro-
meter dimensions. The assembly is underlain by reversible
helix formation and can accommodate complementary motifs
that enhance cell recognition and growth. The designed
matrix does not gel and supports cell adhesion, spreading,
motility, and proliferation through its local morphology,
which resembles that of native fibrillar systems. The intro-
duced assembly mechanism holds promise for engineering
cell-supporting supramolecular scaffolds with tailorable func-
tional and structural parameters.
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