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ABSTRACT: Unlike naturally derived peptides, computationally
designed sequences offer programmed self-assembly and charge
display. Herein, new tetrameric, coiled coil-forming peptides were
computationally designed ranging from 8 to 29 amino acids in
length. Experimental investigations revealed that only the
sequences having three or more heptads (i.e,, 21 or more amino
acids) exhibited coiled coil behavior. The shortest stable coiled coil
sequence had a melting temperature (T,,) of approximately 58 + 1
°C, making it ideal for thermoreversible assembly over moderate
temperatures. Effects of pH and monovalent salt were examined,
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revealing structural stability over a pH range of 4 to 11 and an enhancement in T, with the addition of salt. The incorporation of the
coiled coil as a hydrogel cross-linker results in a thermally and mechanically reversible hydrogel. A subsequent demonstration of the
hydrogel printed through a syringe illustrated one of many potential uses from 3D printing to injectable hydrogel drug delivery.

B INTRODUCTION

Computational modeling allows for the prediction of peptide
amino acid sequences that results in the formation of alpha
helices and assembly into coiled coils, which can be viewed as
monodisperse colloidal nanoparticles.”” In nature, the coiled
coil motif provides structural support to intricate proteins and
enzymes, as illustrated in keratin proteins, which contain
conserved coiled coils that form long rod-like structures.’
Additionally, coiled coils contribute dynamic properties to
proteins as demonstrated in the influenza hemagglutinin
protein, where coiled coils exhibit pH-responsive conforma-
tional changes,” or in the SNARE complex responsible for
bringing cell membranes together.’ The synthetic coiled coil
bundle unit, or bundlemer, acts similarly as a structural unit.
Unlike its natural counterpart, bundlemers are computationally
designed to be highly stable to various chemical variations at its
exterior, allowing for extensive functionalization at specific
locations on their periphery. For instance, the exterior of the
bundlemer has been modified to be highly charged” or present
a programmed charge pattern, facilitating assembly into exotic
2D crystalline structures.” The well-defined structural and
dynamic attributes of the bundlemer, combined with the
potential for precise positioning of click chemical elements,
yield an ideal building block capable of responding to
environmental cues in a programmed manner.'
Bundlemer-forming peptides are typically synthesized via
automated solid-phase peptide synthesis (SPPS). The
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utilization of heated SPPS allows for rapid generation of
both natural and non-natural sequences. For example, a typical
29 amino acid bundlemer-forming sequence is readily
synthesized in less than S h. Reactive functional groups, such
as click functionality, are incorporated to enable bundlemer
cross-linking, resulting in extremely rigid-rod polymers.1
Incorporating coiled coils into other materials can result in a
new material endowed with responsive attributes, such as
dynamic hydrogels.”® The ability to swiftly prototype
bundlemer-forming peptides with click-chemistry functionality
and integrate them into bulk materials provides new avenues
for advanced materials design.

One bundlemer-forming peptide sequence that has been
recognized for its exceptional stability, particularly in response
to modulation of exterior amino acid residues, is depicted in
Figure 1 as BNDL29.” Generally, peptide sequences that form
left-handed coiled coil assemblies follow a seven amino acid
interaction repeat pattern or heptad.” The BNDL29 sequence
is constructed from four heptads with alanine (A), isoleucine
(1), and methionine (M) in the first, fourth, and seven amino
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Figure 1. Rendering of an antiparallel tetrameric coiled coil (top) and
the computationally optimized amino acid sequence predictions
(bottom). Within the coiled coil, a single peptide helix is color-coded
to illustrate the approximate positions of each heptad and their
corresponding sequence, which is represented by their single letter
amino acid code. Sequence written from the N- to C-terminus with
the C-terminus containing an amide end-group.

acid positions of each heptad, respectively. This arrangement
results in a peptide helix with a hydrophobic face consisting of
alanine and isoleucine amino acids, making it amphiphilic and
driving the formation of coiled coils within an aqueous
environment. The computational design of BNDL29 ensures
that four peptides assemble into a coiled coil, with the
displayed exterior amino acids avoiding charge interactions
that could lead to destabilization of the bundle, aggregation, or
lattice formation.” Under pH-neutral conditions, BNDL29
exhibits excellent thermal stability, boasting a melting temper-
ature in excess of 90 °C." Moreover, the introduction of a wide
range of designed mutations (i.e., substitutions) of amino acids
at the exterior of the coiled coil with other polar and charged
amino acids does not typically compromise its thermal
stability, highlighting the robustness of the computational
design.””""

