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Peptide-based Synthetic Design,
Construction and Morphology of Soft
Structures

Sudipta Mondal?, Apurba K. Barman?, and Sandeep Verma*a®

Abstract: Peptide-based self-assembly offers a unique entry into the construction of soft structures with interesting
material properties and functions. Aromatic amino acid-containing peptides are commonly employed as they
exhibit high propensity to aggregate due to increased hydrophobic content, promotion of favorable secondary
structures, planarity and the possibility of m—m interactions. Incorporation of covalent scaffolds, stimuli-responsive
handles and carbohydrate moieties augment beneficial characteristics to the resulting peptide conjugates. These
modifications were shown to enforce self-association, elicit stimuli response and achieve improved hydrophilic
properties, to name but a few.
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1. Introduction

The process of autonomous self-as-
sembly perhaps came into effect during
prebiotic evolution when primordial mac-
romolecular templates were assembled
on natural surfaces and the formation of
protocell, from simpler constituents, was
inextricably linked to the emergence of life
and evolution. Self-assembly is defined as
a molecular process where smaller, simple
entities self-associate, through a number of
non-covalent interactions, to afford com-
plex hierarchical architectures. Abundant
examples of this intriguing phenomenon
are encountered in natural systems, which
include the assembly of actin filaments,
microtubule polymerization and forma-
tion of viral capsids, to name just a few.[]
Gaining inspiration from naturally as-
sembled systems, various biomimetic ap-
proaches have been described in contem-
porary literature.2!

In particular, peptides and proteins of-
fer interesting starting points for triggering
this phenomenon owing to the chemical
diversity of side-chains, ease of chemical
modifications and the possibility of ex-

ploiting a host of non-covalent and metal-
assisted interactions, to stabilize higher or-
der ensembles.B! Consequently, a variety
of nanoscale morphologies such as fibers,
vesicles, nanotubes are observed for amino
acids and short peptides and these biocom-
patible soft materials have been used for
diverse biological, medical and material
applications.[4

However, precise control over shape
and size selectivity in peptide-based nano-
structures requires deeper insight into op-
erating mechanisms associated with the
self-assembly process. In this review, we
endeavor to describe our efforts to discover
and apply strategies for peptide conjugate
design, study of their solution-phase self-
organization and possible applications.

2. Design Strategies

Our designs substantially rely on the
choice of aromatic amino acid-containing
short peptides, flexible or rigid scaffolds
for conjugation and carbohydrate modifi-
cations. The latter modification is usually
invoked to impart and improve water solu-
bility, a feature important for cell and bio-
logical applications. These strategies are
discussed in the following sections.

2.1 Aromatic Peptides

The presence of aromatic amino ac-
ids in peptides is considered important
as it promotes favorable m-stacking and
hydrophobic interactions.l5] Remarkably,
this non-bonding feature has a significant
role in secondary structure stabilization as
61% Phe residues, 59% Trp residues and
54% Tyr residues are involved in protein—
protein hotspot interfacial interactions.
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Their role is important for self-assembly
as their aromatic nature augments neces-
sary thermodynamic considerations and
engineers definite packing patterns to con-
fer directionality and orientation in these
ensembles.B-01

The presence of aromatic amino acids
in peptide sequences leads to an enhanced
propensity to aggregate due to increased
hydrophobic content, promotion of favor-
able secondary structures, planar geometry
and to an extent, the possibility of - in-
teractions.l®71 However, these observa-
tions are mostly amino acid and sequence-
dependent. Starting from self-assembly
of phenylalanine to reveal amyloidogenic
fibers,[81 to accelerated self-assembly
and hydrogelation exhibited by Fmoc-
protected pentafluorophenylalanine,®! to
self-assembling dipeptide nanotubes,!?]
the examples are far too many to enlist
completely in this review.

