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This work demonstrates a self-assembling peptide strategy to
form finite, molecularly defined trigonal bipyramidal-like
hexamers which offer control over multivalent ligand display for
enhanced tumor targeting.

Generating discrete, soft nanostructures with precise
control of size, geometry, and presentation of ligands toward
cell-surface receptors offers tremendous opportunities for
disease diagnosis and treatment.! The approach of
supramolecular assembly has been effective to generate
discrete assemblies by using orthogonal recognition strategies
to program self-assembly.?2 Such principles have been well
illustrated for the generation of intricate protein and DNA
assemblies with defined molecular composition, 3D structures
and functional features.?

As structural constituents of proteins, peptides can be de
novo designed to fold into well-defined molecular structures,
which can interact with one another to form highly ordered
nanostructures and nanostructured networks.* In the past two
decades, research has been primarily focused on the design of
B-sheet forming peptides which can self-assemble into
nanofibers of different length dimension. Recently, there have
been remarkable advances in the design and fabrication of
finite peptide assemblies with improved structural
homogeneity. Among many notable examples, the Woolfson
group developed a novel self-assembled coiled coil nanocage
using two orthogonal coiled coil folding motifs.> The Jerala
group demonstrated a single chain coiled coil polypeptide
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tetrahedron.® The Ryadnov group designed helical
antimicrobial peptides which can self-assemble into a highly
defined peptide capsid.” The Nowick group reported well-
defined amyloid-like oligomers based on macrocyclic beta
sheet peptides.® Using collagen mimetic peptides, the
Conticello group constructed discrete 2-D sheets with
exquisite control over both the short and long-range ordering.?

Inspired by the above studies and other advances in
peptide design, particularly collagen mimetic peptide design
and supramolecular assembly,1® our group reported a new
methodology to generate a finite peptide assembly using two
distinctly folded protein motifs, i.e. a collagen triple helix and a
coiled-coil dimer.!! Previously, we showed side-to-side
conjugation through a disulfide bond between the cysteine
residue in the middle of each peptide led to well-defined
hexamers or dodecamers while an end-to-side conjugate led
to heterogeneous assemblies. For example, the collagen
peptide (POG),(PCG)(POG)¢s (P: Proline; O: Hydroxyproline; G:
Glycine; C: Cysteine), termed as P26 was used for side-to-side
conjugation and its constitutional isomer, (PCG)(POG)s, termed
as P8 was used for end-to-site conjugation. Besides different
conjugation geometry, the two peptides differed in the
number of (POG) repeating units preceding the (PCG)
conjugation site, which could be another important factor to
drive the formation of finite structures. In a longer collagen
peptide, such as P8, the larger number of POG units can
increase the packing stability of the collagen trimers, however,
suffer from packing specificity. They are likely to form
kinetically trapped assemblies in particular when conjugated
with another self-assembling coiled coil peptide. On the other
hand, a shorter collagen peptide may not be as stable, but can
enhance the packing specificity to form the most
thermodynamically stable blunt-ended trimer, which is desired
toward the formation of finite assemblies. In order to test this
hypothesis, two shorter collagen peptides, named P7 and P6
were used to form end-to-side conjugates with a coiled-coil
dimer peptide, termed as 26r. The chimeric conjugates were
named as P7-26r and P6-26r (Scheme 1). In the current study,
we focus on self-assembled hexamers because they have
comparable molecular weights to single-chain variable
fragments (ScFv) antibodies, which often show rapid tumor
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penetration.? Various peptide-based ligands for cell surface
receptors can be readily incorporated on P7. As a proof-of-
concept, we synthesized a chimeric peptide consisting of a
RGDS ligand which can self-assemble into hexamers. In vitro
tumor targeting efficacy of the hexamer was studied and
compared with those of dimers or trimers which have only
local ligand presentation, and hexamers without targeting
ligands or with scrambled DGSR.

A P6: PCGPOGPOGPOGPOGPOGPOG
P7: PCGPOGPOGPOGPOGPOGPOGPOG
26r: EALKWEIEALKCEIEALKAEIEALKA
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Scheme 1. (A) Sequences of the two domains in chimeric peptides, P6-26r and P7-26r.
Single letter amino acid code representation. (B) Schematics of the self-assembly of an
end-to-site conjugate to form a thermodynamically stable assembly in which the
oligomerization state is defined by the Least Common Multiple (LCM) of the
oligomerization states of two domains: 3 x 2 = 6.

