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Fabrication and characterization of hydrogels
formed from designer coiled-coil fibril-forming
peptidest

A. F. Dexter,t*® N. L. Fletcher,§? R. G. Creasey, 12 F. Filardo,9® M. W. Boehm®
and K. S. Jack @ *c

Hydrogels are soft solids that represent attractive matrices for tissue engineering, wound healing and drug
delivery. We previously reported an a-helical peptide, AFD19, that forms fibrils and hydrogels at pH 6, but
precipitates under physiological conditions. We now show that a single targeted change in AFD19 yields
peptide AFD36, which gels at physiological pH and in the presence of salt. Furthermore, we present
a simple method for homogeneous sol-gel conversion through pH titration with sodium bicarbonate
followed by loss of carbon dioxide. Chemical and thermal denaturation studies show AFD36 self-
assembles to give stable a-helical structures, forming fibrils of 3.8-3.9 nm diameter at pH 4.0-7.0 as
shown by small-angle X-ray scattering and atomic force microscopy. An AFD36 gel at 0.35% (w/v)
showed an elastic modulus of 350 Pa. Mouse fibroblasts exhibited low cellular toxicity and spread
morphologies when grown on the gel as a preliminary proof of principle towards cell culture studies.
These peptide gels offer a molecularly simple, biodegradable alternative to polymer-based systems for

rsc.li/rsc-advances biomedical applications.

Introduction

Hydrogels are an area of burgeoning research interest, with an
increasing number of papers reporting the preparation and
characterization of these highly-hydrated soft solids.* High-
value applications for hydrogels exist particularly in the
biomedical field,® where a range of chemistries have been tested
for regenerative medicine,® drug delivery”® and wound
healing.>*

Two classes of hydrogels—chemical and physical—can be
distinguished in terms of the cross-links between the structural
components. In chemical (chemically cross-linked) hydrogels,
gel formation involves covalent cross-linking of polymer chains
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into a three-dimensional network. Such gels typically possess
a solid content in the range 5-15% (w/v), have high elasticity,
and undergo an equilibrium swelling process.”™* In contrast,
physical (physically cross-linked) hydrogels rely on weak non-
covalent interactions, such as hydrogen bonding, hydrophobic
forces or charge-charge interactions, between structural
components for network formation.'* The preparation of
physical hydrogels involves conversion of a sol to a gel state,
typically by mixing components or a change in temperature;
such gels cannot be prepared by equilibrium swelling of
a solid.™** Physical gels are commonly prepared at concentra-
tions in the range 0.1-5% (w/v) and have lower strength than
chemical gels.»*'**® Physical gels often display shear thinning
with self-healing, making them more suitable for soft tissue
engineering or as injectable media.>***

Peptides are favorable starting materials for the preparation
of physical gels, given their biodegradability, stimuli-respon-
siveness*"** and the possibility of rationally designing their self-
assembly.’®*®* The largest body of work to date on self-
assembling peptide hydrogels has employed B-sheet
motifs.'”*®** B-sheet peptides form fibrils in which component
peptides align perpendicular to the fibril axis, held together by
hydrophobic and hydrogen bonding interactions. Control of
fibril self-assembly and gel formation can be achieved by
control of peptide molecular charge,'®*® salt composition® and
solvent quality,"” yielding robust gels that have been success-
fully applied in a number of tissue engineering model
systems.>**’

This journal is © The Royal Society of Chemistry 2017
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B-sheet assemblies have been investigated and used exten-
sively for clinical applications.”®*® However, the core structure
of B-sheet fibrils resembles amyloid or prion structures that
occur in Alzheimer's and Parkinson's diseases, as well as
a number of other less well-known disease states in which
normal proteins refold into pathogenic structures in the pres-
ence of seed elements.**** Some reports have demonstrated the
cross-seeding of amyloidogenic sequences by dissimilar
amyloid structures.**** While there remains controversy as to
the generality of these results, in at least one case, fibrils of
designed peptides with amyloid-like properties were reported to
induce amyloidosis, illustrating the potential for initiation of
disease states by B-sheet gels.**

Another pathway to peptide hydrogels employs a-helices that
form extended coiled-coil fibrils in which the components align
parallel to the fibril axis. Rational design work from the
Woolfson group® has yielded a-helical peptides with forced
offsets that self-assemble into insoluble thickened fibrils. The
same group has reported peptide sequences that form thinner
fibrils and hydrogels that support cell growth.'® In addition,
several other researchers, including ourselves, have reported o-
helical peptides without forced offsets that form a-helical fibrils
and in some cases hydrogels.***®* We have attributed such fibril
formation to permissive, rather than forced, overlap of self-
similar peptide sequences,*® and believe fibril formation of
this kind may be a more widespread property of coiled-coil
peptides than previously recognized.

In this study, a coiled-coil peptide designed to gel at physi-
ological pH is characterized. The 21-residue peptide AFD36 was
generated by a single amino acid change from the previously
reported peptide AFD19.*° It is shown that this targeted change
shifts gelation from pH 6.0 to pH 7.4, allowing gel formation to
proceed under conditions favorable to mammalian cell growth.
Slow and uniform gelation was achieved by titration with
bicarbonate, permitting a handling window for the gelling
peptide solution. Small-angle X-ray scattering (SAXS) data
collected under varying conditions of pH are consistent with the
formation of higher-order coiled-coil fibrils as the basis of the
gel, with fibril formation confirmed using atomic force
microscopy (AFM). Chemical and thermal denaturation studies
show that the fibrils are extremely stable, a result which is
attributed to the strong hydrophobic driving force for self-
assembly. Oscillatory shear rheology results show the hydro-
gels to possess soft-solid properties. As a proof of principle, the
peptide hydrogels were used to support the growth of mouse
fibroblasts, making these materials promising candidates for
tissue engineering applications.