Tryptophan is one of the most con-
served aromatic amino acids in protein
sequences. Indole, the heterocyclic ring
present in tryptophan, self-assembles
when alkylated at the N(1) or N(3) posi-
tion to give vesicular structures in aqueous
solution.['!] Stability of alkylated indole/
tryptophan could be ascribed not only to
its hydrophobicity, but also to electrostatic
and dispersion forces.l'?! In another study,
aggregates of tryptophan-containing hep-
tapeptide exhibited the property of chlo-
ride ion transport from liposomes, in bi-
layer conductance studies.!'3! Being aware
of beneficial non-bonding interactions due
to aromatic rings, we have extensively
employed tryptophan-containing peptides
around flexible or rigid scaffolds to create
supramolecular ensembles in solution.

2.2 Covalent Scaffolds

Conjugation of short peptide sequences
to covalent scaffolds is a useful strategy to
mimic hierarchical organization present
in proteins. This approach provides favor-
able thermodynamic considerations by
curtailing chain dynamics, thereby induc-
ing self-aggregation and structure forma-
tion. This approach was successfully ap-
plied for the stabilization of collagen triple

helix mimics around the C,-symmetric
TREN scaffold, while introduction of ad-
ditional responsive sites in such scaffolded
structures have resulted in the formation
of fibers, gels, spheres, and meshes, with
potential applications in drug delivery, tis-
sue engineering, and regenerative medi-
cine.l'4] Some other scaffolds for covalent
conjugation described in literature include
cis-1,3,5-trimethylcyclohexane-1,3,5-
tricaboxylic acid,[’3  tris(2-aminoethyl)
amine)-(suc-OH) ¥ and [-Ala-Tris,!1°]
to name just a few. Some early reports have
also described lysine dimers, 6-amino-
hexanoic acid and 1,2,3-propanetricarbox-
ylic acid,['7] as covalent scaffolds. We have
used this strategy to induce self-assembly
in non-aggregating short peptide sequenc-
es. Some of the representative scaffolds
employed by us for self-assembly studies
are described below.

2.2.1 Linear Flexible Linkers

In one study with GPG palindromic
tripeptide, we conducted molecular dy-
namics (MD) simulations to investigate its
propensity to aggregate in solution, as it
displayed nicely layered crystallographic
signature in the solid state.l'8! In the first
simulation, four randomly oriented GPG

LR e S b BTG AT

Fig. 1. MD simulations studies: (a) four ran-
domly placed GPG tripeptide units; (b) snap-
shot of (a) after 10 ns; (c) artificially stacked
tripeptides; (d) snapshot of (c) after 2.5 ns.
Reproduced by permission of The Royal
Society of Chemistry from ref. [18].

peptides, placed in a box with methanol
molecules, failed to aggregate in 15 ns
(Fig. 1). None of the four GPG peptides
achieved proximity to each other during
the course of simulations suggesting a lack
of intermolecular interactions favouring
aggregation. In a second simulation, four
GPG tripeptides were artificially stacked
one over the other, but they quickly disso-
ciated indicating their inability to retain the
self-assembled structure (Fig. 1). These
observations were also proven by micros-
copy studies. However, it was possible to
enforce aggregation by conjugating two
such palindromic tripeptides with a 1,2-di-
aminoethane linker.!'8! Formation of fibers
in a time-dependent fashion was confirmed
with atomic force microscopy and it was
also possible to observe birefringence, af-
ter staining with Congo red dye, under a
polarizing optical microscope (Fig. 2).

A linear linking scaffold was applied
to conjugate a truncated pentapeptide from
the copper-binding octarepeat domain
(PHGGGWGQ) of the prion protein.l*]
As the latter is implicated in several neu-
rodegenerative disorders, there is consid-
erable interest to use peptide segments
from such proteins to mimic and study the
process of protein self-aggregation. We
started working with the truncated penta-
peptide PHGGG from the octarepeat do-
main, and interestingly, pentapeptide alone
failed to exhibit aggregation as confirmed
by microscopy analysis.[20] But, extensive
fibrillation was observed when two such
pentapeptides were conjugated to each
other, from their C-terminus, with a linear
1,4-diaminobutane linker (Fig. 3).

The ability of PHGGG pentapeptide
to aggregate was remarkably augmented
when conjugated to 6-aminocaproic acid
(3). Time-dependent growth of peptide
fibrils from spherule-like pre-fibrillar
structures was observed and the continu-
ous growth process of fiber formation was
recorded over a period of 15 days, with
the help of optical microscopy (Fig. 4).211
This study provided a crucial insight into
the emergence of amorphous pre-fibrillar
intermediates en route to the formation of
full length peptide fibers.