The stability of a coiled coil is significantly influenced by the
sequence length. For long coiled coil protein sequences (i.e.,
>10 heptads), stability is generally independent of chain length
and dependent on properties like the positioning of hydro-
phobic residues within the sequence.'' Conversely, for short
coiled coil peptide sequences (i.e., <10 heptads), stability is
highly dependent on chain length, where longer coiled coils are
generally more stable. The minimum stable length for a
dimeric coiled coil is usually 2—3 heptads based on
observations from both natural and synthetic coiled coils.'"”
Researchers have further enhanced the stability of short-length,
9-amino-acid helical peptides and coiled coil peptide
assemblies through intra- and interhelical cross-links, respec-
tively."*'* Additionally, the incorporation of salt bridging along
the exterior of the coiled coil has been found to have drastically
improved the stability of coiled coil peptides consisting of
three heptads.'® Shortening of peptide sequences is desirable
from a practical viewpoint as synthetic yields increase and
synthesis times decrease with decreasing peptide length.
Moreover, shorter sequences are more sensitive to solution
conditions, allowing for the dynamic tunability of materials

that incorporate bundlemers. Last, probing the lower bound of
sequence lengths enhances our understanding of the
fundamental principles associated with bundlemer design and
engineering.

In this study, we explore coiled coil assembly as a function of
peptide length by examining computationally designed
peptides ranging from 1 to 4 heptads. We then focus on the
shortest stable sequence and examine how salt, pH, and
temperature affect its formation and stability. Last, drawing
inspiration from the pioneering work of Tirrell and co-
workers,® we investigated the utilization of this computation-
ally designed coiled coil within a hydrogel construct to impart
a dynamic response to these otherwise inactive materials.

B EXPERIMENTAL SECTION

Computational Design. Homotetrameric coiled coils were
computationally designed using a previously described methodology.”
Briefly, four heptad-based coiled coils were constructed using a
mathematical model of a helix, which was parametrized by the
superhelical radius, superhelical phase, relative displacement of the
ends along the superhelical axis, minor helical phase, and superhelical
pitch. These parameters were varied based on observations from
natural coiled coil structures.'”'® The mathematical coiled coil
description was then constructed by invoking D, symmetry (Figure
2a).> The probabilities of the hydrophobic amino acids (i.e., A, V, I, L,
M, F, Y, and W) residing in the interior were assessed using statistical
theory, enabling the calculation of internal energy.”” Monte Carlo-
simulated annealing over the structural parameters was used to
identify local energy minima, guiding the selection of A, I, and M for
the first, fourth, and seventh amino acid positions, respectively, in the
heptad repeat.” In prior work, the amino acids that reside at the
exterior were evaluated using this statistical design approach while
also selecting directional self-complementary interactions to form
specific coiled coil-based crystalline lattices. A nonlattice forming
sequence'’ was identified as a control in that work. Here, we utilized
this base sequence, designated as BNDL29, and applied the same
statistical design approach to shorter sequences.

Newly optimized sequences were generated that contained 22, 15,
and 8 amino acids, corresponding to 3, 2, and 1 heptads, respectively,
based on BNDL29 as a reference (see Figure 1). The antiparallel
nature of BNDL29 implies that simply truncating the sequence to
achieve length variations would likely lead to misalignment of exterior
residues (Figure 2b). The initial backbone design of BNDL29
followed a de novo approach.” The backbone featuring a densely
packed hydrophobic interior core was selected. While shorter
sequences may not be expected to form helical coiled coils, to
maintain hydrophobic packing and consistency in the design, the
backbones of the BNDL8, BNDL1S, and BNDL22 variants (shown in
Figure 1) were created using the same set of helical parameters as
BNDL29.”