Experimental
Materials

Reagents were of the highest grade available. Water was purified
using an Elga Purelab Classic and had a resistivity of >18.2
MQ cm. Glassware was acid-cleaned as previously described.*®
Peptides AFD19 (Ac-LKELAKV LHELAKL VSEALHA-CONH,, FW
2354) and AFD36 (Ac-LKELAKV LHELAKL VKEALHA-CONH,,
FW 2395) were synthesized and purified by GenScript
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(Piscataway, New Jersey). The final purity was >95% in each
case. The peptide content of the solid was determined by
quantitative amino acid analysis (Australian Proteome Analysis
Facility, Sydney). The charge on each peptide as a function of
pH was estimated as described previously.*®

Plate reader assays

Spectrophotometric determination of pH used an Infinite M200
plate reader (Tecan, Minnedorf, Switzerland) with 48-well
plates and sample volumes of 200 pL. The acidity constant of
phenol red in Dulbecco's modified Eagle's medium (DMEM,
Invitrogen) was determined by titration, with absorbance
monitored at 433 nm. Reference A433 readings for fully
protonated and fully deprotonated phenol red were obtained by
addition of 10 mN HCI and 10 mN NaOH, respectively. A pK, of
7.70 was obtained as the y-intercept of a plot of pH vs. 10g((Aacia
— Au33)/(A43s — Apase))- The same pK, value was employed for
peptide solutions in phosphate-buffered saline (140 mM NacCl,
5 mM KCl, 1.5 mM Na + phosphate, 60 pM phenol red).

For gelling tests, 100 uL of an AFD36 stock solution (8.4 mM,
pH ~3) was mixed in a 48-well plate with 100 pL of an NaHCO;
solution in either 2 x DMEM containing 80 pM phenol red or 2 x
phosphate-buffered saline (240 mM NacCl, 10 mM KCl, 3.0 mM
Na + phosphate) containing 120 pM phenol red. UV-visible
spectra (700-350 nm) were recorded at 3 min intervals over
60 min and single wavelength readings were extracted for
analysis. Spectra showing an isosbestic point at 477 nm were
used for pH calculations, while samples showing light scat-
tering were excluded. For greater sensitivity, the pH of gelling
samples was determined at 558 nm, with pH calculated as 7.70 +
log(ASSS - Aacid)/(Abase - A558)-

Small-angle X-ray scattering

SAXS data were collected using an Anton Paar SAXSess instru-
ment which uses a monochromated Cu sealed anode operating
at 40 kv and 50 mA, a line focus (Kratky) geometry and a CCD
detector at a fixed sample-to-detector distance. Peptide samples
were prepared at 5 mg mL™" in 10 mM Na + acetate (pH 4.0 or
5.0) or 2-(N-morpholino)ethanesulfonate (MES; pH 6.0 or 7.0)
with addition of NaCl to maintain an ionic strength of 0.01.
Samples were housed in a silica capillary maintained at 20 °C
during the measurements. SAXS data were measured over
a range of ¢ = 0.007 to 0.2 A~ (where ¢ is the momentum
transfer vector) and the data were reduced by standard proce-
dures to remove the dark current and background measured
from the buffer, after accounting for the relative transmission of
the sample and background. The data were placed on an
absolute intensity scale using the known cross section of water
as a primary standard.”” The data presented represent the
average of 1800 exposures collected for 10 s each to ensure that
there were no changes occurring during exposure to the X-ray
beam.

Analysis of the X-ray data was carried out using the NCNR
analysis macros in Igor Pro. For the data obtained here, a flex-
ible cylinder model was used to determine both the mean
radius and persistence length of the fibrils as a function of pH.

RSC Adv., 2017, 7, 27260-27271 | 27261
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In these models the electron density for the buffer was calcu-
lated to be 9.45 x 10~° A~2, while that for AFD36 was estimated
to be 1.22 x 10~ ° A~ based on chemical composition.

Atomic force microscopy

AFM micrographs were collected using an Asylum MFP3D SPM
(Oxford Instruments) using NanoWorld FM probes (nom k = 2.8
N m™ ', nom f = 75 kHz) in tapping mode under ambient
conditions. Peptide samples were freshly prepared at 20 mg
mL " in water, then diluted to a final concentration of 5 mg
mL~" in MES buffer with final concentration of 10 mM (pH 6). 5
uL of sample was quickly spotted onto mica and immediately
removed, and allowed to dry in air overnight before imaging.
Image analysis was undertaken using freeware Gwyddion
(http://gwyddion.net) v2.41 and Image] v1.5 (http://
imagej.nih.gov/ij/).

Electronic circular dichroism (ECD)

ECD spectra were recorded on a Jasco J-815 spectropolarimeter
in 0.1-1 mm quartz cuvettes. AFD36 spectra were recorded at
20 °C using 1.75 mM peptide self-buffered at pH 7.0 (gel) or 3.1
(sol). Heating-cooling studies were carried out at 20-90 °C at
a heating rate of 1.5 °C min™ ", using 0.84 mM AFD36 in 10 mM
MES pH 7.0. Peptide solutions for chemical denaturation
studies were prepared at 250 M peptide in 10 mM Na + acetate
pH 5.0 (AFD19) or 10 mM MES pH 6.0 (AFD36) containing 0-8 M
guanidinium chloride (G.HCl), and were equilibrated at 20 or
50 °C before recording ellipticity at 222 nm. Raw ellipticity was
converted to mean residue ellipticity by normalizing for path
length and the concentration of peptide bonds.