H,N=GPG

S
HNKl\GGGHP-NHEi
H,N—PHGGG.__NH
T

1

Fig. 2. (a) Structure of GPG conjugate 1; (b) AFM image of fibrillar net-
works of 1; (c) Optical microscopic image of fibers with Congo red stain-
ing. Reproduced by permission of The Royal Society of Chemistry from
ref. [18].

Fig. 3. (a) Structure of PHGGG bis-pentapeptide; (b) AFM image of
freshly prepared solution of 2; (c) TEM image of seven days aged solution
of 2. Reproduced by permission of The Royal Society of Chemistry from
ref. [20].
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Aggregation of full-length protein is
often unmanageable for screening inhibi-
tors given their insolubility in aqueous me-
dium. Thus, it was interesting to note that 3
could serve as a suitable model system to
screen inhibitory potential of microtubule
poison colchicine and other small mole-
cules for chemical intervention of peptide
aggregation (Fig. 4). Incubation of 3 with
colchicine at t=0 or t=10 days either led to
the arrest of aggregation at spherical pre-
fibrillar stage or it completely dissolved
mature fibers, respectively.

2.2.2 Rigid Aromatic Linker

We also resorted to using 2,6-pyridine-
dicarboxylic acid as a rigid linker to influ-
ence peptide self-assembly. It could be
envisaged that this rigid scaffold may aid
supramolecular organization by restricting
conformational entropy.[?2l To test this hy-
pothesis, we conjugated two Trp-Trp di-
peptides to 2,6-pyridinedicarboxylic acid
to maximize aromatic T—T interactions.
Conjugate 4 afforded formation of spheri-
cal structures in solution.[231 It is important
to emphasize that dipeptide alone did not
give stable structures in solution despite
long incubation periods. Interestingly, 4
also exhibited selective interaction toward
Hg?* ions as determined by competitive
titration experiments conducted with vari-
ous metal ions. A detection limit of 200
nM was achieved for Hg?* ions in a flu-
orescence-based assay. Curiously, binding
of Hg? to soft spherical structures led to
vesicle fusion, attributed to metal ion-as-
sisted stacking of individual vesicles with
each other (Fig. 5).

0O a
HEN-PHGGGJ‘LNH

0

HN.,
3 PHGGG=NH,

-

Soanredt 1 =

Fig. 4. (a) Structure of PHGGG bis-conjugate with 6-aminocaproic acid (3). Snap-shots of time-
dependent growth of 3: (b) spherical pre-fibrillar formation at day 1; (c) fibrous growth from spheri-
cal nuclei (day 3); (d) elongation of fibrils (day 7); (e) formation of fully extended fibrils (day 15). (f)

AFM micrograph of 3 after co-incubation with colchicines. Reprinted with permission from ref.

[21]; Copyright (2007) American Chemical Society.

Stable interaction of 4 with Hg?" ions,
as determined from fluorescence and self-
assembly studies, motivated us to further
study this conjugate for mercury ion ex-
traction from living cells. E. Coli DH50.
cells were exposed to Hg?* ions at a con-
centration completely inhibitory towards
bacterial growth, followed by the addition
of 4 to the culture media. Cells loaded with
mercury ions, when challenged with 4, re-
sulted in a dramatic rescue against mercu-
ry toxicity, in a concentration-dependent

fashion (Fig. 5).[23 Thus, it is possible to
design soft structures with suitable metal
ion-responsive linkers for biological ap-
plications.

2.2.3 C-symmetric Flexible Linker
Tris(2-aminoethyl)amine (TREN) is a
symmetric scaffold where nodal tertiary
nitrogen and three primary amino groups
provide a useful flexible, symmetric geom-
etry to mount peptide sequences. Clathrin,
a protein crucial for cellular transport and

Time (h) 5
2 lm

Fig. 5. (a) Structure of pyridine-ditryptophan conjugate (R = Trp-Trp);
(b) Vesicular morphology of compound 4; (c) SEM micrograph of 4 in
the presence of mercury ions; (white arrow represents vesicle fusion);
(d) Rescue of E. coli DH5a. cells from mercury toxicity. (black) Normal
growth; cells pre-treated with 1.8 uM Hg?* followed by addition of (pink)
40 uM, (blue) 20 uM and (maroon) 10 uM of 4; (red) cells treated with
1.8 uM Hg?*. Reprinted from ref. [23] with permission from Elsevier.