For the BNDL8, BNDL1S, and BNDL22 variants, amino acid
identities at hydrophobic positions mirrored those of BNDL29 (i.e.,
A, I, and M in the first, fourth, and seventh heptad positions,
respectively) to preserve the integrity of the hydrophobic core (Figure
2¢,d). The identities of exterior residues were determined using the
same probabilistic approach used to calculate BNDL29; this involved
calculating the probabilities of amino acids at each site to guide the
sequence selection. Once the most probable amino acid along the
exterior was identified, it was fixed, and the calculations were repeated
until all of the amino acids residing at the exterior were determined.
The exterior sites for BNDL8, BNDL1S, and BNDL22 allowed for 18
types of natural amino acids (excluding proline and cysteine). To
enable accurate concentration characterization via UV—vis spectros-
copy, the location of a tryptophan (W) or tyrosine (Y) was initially
identified based on the probability profiles (Y at position 6 in BNDLS,
W at position 13 in BNDL1S, and W at position 10 in BNDL22). The
tryptophan or tyrosine was kept constant in subsequent calculations,
with the most probable amino acid type selected for the remaining
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(a)

Figure 2. BNDL29, BNDL22, and BNDL1S models. (a) Space filling
model of the BNDL29 peptide. Residues 1—15 are colored in blue,
and residues 16—29 are colored in red. The blue-end residues interact
with the red-end residues from the antiparallel neighboring helix,
making the simple truncation of the sequence not optimal for creating
shorter bundles. (b) Rendering of the antiparallel and D, features in
BNDL29. Each helical backbone is represented by a cylinder, and the
N-termini are colored in blue and C-termini in red. Antiparallel
helices aligning in opposite directions are colored differently, chains in
the top — bottom direction (N — C terminus) are colored in pink,
and the neighboring antiparallel helices are colored in gray. The three
C, rotation axes inherent to the D, symmetry are drawn. The
hydrophobic interior core is rendered as spheres, where the carbon
atoms adopt the same pink/gray color scheme as the cylinder models.
(¢, d) The backbone structures of BNDL22 and BNDL1S are built
using the same Crick’s parameters as BNDL29, and the interior
residues (rendered in spheres) were kept, preserving the hydrophobic
core. The pink/gray coloring scheme for antiparallel chains is the
same as panel (2b).

exterior residues. Another synthetic consideration was the substitution
of aspartic acid with glutamic acid to prevent the possible formation
of aspartimide during synthesis.*’

Peptide Synthesis and Characterization. All chemicals and
reagents were obtained from Fisher Scientific, unless otherwise stated.
The designed sequences were synthesized via microwave-assisted
solid-phase peptide synthesis (SPPS) following standard Fmoc-
deprotection protocols.”’ Synthesis was performed on Rink-amide
resin (ChemPep) with Fmoc-amino acids (ChemPep) being double-
coupled using diisopropylcarbodiimide (TCI) and OxymaPure
(CEM) in 8 and 4 times excess, respectively, in dimethylformamide.
This approach utilized microwave-assisted heating (Liberty Blue,
CEM) to rapidly reach coupling temperatures of 90 °C, allowing for 2
min coupling times. After each coupling, the Fmoc protecting group
was removed with a single deprotection using 20 v/v% piperidine
(Sigma-Aldrich) in dimethylformamide at 75 °C for 3 min. After
synthesis, the peptide was cleaved from resin using a trifluoroacetic
acid (TFA) cleavage cocktail (92.5/2.5/S v/v% TFA (Honeywell)/
water/triisopropylsilane (Chem Impex) with SO mg/mL phenol
(TCI) and 50 mg/mL 1,4-dithiothreitol (Chem Impex)) for 3 h. The
crude product was precipitated by using ice-cold diethyl ether. The
precipitate was isolated via centrifugation at 3000 relative centrifugal
force (rcf) (Eppendorf centrifuge 5702R) for 6 min at 4 °C, followed
by decanting of the ether. The pellet was washed three times by
resuspending it in fresh ether, centrifuging, and isolating the solid
peptide each time. Finally, the peptide pellet was dried under a stream

of nitrogen overnight, yielding a solid crude peptide. The resulting
solid was redissolved in water and purified using reverse-phase high-
performance liquid chromatography (HPLC) (Waters 2535). A
gradient from S to 95% acetonitrile in water with 0.4% TFA was used
to purify the peptides. The molecular weights of the peptides were
confirmed via ultraperformance liquid chromatography—mass spec-
troscopy (LC-MS) (Xevo G2-XS QTof, Waters) (Figure S1), and the
fractions containing the purified product were lyophilized (Labcono-
co, FreeZone) to a solid powder.