Gel melting

A ball drop test was conducted using a stainless steel ball (6 mm
diameter; 1.0 g) placed on the surface of a AFD36 gel heated in
a water bath. The gel was prepared by mixing 4.2 mM AFD36 in
10 mM MES with 22.5 mM NaHCO; (final concentrations), and
was allowed to stand overnight before the heating test to allow
loss of CO, and complete setting. The gel was heated from 30 to
80 °C in 10 °C steps, and was held for 15 min at each temper-
ature before being photographed. A separate test was conducted
on an AFD36 gel prepared in phosphate-buffered saline at the
same concentration. Gel melting (T},) was recorded at the
temperature where the ball dropped completely through the gel.

Guanidinium chloride denaturation

Thermodynamic analysis of peptide self-assembly in the pres-
ence of denaturant was based on an approach by Fairman,*
adapted for a higher-order coiled-coil assembly. Various
schemes were tested using pentamer, hexamer or heptamer
states for the minimum coiled-coil assembly of AFD36 at 20 °C,
as well as a dodecamer based on end-to-end stacking of two
hexamers. Given that similar thermodynamic results were ob-
tained on a per-monomer basis for each of these oligomer
models, only a hexamer model was used for comparison of
AFD19 at 20 °C and AFD36 at 50 °C.
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Assembly of monomers to higher-order oligomers in the
absence of denaturant was treated as a two-state system in
which K, ; is the equilibrium constant for disassembly of the
coiled coil (n =5, 6, 7 or 12):

[mon]"
K, = 1
1 [n-mer] )
and AG is the associated positive free energy change:
AG = —RTIn K, , (2)

The presence of guanidinium chloride (G.HCI) was taken to
modify the free energy of peptide self-assembly in a linear
fashion:

AG = AGHO + y[G.HCY 3)

where m has a negative value and acts to decrease the free
energy penalty of coiled coil disassembly, thereby promoting
denaturation. A more negative value of m represents a larger
effect of G.HCI on peptide folding, and has been correlated with
a greater change in accessible surface area on conversion of the
folded to unfolded states.*

For electronic circular dichroism, the contribution of
monomers and n-mers to the ellipticity at a single wavelength
(in this case, 222 nm) is given by:

[mon]

[e}obs = [e}mon X [P} Lmon]"

I<n.l X [P}

+ [G}H-IT)CT X (4)

tot tot

where [0]mon is the mean residue ellipticity of the monomer and
[0]7-mer the corresponding value for the n-mer. The monomer is
taken to assume a random coil conformation with a mean
residue ellipticity close to zero, while the n-mer is taken to be
helical with a mean residue ellipticity that can be estimated
from the helix length.**** For chemical denaturation studies
with G.HCl, in which the free energy of self-assembly is different
at each denaturant concentration, eqn (4) was modified to give:

[mon] n x [mon]"
[e}obs = [e}mon X + [ ]n-mcr X AG(H20)
[P}tot C<T) y e(m[C_i].el;I“CI])
1
“ P (5)

tot

For test values of K,, ; and m for each value of n, values for the
free monomer concentration [mon] are obtained by numerical
fitting to the mass balance equation for the total peptide in
solution, [Pli, allowing assessment of the least-squares fit to
the data:

n x [mon]"

P
[P] (M) m[G.HCI]
e —RT X e( —RT )

= [mon] +

(6)

tot

Best-fit values of AGH:), m, [0]mon and [0],-mer obtained for
each test value of n are given in Table S1 of the ESI.}

This journal is © The Royal Society of Chemistry 2017
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Gel rheology

Rheological measurements were carried out at 23 °C on
a Thermo Scientific Haake MARS III stress-controlled rheometer
using parallel plates (35 mm titanium) at a gap of 500 um; the
top plate had emery paper attached to limit slip. To prepare
a gel, 500 puL 2.8 mM AFD36 pH 3 was mixed with 500 pL 25 mM
NaHCO;, 2x DMEM and loaded onto the lower plate using
a micropipette, after which the upper plate was lowered. To
limit evaporation, drops of water were placed in the solvent trap
around the outer edge of the lower plate and a hood was lowered
to cover the plates; the water drops were not in contact with the
sample. A transient oscillatory test was used to capture devel-
opment of structure as the pH rose with loss of CO, from the
sample, permitting gelation. The angular frequency was set to
6.28 rad s~ for quick measurements and the oscillatory shear
stress was set to 0.1 Pa, which gave strain less than 0.005.
Relative to the final gel, an oscillatory shear stress of 0.1 Pa was
well within the linear viscoelastic region. The oscillation time
test was run for 3600 seconds and measurements commenced
within 5 minutes of peptide mixing.

An oscillatory stress sweep at an angular frequency of 6.28
rad s~' was then run on the same sample, to determine the
linear viscoelastic region. Using an oscillatory shear stress of 0.1
Pa, an oscillatory frequency sweep was also run from 0.29 to
19.9 rad s~

Mammalian cell culture

NIH/3T3 cells (CRL-1658, ATCC) were maintained in DMEM
(Gibco, Life Technologies) supplemented with 10% (v/v)
newborn calf serum (Ausgenex, Australia). Cultures were kept
at 37 °C in a humidified 5% CO, incubator.