—

Fig. 6. (a) Triskelion ditryptophan conjugate 5; (b) SEM image of the self-
assembled structures of 5; (c) Encapsulation of dye in the vesicles of
triskelion conjugate; (d) Release of encapsulated dye upon mild acidifica-
tion. Reproduced with permission from ref. [25], Copyright ©2007 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 7. SEM images of (a) pre-formed spheres of 6 co-incubated with
AuNPs. (b) 6-AuNP hybrid soft structures upon sunlight exposure.
Fluorescence microscopy images of (c) 6 co-incubated with rhodamine B

Fe dye; (d) Dye encapsulated spheres co-incubated with AuNPs. (e) and (f),

Dye encapsulated AuNP soft structures exposed to sunlight. Reproduced

7 by permission of The Royal Society of Chemistry from ref. [26].

Scheme 1. Molecular structures of different conjugates based on Trp-Trp

dipeptide and TREN.

small molecule trafficking, is a striking
example of natural self-assembling system
employing C,-symmetric triskelion struc-
ture implicated for the formation of cage-
like architectures.?*! We envisioned that
aromatic dipeptide conjugation to TREN
would afford a bioinspired synthetic triske-
lion construct suitably poised for self-as-
sembly studies.

The MM+-optimized structure of Trp-
Trp-TREN conjugate (5) exhibited an
overlap of two indole rings, suggesting a
critical role of mt-stacking in ensuing orga-
nization of synthetic triskelions.[?5] Rapid
assembly to reveal spherical structures
occurred as soon as synthetic triskelion
was dissolved in aqueous methanol, fol-
lowed by microscopy studies (Fig. 6). It
was proposed that interdigitation of indole
residues in Trp—Trp arms leads to forma-
tion of nanocage-like structures in bio-
inspired construct for dye encapsulation.
Interestingly, mild acidification made the
vesicular structures leaky, resulting in the
release of the encapsulated fluorescent dye
(Fig. 6).1251 Extreme acidification com-
pletely disrupted spherical morphology,
which could be reversed on neutralization
of solution, thus offering entry into pH-
responsive soft cages for encapsulation
and transport.

As an interesting variation to the de-
sign of synthetic triskelion, thiol moieties
were incorporated in the core structure of
5 to get a thiolated triskelion conjugate 6
(Scheme 1). Introduction of a thiol group
was considered to also explore the inter-
action of gold nanoparticles (AuNP) with
self-assembled soft structures.[26] Spherical

2 oxow
2 w2

Emission at 345.07 nm
"
o

%~ —— # Cyclodextrin
=y Cyclodextrin
—— @ Cyclodextrin

-
.

o4

&0 e — A TN
» = . iy .; =,

Concentration (mh)

0.06 0.08

Fig. 8. (a) Self-assembled soft structures of compound 7; (b) Fluorescence enhancement of 7 in
presence of different cyclodextrins; (c) Morphological behaviour of the soft structures in presence
of cyclodextrin. Reprinted from ref. [27] with permission from Elsevier.

morphology was observed, which co-
alesced to form fused structures upon ag-
ing. As this process could be reversed by
treatment with dithiothreitol reduction, it
was proposed that surface-exposed thiol
groups undergo aerial oxidation to afford
fused structures through disulfide cross-
link formation.