Electrospray ionization-mass spectrometry confirmed the
formation of hexamers with a series of peaks with continuous
charge distributions (Fig. 1A). For instance, the peaks at m/z = 2270
and 2415 can be exclusively assigned to the hexameric assemblies
of P6-26r and P7-26r with a charge of +13, respectively. Note that
trimers were also observed likely due to fragmentation during mass
spectrometry. The sigmoidal thermal transition curves confirmed
the formation of collagen triple helix tertiary structures for free P6
and P7 in solution with a melting temperature at 35 °C for P6 and
48 °C for P7 (Top traces on Fig. 1B and 1C). 26r also exhibited a
sigmoidal thermal transition profile suggesting the formation of

coiled coil tertiary structures (Fig. S2).
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Figure 1. (A) ESI-MS of P6-26r (top trace) and P7-26r (bottom trace) assemblies. (B)
Thermal unfolding profiles of free P6 (top trace) and P6 within P6-26r (bottom trace).
(C) Thermal unfolding profiles of free P7 (top trace) and P7 within P7-26r (bottom
trace). Thermal unfolding of P6 and P7 within the conjugates was generated by
subtracting the ellipticity of free 26r at 225 nm from that of the conjugates at all
temperatures. Peptide concentration: 100 uM.

The thermal transition profiles of the conjugates became
complicated due to the overlap of the CD characteristic peak
for 26r at 222 nm and P7/P6 at 225 nm. The molecular
structures of P6 and P7 within the conjugates and their
temperature-induced unfolding can be extracted by
subtracting the CD absorbance of free 26r at 225 nm from that
of the conjugate. As shown on the edited melting curve (Bottom
traces on Fig. 1B and 1C and Fig. S2), cooperative thermal transition
was still observed for both P6 and P7 with a melting temperature at
46 °C for P6 and 53 °C for P7. Upon conjugation, the melting
temperatures of both peptides increased suggesting an enhanced
folding of the collagen triple helices. This observation is consistent
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with a previous report by Woolfson and Brodsky in which the
folding of a recombinant bacterial collagen was reinforced upon
end to end conjugation with a synthetic coiled coil peptide. 13

To further examine the solution self-assembly state, we
employed small-angle X-ray scattering (SAXS) technique and
primarily focused on P7-26r which showed higher thermal
stability. The good linear Guinier plot, In[I(Q)] vs Q? (Fig. 2A),
for SAXS intensities (1(Q)) in the low Q region suggested a good
structural homogeneity and one dominating particle size in the
solution under study. Using water as the absolute scattering
standard, the molecular weight (Mw) was determined to be
~33 kDa based on the forward scattering intensity, 1(Q=0),
obtained from the Guinier analysis (S| methods).1* A standard-
free and SAXS curve alone method, based on the QI(Q) versus
Q plot (Fig. S3, methods in SI), was employed to estimate the
Mw as ~32 kDa, corresponding to six subunits.’®> The pair-
distance distribution function P(r) computed from the SAXS
data with the GNOM program'® showed an asymmetrical
Gaussian profile indicating an elongated structure (Fig. 2B). To
note, the largest dimension of p7-26r assembly is about 13.6
nm as estimated from P(r) function. While SAXS was
performed at a relatively high concentration above 500 pM,
the self-assembly at lower concentrations was investigated by
analytical ultracentrifugation - sedimentation velocity (AUC-
SV). Fig. 2C showed the raw sedimentation scans taken every ~
5 mins at 50,000 rpm at a peptide concentration of 100 uM.
The distribution of sedimentation coefficients confirmed the
predominance of hexamers at 100 uM (Fig. 2D), which seem to
be in equilibrium with trimers based on the concentration-
dependent SV results (Fig.54). We observed prominent trimers
as we reduced peptide concentration to 20 uM, as such for
cell-based experiments, 50 puM was used to ensure the
equilibrium favours the hexamers.
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Figure 2. (A) Guinier plot of P7-26r assembly in low scattering vector Q region (B) The
P(r) function computed from the SAXS data with the GNOM program. (C) Raw
sedimentation profiles of absorbance at 280 nm versus cell radius (top trace) and
residual plot supplied by SEDFIT software (bottom trace). (D) Continuous
sedimentation coefficient distribution, c(s) curve showing predominance of hexamers
mixed with small amounts of trimers. Peptide concentration is 500 uM for SAXS and
100 puM AUC analysis.