In preliminary work, it was observed that residual TFA from the
synthesis and purification process impacted the consistency of the
results: specifically, the determination of the melting temperatures
and the propensity to aggregate (Figure S16). To address this issue, a
method adapted from Ford and Kloxin was used to remove TFA from
the peptide product.”” Briefly, TFA was removed by dissolving the
peptide product in water at a concentration of 1 mg/mL and adjusting
the pH of the solution to 4 via the addition of hydrochloric acid
(HCI). The peptide solution was then placed in 1 kDa dialysis tubing
(G-biosciences, tube-O-DIALYZER) and dialyzed against acidified
water (pH 4). The acidified water was replaced every 4 h over a 24 h
period to displace any TFA salts bound to the peptide. After 24 h, the
sample was dialyzed against non-pH-adjusted deionized (DI) water,
with the water being replaced every 4 h over another 24 h period to
remove residual HCL. The removal of TFA was confirmed via F'"
NMR (Neo 400 MHz, Bruker) via the disappearance of the peak at
—76 ppm.

The peptides’ secondary structure was assessed using circular
dichroism spectroscopy (CD) (Jasco-1500). Solid peptide samples
were gravimetrically weighed and dissolved in water to the required
concentration, which was confirmed using UV—vis spectroscopy
(Thermo Scientific Nanodrop 2000C) at 280 nm. Samples were
heated from 10 to 90 °C at a rate of 1 °C/min, and CD spectra were
collected in 10 °C increments. CD spectra were obtained with a 1 mm
path length quartz cuvette over a range of 185—250 nm with a digital
integration time (D.LT.) of 4 s, a scanning speed of S0 nm/min, and
averaging 3 accumulations. The melting temperature (T,) was
determined by identifying the inflection point in the CD absorption at
222 nm as a function of temperature, reported in Table 1. The
inflection point was determined by fitting the collected values at 222
nm with a Boltzmann sigmoidal curve using a Levenberg—Marquardt
iteration algorithm in Origin software. The CD data were reported as
concentration-corrected mean residue ellipticity (MRE), where MRE
= CD/(l-cn) and CD is the ellipticity, ! is the path length, c is the
peptide concentration, and # is the number of amino acid residues in
the peptide.”

The impact of salt and pH on the thermal stability of the coiled coil
was investigated using thermal sweeps in CD. Samples were prepared
with the BNDL22 sequence at a peptide concentration of 0.1 mM, as
determined by UV-—vis spectroscopy. To investigate the effect of
monovalent salt on coiled coil formation, a peptide solution with
NaCl, NaF, KCI, or KF at a salt concentration of 20, 70, or 120 mM
was prepared in deionized (DI) water without pH adjustment,
yielding a pH of approximately 5. Additionally, the influence of pH on
coiled coil formation was investigated by initially dissolving the
peptide in DI water, yielding a pH of approximately S, and then
adjusting the pH lower or higher by adding HCl or NaOH,
respectively, as determined by a pH probe (Thermo Scientific,
OrionStar A215 & Orion ROSS Sure-Flow Semi Micro probe).

Hydrogel Formation and Characterization. Dynamic hydro-
gels were formed via a radical-mediated thiol—ene reaction between
alkene-functionalized BNDL22 and a tetrafunctional poly(ethylene
glycol) (PEG)-thiol star polymer. The alkene-functionalized BNDL22
was synthesized by incorporating an alkene-functionalized lysine at
the N-terminus of the peptide sequence, which, once assembled,
results in a tetrafunctional alkene coiled coil. Specifically, a lysine with
an N-epsilon alloxycarbonyl (alloc) protecting group (Chem Pep)
was used as an alkene-functional handle. The alloc protecting group is
resistant to TFA deprotection and remains after cleavage from the
resin. Following peptide purification, the resulting product was
obtained as a solid powder. The peptide was dissolved in water to
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form a coiled coil, which was confirmed through CD spectroscopy. To
the peptide solution, a 20 kDa tetrafunctional PEG-thiol (JenKem)
and the lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
photoinitiator were added (10 mM BNDL22, 11 mM LAP, and 2.5
mM PEG-4SH) and equilibrated to S0 °C.