This information was exploited to ar-
rive at AuNP decorated spherical struc-
tures, which responded to the stimuli of
electromagnetic plasmonic heating when
exposed to sunlight. The soft peptide scaf-
fold underwent deformation due to gen-
eration of thermal energy, which prompted
us to study dye encapsulation and release
through sunlight exposure (Fig. 7).[20]

Yet another modification was achieved
by conjugating electroactive ferrocene
moiety to arrive at ferrocenylated triske-
lion conjugate 7 (Scheme 1), in order to
investigate electrochemical properties of
self-assembled structures.[2”1 Analogous to
other TREN-based conjugates, 7 also self-
assembled to reveal spherical structures
through the fusion of spherical subunits
of smaller dimensions (Fig. 8). Notably,
tryptophan fluorescence was quenched in

self-assembled structure possibly due to
resonance energy transfer from Trp to a
proximal ferrocene moiety. Fluorescence
could be restored by forming stable host-
guest complex between ferrocene moi-
eties and exogenously added o-, B-, or
v-cyclodextrins (Fig. 8),1271 to release Trp
side chains for excitation/emission pro-
cess. This process, however, also led to a
change in morphology to flattened disc-
like structures.

2.3 Carbohydrate Conjugation

Incorporation of carbohydrate moieties
in synthetic molecules imparts hydrophilic
character, confers multivalency and offers
specific interactions with several receptor
proteins in a number of tissue-types.[28] In
addition, the hydrophilic property of car-
bohydrates is of special interest to gener-
ate amphiphilic nanostructures of various
shapes and multivalency properties.[?1 A
novel approach of creating self-assembled
structures from carbohydrate amphiphiles,
derived from bio-based feedstock, promis-
es to open up limitless possibilities of new
molecules to create materials with focused
applications.301
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Fig. 9. Self-assembled morphology of Phe-Phe based conjugates, (a)
and (b) SEM images of 8 and 9; (c) and (d) AFM images of 10 and 11 re-
spectively; (e) Fluorescent micrograph of 11 ultrasonicated with pBR322
plasmid DNA. Reproduced with permission from refs [31, 33a], Copyright
© 2012 European Peptide Society and John Wiley & Sons, Ltd.;

10 Copyright © 2010 European Peptide Society and John Wiley & Sons, Ltd.

Scheme 2. Molecular structures of different constructs after conjugation

with mannose residues to Phe-Phe dipeptide.

Phe—Phe, a well-known aromatic di-
peptide, yields robust nanotubes.[!0 In or-
der to improve its aqueous solubility, man-
nose residues were covalently attached
to yield constructs 8-10 (Scheme 2).1311
Interestingly, mannose conjugation leads
to a morphology switch from tubular to
fibrillar and spherical structures.

While single mannose conjugate 8
afforded fibrillar morphology, conjuga-
tion of two mannose units in 9, attached
via a lysine residue at the N-terminus of
dipeptide, resulted in the formation of
spherical self-assembled structures (Fig.
9). Introduction of a thiol group in mono-
mannose conjugate 8 afforded 10, which
switched the morphology from fibrillar to
spherical (Fig. 9).

Mannose residues were also conju-
gated to a hydrophobic tetrapeptide PFFP,
known to result in the formation of spheri-
cal structures, 32! through o~ and €-amino
groups of lysine residue (11) (Scheme
2).1331 Aqueous solubility was considerably
enhanced upon mannose conjugation and
construct 11 self-organized to give spheri-
cal structures resembling to those of PFFP
(Fig. 9). Results of the turbidimetric assay
with lectin Concanavalin A suggested that
hydrophilic mannose moieties decorated
outer surface exposed to the aqueous envi-
ronment. These structures were able to en-
capsulate pPBR322 plasmid DNA inside the
hollow cavity following mild ultrasonica-
tion, as confirmed by electrophoresis and
acridine orange binding experiments (Fig.
9). Such studies suggest that hydrophilic

peptide-based spherical structures could
serve as containers for macromolecular
guests and possibly extended for cell trans-
fection.[33

3. Conclusions

Peptide-based soft structures were
constructed from aromatic amino acid-
containing peptides by employing covalent
conjugation to flexible or rigid scaffolds
and by conjugation to hydrophilic carbo-
hydrate residues. A variety of morpholo-
gies were possible through molecular de-
sign and many constructs were used for
dye encapsulation, macromolecular con-
tainment and stimuli-responsive release
of guest molecules. In one example, soft
structures were also used to rescue bacteria
from mercury poisoning, thereby suggest-
ing wide ranging applications when cou-
pled with suitable design strategies. Newer
studies in soft matter research would con-
tinue to provide impetus for creation of
new materials for various applications.
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