To remove residual by-products from solid-phase peptide
synthesis, solutions of AFD36 were stirred with 8 M urea and
3 mg mL™"' activated charcoal for 24 hours. Charcoal was
removed by centrifugation at 20 000 g for 45 minutes and
filtering (0.2 um). The solution was then dialyzed against 0.1 M
NaCl (24 h) and water (2 x 24 h). Recovered peptide (2.8 mM)
was adjusted to pH 3 and sterile-filtered (0.20 um) then stored at
—80 °C until use. To prepare gels for cell culture, 50 pL acidic
peptide solution was mixed thoroughly with 50 pL 25 mM
NaHCOj;, 2x DMEM (initially bicarbonate free) in individual
wells of a 48-well tissue culture plate. Samples were allowed to
gel for 1 h at RT then transferred to an incubator and soaked for
2 x 2 days in serum-free DMEM (500 pL) before seeding with
NIH/3T3 cells at 10* cells per well. Control wells contained NIH/
3T3 cells seeded onto tissue culture polystyrene (TCPS) alone.
Cell growth was quantified using AlamarBlue (Life Technolo-
gies) at days 1-4 (n = 3). Fluorescence readings used a Tecan
Infinite M200 plate reader with Ax 560 nm and Aep, 590 nm.
Fluorescence values for cell-free wells were subtracted from the
values of cell-containing wells. Statistical analyses used
Student's t-test, with differences considered significant for p
values of <0.05. Cell images were taken at 10x magnification at
day 3.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion
Peptide design

We have previously reported the design of a 21 residue pH-
responsive a-helical peptide, AFD19 (Ac-LKELAKV LHELAKL
VSEALHA-CONH,), that forms self-healing gels at pH 6.0 and
weight fractions as low as 0.1%. Here, it is shown that a single
designed change in AFD19 yields a new peptide, AFD36 (Ac-
LKELAKV LHELAKL VKEALHA-CONH,), that gels under physi-
ological conditions of pH and salt.

Fig. 1 illustrates the peptide AFD36 as a higher order coiled-
coil n-mer. Canonical coiled coils are based on an abcdefg
heptad repeat**® in which positions a and d comprise the
hydrophobic core of the coil and are typically occupied by
aliphatic amino acid residues such as leucine (L), valine (V) or
isoleucine (I). AFD19 and AFD36 are three-heptad peptides
conforming to this general pattern, where the flanking posi-
tions e and g are populated with additional aliphatic amino
acids, including helix promoting alanine (A). This yields an
expanded hydrophobic core that provides a strong driving force
for self-assembly, leading to a highly thermodynamically stable
coiled coil.”~* At the same time, an expanded hydrophobic core
tends to lead to formation of higher-order (tetramer and larger)
coiled coils,* as suggested for AFD19.%¢

For geometric reasons, higher-order coiled coils contain an
internal tubular cavity, as observed in heptamer,*** hexamer,*
pentamer®* and even tetramer®“** structures.

The outward-facing surface of the AFD36 coiled coil at
positions b, ¢, and f is occupied by hydrophilic residues,
primarily helix-favoring cationic lysine (K) and anionic gluta-
mate (E) residues, but also histidine residues (H; pK, ~6)
intended to confer pH-responsiveness in self-assembly. The sole

KKH

n~1-3

Fig.1 Structure of AFD36 modeled as a parallel coiled-coiln-mer. L, V
and A residues comprise an expanded hydrophobic core at positions a,
d, e and g of the abcdefg heptad repeat. Charged residues occupy
positions b, ¢, and f, which face the aqueous medium. For clarity,
cationic residues are in red, anionic in blue, and the hydrophobic core
is shaded.

RSC Adv., 2017, 7, 27260-27271 | 27263
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Fig. 2 Electronic circular dichroism (ECD) spectra of self-buffered
AFD36 in gelled and non-gelled states. Solid line, pH 7.0 (gel); dashed
line, pH 3.1 (sol). The peptide concentration was 1.6 mM.
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Fig. 3 Small-angle X-ray scattering by self-assembled AFD36 fibrils.
Data were collected for 0.5% (w/v) peptide at pH 4.0 (pink circles), 5.0
(yellow squares), 6.0 (blue diamonds) and 7.0 (red triangles). Solid lines
indicate fits to a flexible cylinder model. Data sets above pH 4.0 are
displaced upwards progressively by a factor of ten for clarity.

Table 1 Diameter of AFD36 fibrils at different pH values as obtained
from SAXS

Persistence
pH Fibril diameter (nm) length (nm)
4.0 3.91 + 0.05 10.6 = 1.4
5.0 3.82 £ 0.05 10.7 £ 2.1
6.0 3.79 £ 0.05 14.0 £ 0.3
7.0 3.78 £ 0.05 12.4 + 3.5

difference between AFD19 and AFD36 is the presence of a lysine
rather than an uncharged serine residue (S) at position 16,
meaning that at physiological pH, AFD36 carries a single posi-
tive charge, sufficient to prevent large aggregate formation
while permitting gelation based on the physical association of
fibrils.

27264 | RSC Adv., 2017, 7, 27260-27271
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Fig. 4 AFM 3D micrographs of AFD36, prepared from 5 mg mL™!
concentration under fibril-forming conditions (10 mM MES; pH 6) at (A)
micron (5 um x-scale, 20 nm z-scale) and (B) nanometer scale (125 nm
x-scale, 3 nm z-scale).

pH 6 sol
6 1 b
pH 7.4 gel
S 1 - pH 10.3 ppt
©
a

5 21 s
& -
E .........
8 0 ———sw———e—
o
=

-2 1 pH 7.5 ppt

-4 T T T : .

2 4 6 8 10 12

pH

Fig. 5 Gelation as a function of pH and molecular charge for AFD36
and parent sequence AFD19. Calculated charge curves are given for
AFD36 (solid line) and AFD19 (dotted line). Inset: photographs of sol,
geland aggregate states for AFD36 (top) and aggregate state for AFD19
(bottom). Phenol red has been included in the self-buffered AFD36
samples as a visual indicator of pH. The peptide concentration was
2.0 mM for AFD36 and 1.2 mM for AFD19; above critical gelling
concentration.

a-Helices in which e and g sites are populated by oppositely-
charged residues are generally expected to form parallel coiled
coils due to charge-charge repulsion in the antiparallel
arrangement.> While the e and ¢ sites in AFD19 and AFD36 are
occupied by non-polar residues, a similar argument may be
applied to the b and ¢ flanking positions,* making it likely that
these peptides assume a parallel structure.