Hydrogel formation was assessed in real time by monitoring the
elastic and viscous moduli as a function of time using parallel-plate
photorheometry (HR30, TA Instruments), which irradiates the
specimen through the bottom plate (see Figure SIS for a typical
plot of moduli versus time of irradiation). An 8 mm sandblasted
parallel plate was chosen as the upper plate geometry to avoid slip of
hydrogels. Each hydrogel was prepared by loading the liquid reactants
onto the rheometer and irradiating the specimen with 365 nm light
(OmniCure Series 2000, Excelitas Technologies) at an intensity of 20
mW/cm? for 3 min, enabling real-time property measurement and
confirmation of gelation.”* The properties of resulting hydrogel were
further characterized using oscillatory shear rheology as a function of
temperature and strain, maintaining a fixed gap of 300 ym.

Isothermal strain cycling experiments were performed at 22 °C
with a fixed frequency of 1 Hz (6.28 rad/s) ranging from 1 to 600%
strain. Isostrain holds were carried out at both high strain (600%) and
low strain (1%) for 30 s each. A total of 4 strain cycles were
performed on the hydrogels to determine the mechanical recover-
ability of the BNDL22 cross-linked hydrogels.

Isothermal holds were performed at 22 °C for 2 min at 5% strain
and 1 Hz, with a temperature set-point equilibration time of 20 s.
Following the 2 min sweep at 22 °C, the set temperature was
immediately changed to 60 °C and allowed to equilibrate for 20 s.
Upon reaching equilibration at 60 °C, another 2 min sweep at 5%
strain and 1 Hz was carried out. Temperature cycling between 22 and
60 °C was completed over 4 cycles to assess the temperature-
dependent mechanical recovery of the BNDL22 cross-linked
hydrogels.

B RESULTS AND DISCUSSION

Peptide Synthesis and Characterization. The secon-
dary structures of the coiled coil-forming peptides were
assessed by using CD spectroscopy, as shown in Figure 3.
The CD spectra of BNDL29 and BNDL22 at 20 °C exhibit
minima at 208 and 222 nm and a maximum at ~190 nm,
which are characteristic of helical structure.”> Examining the
ratio of 222 nm to 208 nm for BNDL29 and BNDL22 shows a
value of ~1, indicating the presence of coiled coils rather than
a-helices."**® The temperature dependence of the secondary
structure of the BNDL22 peptides was investigated by
increasing the temperature from 10 to 90 °C while monitoring
the CD spectra, as shown in Figure 3. As previously reported,
BNDL29 exhibits T, > 90 °C at a pH of approximately 5 in DI
water. BNDL22 exhibits a T,, of S8 + 1 °C, with complete
disassociation to random coils at temperatures above
approximately 70 °C (see Figure S6A). Conversely, the CD
spectra of BNDL15 and BNDL8 at 20 °C only exhibited a
minimum around 200 nm, indicating random-coil structures
(see Figures S2B and S3B, respectively).”” Additionally, there
was no discernible change in secondary structure across a
peptide concentration ranging from 200 to 6.25 uM (Figure
S7).

While computational design predicts sequences for a given
coiled coil structure, previous observations indicated that such
short sequences were unlikely to form experimentally.
Specifically, 2-heptad long peptide sequences, without the
addition of covalent linkages or copious salt bridgin%, are
generally not observed to form coiled coils in nature.">** A
requirement of at least 3 heptads for coiled coil formation has
been demonstrated for various dimeric coiled coils.'" Studies
by Fairman et al.” suggested that the impact of peptide length
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Figure 3. CD spectra for BNDL29, BNDL22, and BNDLI1S peptides
at a concentration of 100 uM, plotted as mean residue ellipticity
(MRE) versus wavelength. CD spectra of (a) BNDL29, (b) BNDL22,
and (c) BNDL1S show the secondary structure of the peptide at 100
#M in DI water without pH adjustment, resulting in a pH of ~5. CD
spectra of BNDLS8 (Figure S2B) is analogous to BNDL1S. BNDL29
and BNDL22 peptides exhibited coiled coil formation, indicated by a
maximum at 195 nm and minima at 208 and 222 nm, with the 222
nm/208 nm ratio of approximately 1. The BNDLI1S sequence
displayed a random coil structure due to the minimum at 200 nm.
This suggests that BNDL1S, consisting of 2 heptads, is too short to
form a stable coiled coil. All samples were measured at 20 °C in DI
water without pH adjustment, resulting in a pH of ~S.

is more significant in tetramers compared to dimers. This effect
is attributed to the increased change in free energy per heptad
in tetramers, which was attributed to the increased burial of
hydrophobic residues.”® The stability constraint of >3 heptads
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has been hypothesized to be due to a lack of favorable
interactions within short coiled coil sequences;'” thus, despite
the higher degree of contact in tetrameric compared to dimeric
coiled coils, we observe a similar length limitation in
computationally designed tetramers optimized for stability.
Consistent with these findings, we found that BNDL22 is the
smallest peptide in this series capable of forming a stable coiled
coil, making it suitable for material applications without
additional external stabilization.