To explore the packing and conformation of each domain
within the hexamer, we carried out microsecond molecular
dynamics (MD) simulations. The initial structure was generated
using an in-house Python script with the knowledge of the
secondary and tertiary structures reported previously and the

CD results presented in this work.1® The validity of MD

This journal is © The Royal Society of Chemistry 20xx
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simulation results was evaluated by comparing the theoretical
SAXS profiles of the simulated models with the experimental
SAXS data. The goodness-of-fit values (x?) were obtained by
minimizing the discrepancy between them using FoXS'?
package. During a typical 1-us MD simulation (Fig. 3A), this
value was close to 3 in the early stage while fluctuated around
1 with small deviation after 300 ns, suggesting that the
simulated structures in the last 700 ns MD trajectories match
well with the experimental SAXS result. The comparison
between a representative conformation (frame at 988 ns, Fig.
3C) adopted by P7-26r in the MD simulation and the
experimental SAXS profile is shown in Fig. 3B. Using the atomic
coordinates, the mean maximum end-to-end distance was
found to be 14.1 nm (Fig. S5), which matches well with the

maximal point-to-point distance at 13.6 nm as estimated from
P(r) function (Fig. 2B).
3
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Figure 3. Results from a 1-ps molecular dynamics simulation of P7-26r hexamer. (A)
Plot of goodness-of-fit (y?) between FoXS predicted scattering profiles of simulated
models and experimental data. (B) Comparison of the FoXS predicted scattering of a
simulated model (frame at 988 ns) and experimental SAXS profile. (C) A representative
conformation (frame at 988 ns) adopted by P7-26r. The coiled coils and collagen triple
helices domains are shown in red and blue, respectively. (D) RMSD of the backbone
atoms (C, N, Ca) of the hexamer over the course of simulation. (E) Ramachandran plot
of the conformational space sampled by P7-26r hexamer during the simulation.

MD simulation provided additional structural features
possessed by P7-26r hexamers. The structure averaged from
frames in the second 500 ns trajectories was used as the
reference conformation to calculate the backbone root mean
square deviation (RMSD) that P7-26r hexamer exhibited over
the course of the simulation. The backbone RMSD fluctuated
vigorously in the first 300 ns (Fig. 3D) but stabilized around 2 A
with small deviations from 300 ns to the end of the simulation.
Analysis of the backbone RMSD exhibited by different domains
showed that the vigorous fluctuation in the early stage was
mainly caused by the two collagen triple helices components
(Fig. S6). Over the course of the entire simulation, the dimeric
coiled coils and collagen triple helices were well maintained by
P7-26r. Ramachandran plots (Fig. 3E) showed that the
backbone dihedral angles (¢,y) of the coiled coil domains were
densely located in the ideal a-helix region and that of the
collagen domains were highly populated around the region of
an ideal polyproline type Il helix secondary structures. Analysis
of hydrogen bonds showed that the coiled coil domains
exhibited ~88% helicity and the collagen domains retained
~80% of the collagen triple helices adopted by the
unconjugated P7 (Fig. S7). The overall geometric properties
converged after 300 ns (Fig. S8 and S9), showing the three
coiled coil domains located roughly on the same plane as

This journal is © The Royal Society of Chemistry 20xx
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initially constructed while the collagen triple helices are
projected with a ~ 70° angle between the symmetry axis of the
collagen domains and the coiled coil plane.

Various peptide-based ligands can be readily incorporated

on P7. As a proof-of concept, we used a RGDS ligand which
was originally discovered on fibronectin (FN) to interact with
the avpB3 integrin receptor. Notably, the RGDS was found at
the N-terminus of FN. To mimic natural FN, we synthesized a
new RGDS containing collagen peptides by preferentially
having the RGDS at the N-terminus and move the conjugation
site of (PCG) to the C-terminus to avoid steric hindrance on
RGDS for receptor binding. The new RGDS-containing collagen
peptide was conjugated with 26r to form an end-to-side
chimeric peptide, termed as (RGDS-P7)-26r (Scheme-2).