This journal is © The Royal Society of Chemistry 2017
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Fig.6 pH changes over time for AFD36 gels prepared in model serum
salts upon titration with different concentrations of bicarbonate. Solid
line, 10.0 mM NaHCOg3; dotted line, 11.2 mM NaHCO3; dashed line,
12.5 mM NaHCOs. Inset: local gelling with pH inhomogeneity on
titration of AFD36 with NaOH. The peptide concentration in each case
was 2.1 mM.
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Fig. 7 Thermal stability of secondary structure for 0.84 mM AFD36 in
10 mM MES pH 7.0. Thick line, heating curve; thin line, cooling curve.
Inset: determination of the gel melting temperature via a ball drop test,
with photos taken at 30 °C (upper left) and 80 °C (lower right). Arrow
indicates T,,. The peptide concentration was 4.2 mM.

In the absence of more structural information AFD36 is
illustrated as a parallel coiled coil containing 5-7 base units in
cross-section. This is consistent with the propensity for o-
helices with an expanded hydrophobic face to form higher-
order coiled coils and the positioning of charged residues at
b and c¢ positions favoring a parallel arrangement. An oligo-
merization state larger than a heptamer is thought to be
unlikely as higher oligomerization states have not been
observed in designed peptide systems.*® This structure is also
consistent with the observed fibril diameter and cooperativity of
assembly of ~6 determined for the parent peptide AFD19.

The designs reported herein complement the work reported
by the Woolfson group, which has shown that designer coiled-
coil peptides form elongated fibrils if elements are included

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Rheological characterization of a 0.35% (w/v) AFD36 hydrogel
(A) over time during gelation (x axis is time from measurement
initialization) and (B) as a function of frequency (two samples). In both
plots G'; triangles, G”; squares.

that force end-to-end overlapping of a-helices. This approach
has been used to prepare insoluble o-helical fibrils with
controllable morphologies®” and more recently, thin fibrils
that form self-supporting gels.'® A similar approach, based on
placement of polar residues within the coiled-coil core, has
been reported by Zimenkov et al.*®** Another system showing
offsetting of helices was reported by Liu et al.,*” who observed
the peptide GCN4-pAA to form a heptameric coiled coil with
a single-residue shift in registry between adjacent helices,
resulting in an offset of a full heptad between helices 1 and 7.
Helix offsetting is likely driven by preferential packing of
hydrophobic residues at positions a, d, e and g, as well as a ring
of hydrogen bonding residues within the coiled-coil core. Xu
et al.>® more recently reported redesign of this peptide to give
7HSAP1. This peptide forms staggered coiled coils which are
able to stack via end-to-end overlap of helices to give coiled-coil
fibrils.

We have previously proposed another approach to coiled-coil
fibril formation that is driven by permissive rather than speci-
fied helix offsetting.*® Included in this class are peptides AFD19
and AFD36 as well as the fibril-forming sequences of Kojima
et al.,** Dong et al.,** Potekhin et al.*® and Melnik et al.>” which
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Fig. 9 Growth of 3T3 fibroblasts on AFD36 gels and TCPS controls.
Representative images of cells cultured on (A) TCPS control surface or
(B) AFD36 hydrogel at 3 days (scale bar 100 um). (C) Cell growth
measured via AlamarBlue fluorescence assay on TCPS (black bars) and
AFD36 hydrogels (grey bars) at 1-4 days 4+ SD (n = 3). *p values = 0.05,
relative to the control, as determined by Student's t-test.

possess some broad similarities. These designed peptides lack
forced offsets and have a high degree of self-similarity in the
constituent heptad repeats. Importantly, the net intermolecular
interactions of an a-helix with self-similar heptad repeats are
likely to be energetically similar for both an in-register
arrangement and a staggered fibril with heptad offsets.
Designs based on self-similar heptad repeats avoid the ther-
modynamically destabilizing® placement of polar residues in
the coiled-coil core, thereby facilitating development of gels
composed of short single peptides, as opposed to paired
peptides or longer sequences that may be expensive to synthe-
size. As exact repeats are not required for fibril assembly, this
design approach still allows the incorporation of specific resi-
dues to control molecular charge, as was done here to achieve
gelation at physiological pH. It also allows for diversity of
residue composition, which may be useful in the context of
peptide bioproduction.

Self-assembly of coiled-coils and gels

AFD36 self-assembles into a coiled coil as judged by electronic
circular dichroism (ECD) spectroscopy. Fig. 2 shows ECD
spectra for an AFD36 solution at pH 3.1 and a gelled sample at
pH 7.0. The double minimum at 208 and 222 nm and maximum
at 192 nm are characteristic of an o-helix. Unlike AFD19, which
gels at pH 6.0 but forms aggregates at pH 7.0, the redesigned
peptide forms transparent gels at pH 7.0. In the gelled state, the
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mean residue ellipticity at 222 nm is —30 100 deg cm® dmol *,
implying an a-helical content close to 91% for AFD36 under
these conditions.** In contrast to AFD19, which has a similar
helical content at pH 3.0 and pH 6.0 at low millimolar
concentrations (comparable to those used here),* AFD36 is less
helical at pH 3.1 than at pH 7.0. The difference may be due to
the higher molecular charge in AFD36 (+6 for AFD36 vs. +5 for
AFD19 at pH 3), leading to destabilization of the coiled coil by
a greater degree of electrostatic repulsion.