Impact of Solution Conditions on Stability. The
presence of salt can have either a stabilizing or destabilizing
effect on the coiled coil structure based on the amount and
type of salt. Salt can screen both intracoiled coil charge
interactions of amino acids along the exterior and intercoiled
coil charge interactions of amino acids between coiled coils.
Moreover, the type of salt present can significantly affect the
coiled coil stability. Many salts have been categorized into what
is known as the Hoffmeister series, which orders salts based on
their observed propensity to promote or disrupt interactions,
leading to either a “salting in” or “salting out” effect on proteins
and peptides.””*” “Salting in” refers to the solubilization of a
protein in the presence of salt, while “salting out” describes the
precipitation of a protein caused by the preferential interaction
of some salts with water or the protein surface.”’ Considering
the influence of salt on proteins, it might be expected that
monovalent salts such as KCl would enhance the stability of
coiled coils. This increased stability has been explained as an
increased hydrophobic effect, where in the presence of the salt,
water igzavailable to preferentially interact with amino acid side
chains.

Table 1. Melting Temperatures of BNDL22 at 0.1 mM in
Different Monovalent Salt Solutions at 100 mM

salt T, +1(°C)
no salt 58
NaCl 69
KF 86
NaF 80
KCl 71

Solutions of BNDL22 were prepared over a range of salt
types and concentrations in DI water without pH adjustment,
yielding a pH of approximately 5, and their CD spectra were
recorded as a function of temperature to explore the effects of
solution salinity on the coiled coil secondary structure. Salts
with multivalent ions, specifically magnesium sulfate and
sodium citrate, were found to cause precipitation of
BNDL22, which is also observed in various other protein
systems.”** To focus on the effects of different salt anions and
cations, monovalent salts, specifically NaCl, NaF, KCl, and KF,
were selected. In all cases, the addition of these salts resulted in
an increase in melting temperature, with an increase in T, as
the salt concentration was increased up to 120 mM (Figures
S8—S11). The increase in the thermal stability is consistent
with the screening of unfavorable charge interactions along the
exterior of the coiled coil. Notably, F~ had a greater stabilizing
effect than CI7, and K" had a greater stabilizing effect than Na®,
as evidenced by the increases in T, (see Table 1). These
trends align with the increases in protein stability described by
the Hoffmeister series, resulting from the enhanced stabiliza-
tion of the hydrophobic core responsible for the self-assembly
of the coiled coil.*>*

The protonation state of charged side groups is determined
by their individual pK, values, impacting the overall charge of
the coiled coil in response to pH changes. Studies, such as that
of Dutta et al., typically focus on pH solution conditions
between 5.5 and 8.5, owing to the pK, of the basic and acidic
amino acid side groups;’” furthermore, many of these studies
have observed enhanced coiled coil stability within an acidic
pH range of 6.5 to 2. This finding may seem counterintuitive,
particularly for dimeric coiled coils reliant on salt bridging
interactions to maintain their structure, such as those
associated with lysine—glutamic acid.’® Importantly, it has
been demonstrated that the influence of pH on stability is
contingent upon the ionic strength. This relationship between
ionic strength and pH trends was elucidated in a dimeric coiled
coil system, where, at 100 mM NaCl, there was a shift to
increased stability under acidic conditions.’® As discussed in
the context of the Hoffmeister series, the influence of salt on
coiled coil stability is consistently observed; additionally, there
is an intrinsic correlation between salt and pH. Salt aids in
stabilizing the coiled coil at high pH by screening like-charge
interactions. Conversely, at low pH, salt destabilized the coiled
coil due to acidic side chains becoming partially protonated
and thus no longer charged.”’