N [+
-GG-(POG);(PCG) J LS

Scheme 2. Self-assembly of RGDS containing chimeric peptides into hexamers with
control over local (trimer) and global (hexamer) multivalent ligand presentation.

The formation of hexamer was confirmed by AUC (Fig. S10)
and further supported by the MD simulation study (Fig. S11).
Cytotoxicity of (RGDS-P7)-26r was evaluated using human
glioblastoma U87MG cells which are known to express high
levels of the integrin receptor, avp3.1® As shown in Fig. $12,
the cell viability maintained at ~85% at peptide concentrations
up to 100 pM. To demonstrate tumor targeted efficacy, we
synthesized several variants of chimeric peptides which can
adopt different oligomerization states. By disrupting the (POG)
repeating pattern, we synthesized a constitutional isomer of
P7, termed as P7sr which did not fold into a collagen triple
helix given the absence of the corporative thermal transition
profile (Fig. S13). The chimeric peptide, (RGDS-P7sr)-26r is
expected to only form a dimer. Similarly, a trimeric assembly
can be generated by (RGDS-P7)-26r(P) in which 26r(P) was
synthesized by replacing the hydrophobic residues on 26r with
proline to form a monomeric random coil. The absence of a
tertiary structure was confirmed by the thermal transition
study (Fig.S14). A control hexamer was prepared by using P7-
26r without RGDS ligand or with DGSR. All chimeric peptides
were labelled with FITC at the N-terminus of either 26r or
26r(P). We compared the cell uptake by monitoring the
intracellular fluorescence after 24 hrs of incubation of peptides
with U87MG cells. As shown in Fig.4, (RGDS-P7)-26r showed
much higher fluorescence intensity than assemblies with
bivalent and trivalent RGDS ligand presentation. Without
RGDS, P7-26r showed some cell uptake, however much lower
than (RGDS-P7)-26r. Ligand targeting was further supported by
the low cell uptake of (RGDS-P7)-26r when incubated with
NIH/3T3 mouse fibroblasts which do not have the integrin
receptor as well as (DGSR-P7)-26r with a scrambled targeting
sequence (Fig. S15 and S16). While we are performing a more
systematic cell targeting study using a panel of different
targeting ligands, current results suggest that by controlling

J. Name., 2013, 00, 1-3 | 3
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both local and global ligand presentation, tumor targeting

efficacy can be enhanced.
RGDS-P7)-26r
Hexamer with RGDS

Hexamer w/o RGDS

Dimer with RGDS Trimer with RGDS

Figure 4. Fluorescence images of U87MG cells treated with FITC labeled peptides. (A)
(RGDS-P7)-26r (hexamer), (B) P7-26r (hexamer w/o RGDS), (C) (RGDS-P7sr)-26r (dimer)
and (D) (RGDS-P7)-26r(P) (trimer). Incubation time: 24 hrs. Peptide concentration: 50
UM. Scale bar: 100 um. Green: FITC labeled peptides. Blue: Hoechst 33342 staining.

In summary, we have demonstrated a hexameric peptide
nanostructure based on the self-assembly of a chimeric
peptide consisting of two distinctly folded domains. Tumor
targeted hexamers were fabricated with precise control over
both the local and global ligand presentation. In vitro tumor
targeting efficacy was much higher for ligand functionalized
hexamers than dimers or trimers, as well as hexamers without
targeting ligands. These molecularly defined hexamers are
promising candidates for the generation of artificial antibodies
which can combine various imaging modalities and chemo-
and photothermal- therapeutics for a range of disease
diagnosis and treatment.
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Graphical Abstract

Self-assembly of Chimeric Peptides Toward Molecularly Defined
Hexamers with Controlled Multivalent Ligand Presentation
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In this work, we report the self-assembly of chimeric peptides in which two distinctly
folded domains can be organized into a finite peptide hexamer for precise control over
multivalent ligand presentation and enhanced tumor cell targeting.