Formation of a gel at low weight concentrations strongly
suggests the formation of fibrils (as opposed to globular struc-
tures) as the basis of the gel. The shape of the ECD double
minimum for AFD36 at pH 7.0 is consistent with the formation
of fibrils that are not thickened by lateral association. While
early reports®® that coiled coils could be distinguished from
monomeric a-helices by a higher [0],,,/[0].0s ratio appear to
have been over-generalized,*** high [6],,,/[0],0s ratio are indeed
seen in cases of fibril thickening, likely due to light scat-
tering.'*** No such spectral changes are seen for AFD36; the
formation of optically clear gels at physiological pH also favors
the interpretation that the fibrils are not aggregated.

Fibril structure

To further investigate fibril self-assembly by AFD36, SAXS data
was obtained for AFD36 samples prepared at pH 4.0-6.0 (non-
gelled) and 7.0 (gelled). The data, with fits to a flexible
cylinder model, are shown in Fig. 3. Fitted diameters and
persistence lengths are given in Table 1 and are consistent with
the formation of fibrils at each pH, even though gelation is not
seen below pH 7.0. The fibrils have similar properties across the
entire pH range, with a diameter of 3.8-3.9 nm. From the
current SAXS data, it is evident that the fibril diameter for
AFD36 (<4 nm) is similar to that of observed using negative
staining transmission electron microscopy (TEM) of AFD19
fibrils at acidic pH,* and that bundling or thickening of AFD36
fibrils in solution does not occur in the pH range from 4.0 to 7.0.
For comparison, Banwell et al'® have reported designer
peptides with zero net charge that form bundled fibrils (as
judged by electron microscopy and ECD) as well as opaque gels.
It appears that the molecular charge on AFD36 at the pH values
tested here prevents fibril bundling.

To better characterize fibril structure and dimensions, AFM
was performed on samples prepared at pH 6. As shown in Fig. 4,
fibrils were observed at pH 6 on the mica surface. AFD36 fibrils
had a height of 3.5 &+ 0.9 nm (N = 51) as measured by AFM. It is
documented that the AFM imaging process may reduce the
apparent height of biological molecules and in addition, the
fibrils are in a dehydrated state.®® Hence, the AFM data is
consistent with SAXS data.

Comparison of AFD36 fibril diameters with reported higher-
order coiled coils shows observed sizes to be consistent with the
proposed coiled-coil structure. Data from X-ray crystallography
or nuclear magnetic resonance spectroscopy give approximate
diameters of 3.1 nm for the designed peptide GCN4-pAA (seven
strands; 2HY6),*” 3.0 nm for the M2 segment of the acetylcho-
line receptor (five strands; 1EQS),** 3.3 nm for the designed

This journal is © The Royal Society of Chemistry 2017
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peptide CC-Hex (six strands; 3R48)* and 2.9 nm for cartilage
oligomeric matrix protein (COMP, five strands; 1VDF).*” Rede-
sign of GCN4-pAA has yielded peptide 7HSAP1, which forms
fibrils with a proposed heptamer structure and a diameter of
3.0 nm as measured by X-ray diffraction.*® The AFD36 fibrils, at
3.8-3.9 nm as measured by SAXS and 3.5 nm as measured by
AFM, are slightly larger than these reference systems. The
diameter of an a-helix is not constant but instead dependent on
residue composition. Therefore, the larger observed fibril
diameter may in part be due to the higher content of larger
aliphatic residues in AFD36 than are present in the comparison
systems. Nonetheless, the diameter is still consistent with
a fibril structure comprising unbundled higher-order coiled
coils of at least a pentamer. In an effort to more precisely
determine the minimum oligomer state of the peptide size
exclusion chromatography was attempted under acidic condi-
tions. At lower pH, high molecular charge was expected to
prevent fibril assembly; however, conditions were not able to be
identified that gave discrete coiled-coil assembly in the absence
of fibril formation. Chemical denaturation studies (below) also
fail to distinguish between different oligomer states, but
confirm that the fibrils are highly thermodynamically stable,
apparently as a result of a strong hydrophobic driving force for
self-assembly.

The persistence lengths of AFD36 fibrils as determined by
SAXS may also be compared to those of other biomolecular
systems. In the pH range from 4.0 (sol) to 7.0 (gel), AFD36 fibrils
show a persistence length of 10-14 nm, indicating a flexible
structure that does not alter over the sol-gel transition. For
comparison, the persistence length of double-stranded DNA,
with a hydrodynamic diameter of 3 nm, lies in the range 50-
100 nm,* indicating that the DNA double helix has less flexi-
bility than AFD36 fibrils. Fibrils of 1-6 nm diameter formed
from the milk protein p-lactoglobulin have a persistence length
of 90 nm to 4 um depending on B-sheet content,”® while
amyloid-forming designer B-sheet peptides have persistence
lengths of up to 70 pm at a diameter of 8 nm.” AFD36 fibrils are
thus relatively flexible, which may relate to the non-specific
character of hydrophobic interactions between the subunits in
the fibril. Fibril lengths were also measured by AFM, with fibrils
identified from <100 nm to >4 um in length (average length
914.4 + 838 nm, N = 81). Many fibrils were intertwined or were
not fully visible within an image area (Fig. 4A); nonetheless,
AFD36 fibrils show a very high aspect ratio.

Charge-based control of gelation

Formation of physical hydrogels involves a delicate balance
between solubility of the main components and association
between them. We have previously reported a “phase diagram”
for formation of sol, gel and aggregate states by AFD19 as
a function of pH,*® and have accounted for transitions between
these states in terms of changes in the molecular charge. Fig. 5
shows a similar schematic for AFD36, with the charge curve for
AFD19 included for comparison. At acidic pH, both peptides
form low-viscosity solutions, which convert to transparent
hydrogels on titration with base. For AFD19, gel formation
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occurs at pH 6.0, where the molecular charge lies close to +1.
For AFD36, a similar charge is only reached at around pH 7.0,
allowing gelation to proceed at physiological pH. Both peptides
form precipitates at pH values where the predicted molecular
charge lies close to zero, but this occurs at pH 7.0 for AFD19,
while the equivalent state is not reached until pH 10.3 for
AFD36. Both peptides form a second gel phase at high pH (data
not shown), where the molecular charge lies close to —1; Aggeli
et al.”® have similarly reported that a molecular charge of +1 or
—1 is compatible with the gelation of B-sheet peptides.

Although we have not relied on intermolecular charge-
charge interactions in the design of AFD19 and AFD36, we
consider net molecular charge to be an important factor in
control of fibril-fibril interactions, allowing inter-fibril associ-
ation to drive gel formation while preventing fibril bundling
that could lead to loss of solubility. Results with both AFD19
and AFD36 show that gel transitions occur at pH values close to
a molecular charge of +1 or —1, while loss of solubility occurs at
a pH where the molecular charge approaches zero (Fig. 5). The
morphology of the AFD19 or AFD36 aggregates formed at zero
charge have not been examined, but it is reasonable to assume
that they comprise bundles of the fibrils seen at nearby pH
values, possibly resembling the fibril bundles formed by offset
peptide designs with a zero net charge.>**” Development of
a method that provides a handling window for pH-responsive
gelation is an important element in potential biomedical
application of gels in this class, as it permits the formation of
evenly-mixed gels, which can be otherwise difficult to prepare in
fast-gelling systems.

Interestingly, both AFD19 and AFD36 gels appeared to self-
heal after mechanical disruption on a time scale similar to
the original gel formation. Gelation of AFD19 or AFD36 is also
reversible with pH indicating that they may be suited for use in
injectable gels.

Uniform gelation via transient buffering

One disadvantage of pH-responsive gelling systems is
a tendency to mix poorly due to local gelation on addition of
acid or base. This was observed with AFD36 gels prepared in the
presence of pH indicator dyes (Fig. 6, inset). On addition of
NaOH to an acidic peptide solution containing phenol red,
a basic gel forms locally (crimson) that is surrounded by acidic
medium (yellow). pH equilibration occurs slowly, leading to
a non-uniform structure and lower gel strength; in extreme
cases, gel formation may fail completely. To overcome this
problem, a method of slow pH adjustment was developed based
on transient buffering by carbon dioxide. The method gives
a handling window for gelation of concentrated peptide solu-
tions, while allowing uniform mixing to maximize gel strength.
To achieve this, an acidic peptide solution is titrated with the
weak base sodium bicarbonate leading to the formation of
carbonic acid, which itself dissociates to give a slightly acidic
solution pH. Carbonic acid is in equilibrium with atmospheric
carbon dioxide, meaning that it is gradually lost from the
gelling solution, leading to a slow pH rise that can be observed
using an indicator dye.
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UV-visible spectrophotometry and phenol red were used to
track pH changes in AFD36 samples prepared in phosphate-
buffered saline and titrated with different amounts of sodium
bicarbonate; results are shown in Fig. 6. As would occur on
titration with a strong base, the final pH depends on the
amount of base added, but following addition of bicarbonate,
pH change occurs as an initial step change followed by a slow
drift upwards, with equilibration in a 200 pL volume taking
more than an hour. Clear gels are obtained at pH values up to
8.2 (not shown), but light scattering is observed at higher pH,
consistent with fibril bundling as the molecular charge on the
peptide begins to approach zero. Gel formation occurs before
the pH change is complete, but the slow rate of pH change
allows a handling window of several minutes for the peptide
solutions prior to gelation, a property that may be useful in
clinical settings. Overnight exposure of the gels to a 5% CO,
atmosphere in a mammalian cell incubator lowered the pH by
approximately 0.4-0.5 pH units (as observed by color change of
phenol red), but an appropriate concentration of bicarbonate
could be chosen to allow the preparation of gels with a pH
suited to cell culture studies. Similar kinetic results were ob-
tained for AFD36 gels prepared by the addition of bicarbonate
in Dulbecco's modified Eagle medium (DMEM), allowing
sample preparation for tissue culture experiments. Similarly,
gel preparation using 10 mM MES-bicarbonate buffer allowed
sample characterization by ECD (below) while minimizing
interference by salt.

Thermal stability of AFD36 helices and gels

Thermal denaturation studies were carried out to determine the
heat stability of self-assembled AFD36 structures. This was done
both in terms of primary (coiled coil) and secondary (gel)
assembly, and showed gel melting to occur independently to o-
helix denaturation. Fig. 7 shows the effects of temperature on
AFD36 helix content, as determined by ECD. At 20 °C, the mean
residue ellipticity at 222 nm is —30 100 deg cm” dmol " for
a gelled sample at pH 7.0. On heating to 90 °C, the mean residue
ellipticity decreases to —25 500 deg cm® dmol ", indicating that
the temperature of half-denaturation (“melting temperature”) is
well in excess of 100 °C. Cooling to 20 °C results in recovery of
most, but not all, of the original helical content, giving a final
value of [0],,, of —28 800 deg cm® dmol~*. Compared to the
helical content, the macroscopic gel structure of AFD36 is less
stable. A ball drop test showed a gel-sol transition temperature
(Ty) of close to 80 °C for an AFD36 gel prepared in 10 mM MES
buffer, although this increased to 90 °C for a gel prepared in
phosphate-buffered saline at higher ionic strength. The
disparity between the ECD and gel transition temperatures
suggests that the gel-sol transition may occur by loss of the
physical cross-links between the fibrils, as opposed to loss of the
helical structure. Alternately, the slight decrease in helix
content may lead to shortening of the fibril segments with loss
of an overall network structure. In either case, the thermal
transition for the AFD36 gel lies well above physiological
temperatures, which is promising for potential biomedical
applications.
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Thermodynamics of coiled-coil assembly

Guanidinium chloride (G.HCI) denaturation studies on AFD36
and AFD19 were used to quantify the stability of these two
peptide systems under weak gel-forming conditions (i.e., low
concentration at pH 5.0 for AFD19 and pH 6.0 for AFD36).
Details of these experiments are in the ESI.f Thermodynamic
parameters for peptide self-assembly were determined by fitting
helical content (measured by ECD; Fig. S1f) to monomer-
oligomer models. These data showed both AFD36 and AFD19
to have extremely high thermodynamic stabilities of 9.3 and
9.5 k cal mol™" per monomer at 20 °C for a hexamer model,
respectively. Furthermore, variations in the assumed oligo-
merization state from n = 5-12, used in the thermodynamic
modelling, resulted in only small changes in calculated
stability, from 9.1 to 9.5 k cal mol~' per monomer for AFD36
(Table S1%). This indicated calculated stability values to be
relatively insensitive to assumed oligomerization state. While
this means such analysis is unable to explicitly determine
coiled-coiled oligomerization state, even in the absence of such
knowledge calculated stability values may be compared to
previous published findings. These values are larger than re-
ported for comparable systems,** likely due to high average
helix propensity. In addition, the expansion of the hydrophobic
core to include positions e and g is a key factor in the designs of
AFD19 and AFD36 and likely contributes to the high thermo-
dynamic stability by increasing the hydrophobic driving force
for assembly. This is further supported by the increased stability
of 10.6 k cal mol™" per monomer of AFD36 when G.HCI dena-
turation was conducted at 50 °C (Table S1f), where such
hydrophobic forces may be enhanced.

Gel rheology

Rheology was used to confirm the formation of robust gels
using sodium bicarbonate titration. Furthermore, it has been
shown that cell growth and function are impacted by the
mechanical properties of the underlying substrate.”” The
storage (G') and loss (G”) moduli of a gelling peptide solution
were recorded using oscillatory shear rheology as the pH rose
with loss of CO, from the sample following addition of bicar-
bonate, allowing observation of the rate of network formation
(Fig. 8A). A viscoelastic solid (G’ > G”) was formed in the time
taken to mix and load the sample and structure development
then followed approximately first order kinetics. After 60
minutes the value of G’ was 350 Pa, indicating mechanical
properties similar to soft tissues such as brain and lymph
node.” Few hydrogels based on coiled coils have been reported
and only a small number have been investigated using
rheology.'* Comparison of AFD36 gels to published B-sheet
peptide systems show comparable properties at similar or lower
weight concentrations.”™”®

After one hour, the formed gel showed moderate frequency
dependence of G’ and G” (Fig. 8B). However, no cross-over point
was observed, with G’ being greater than G” by at least at order
of magnitude at all frequencies tested. At the completion of
testing, visual observations of pH-dependent color change
showed the peptide sample to be lower than physiological pH,
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likely due to limitations to the loss of CO, at the plate edge. The
results obtained are thus likely to represent a low-end estimate
of the rate of gelation and the final gel strength.

Mammalian cell culture on peptide gels

As a proof of concept to assess the ability of AFD36 hydrogels to
support mammalian cell growth, NIH/3T3 cells were cultured
for 4 days on either tissue culture polystyrene (TCPS) or AFD36
gels pre-equilibrated with serum-free growth medium. Cell
growth was quantified by AlamarBlue assay at each day, with
cell images recorded at day 3 (Fig. 9). The fibroblasts prolifer-
ated well on AFD36 hydrogels, with cell growth at 68% of TCPS
levels at day 4, a level of growth similar to that seen with -
hairpin peptide gels.”””® The fibroblasts adopted spread
morphologies on AFD36 gels similar to the TCPS surface.
Adhesion and spreading may be due to non-specific protein
adsorption from serum onto the surface of the hydrogels,
providing cellular attachment points. The lack of toxicity and
observation of cellular proliferation suggest that the peptide
gels have potential as biomaterials for tissue engineering
applications.

Conclusions

In the present work, we show that simple design algorithms
yield a short a-helical peptide that forms responsive fibrils and
hydrogels at physiological pH and salt. The generality of the
fibril design approach reported here has not yet been fully
tested, but it is clearly broad. Suitable thermodynamic analysis
may be able to distinguish between sequences that will or will
not support fibril formation, and we are currently developing
a predictive model to this end.

Low-weight gels were formed uniformly by utilizing a simple
methodology of transient buffering by carbonic acid to obtain
physiological pH. The coiled-coil state was confirmed by ECD,
with fibril formation investigated via SAXS and AFM. Nano-
fibrils were observed possessing diameters consistent with
a cross-section of 5-7 monomers per coiled-coil, with a low
persistence length and high aspect ratio. The resulting gels are
highly thermostable, with melting temperatures exceeding
80 °C as shown by ECD and ball drop tests. Characterization of
the peptide hydrogel's mechanical properties via rheology show
a weak viscoelastic solid comparable with soft tissues. Fibro-
blast cell culture showed spread morphologies with some
cellular proliferation, providing a proof of principle for the
capability of these peptide hydrogels for use as a mammalian
cell growth platform. The peptide hydrogels offer a potential
pathway for drug and/or cell delivery in a biocompatible matrix,
in addition to providing insights into protein aggregation,
which in turn may provide for greater understanding of related
disease states.
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