The impact of pH on the stability of BNDL22 was
investigated by adjusting the pH. Given that sodium and
chloride ions predictably affect stability, we selected HCI or
NaOH to adjust the pH from 2 to 13 of the BNDL22
solutions, as shown in Figure 4. The transition from coiled
coils to unfolded random coils was assessed by monitoring the
ratio of ellipticities at 222 nm and the isodichroic point at 204
nm. This metric was selected because the ellipticity at 222 nm
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Figure 4. Effect of pH on the stability of the BNDL22 coiled coil
structure. The ratio of 222 nm to 204 nm, as measured via CD, was
used as an indicator for the presence of coiled coils, where pH values
from 4 to 11 exhibit a primarily coiled coil structure. Values were
measured after annealing the sample from 90 to 20 °C at a
concentration of 100 mM peptide in water with pH adjustment made
with HCI or NaOH. pK, values of acidic and basic amino acids are
indicated to show the correlation between the denaturation of the
peptide at those values. Additionally, the estimated net charge of the
peptide (Z) is plotted to corroborate these locations, where stability
changes occur. The gray regime indicates the pH range at which the
peptide precipitation occurs.
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represents the extent of helicity, while the ellipticity at 204 nm
indicates the presence of a two-state system and remains
constant across both folded and unfolded states, making it a
suitable reference point for structural changes.”

Based on the CD spectra, a primarily helical structure was
observed from a pH between 4 and 11. At pHs lower than 6 or
greater than 12, a decrease in the ratio of 222 nm to 204 nm
was observed, indicating a transition toward a higher
proportion of random coils. This structural shift at these pH
values is attributed to the partial protonation or deprotonation
of acidic and basic amino acid side chains as their pK, values
are approached. For pH values below 4, a transition from
primarily coiled coils to primarily random coils was observed,
marked by a shift in CD to a single minimum at 200 nm (see
Figure S12A,B). Given that the pK, values of all the acidic
amino acids in the sequence are greater than 4, a pH < 4
corresponds to the removal of all negative charges and a shift
in the net charge from +4 to +28 per coiled coil. Conversely, at
pH > 12, peptide precipitation was observed, resulting in no
clear CD signal (see Figure S12L). In this pH range, all of the
positive charges associated with the basic amino acids are
expected to be removed, resulting in a decrease in net charge
from +4 to —24 per coiled coil. The shifts in charge from
extreme pH adjustment resulted in destabilization of the coiled
coil structure, possibly by eliminating stabilizing salt bridge
interactions and introducing unfavorable like-charge inter-
actions along the exterior of the coiled coil.

The pH stability of BNDL22 across the pK, values of the
acidic and basic amino acids underscores the robustness of the
design centered on the conserved A, I, and M amino acids
within the heptad repeat. On the one hand, its stability over a
broad range of solution conditions indicates its potential for
applications beyond typical biological conditions. On the other
hand, the predictable impact of pH on stability provides
another dimension to using the coiled coil to design responsive
materials. Overall, the robust design and dynamic range of
BNDL22 can be used as a responsive building block for a wide
range of applications.

BNDL22 Cross-Linked Hydrogels. The BNDL22 coiled
coil is both pH- and temperature-responsive under moderate
conditions, making it ideal as an adaptive hydrogel cross-linker.
Tirrell and co-workers first demonstrated the use of coiled coils
in hydrogels, where they designed and created protein-based
polyelectrolyte hydrogels that included the leucine zipper
coiled coil sequence.® They demonstrated that physical cross-
linking in these hydrogels responded to variations in both pH
and temperature. Moreover, BNDL29 has previously been
employed as a physical cross-linker in a hydrogel, albeit with
limited thermal-responsiveness due to the remarkable thermal
stability of BNDL29." To use BNDL22 as a tunable dynamic
individual cross-linker in a hydrogel, we cross-linked a
tetrafunctional PEG-thiol with an allyl-functionalized
BNDL22 using a photoinitiated thiol—ene reaction, as shown
in Figure SC. The modified peptide retained is a coiled coil
structure under aqueous conditions (Figure S13), resulting in a
tetrafunctional cross-linker (see Figure S).

The dynamic properties of the hydrogel cross-linked
BNDL22 were evaluated using oscillatory shear rheometry.
The ability to adjust the temperature to denature the BNDL22
cross-linker was expected to induce a solid-like to liquid-like
state at elevated temperatures. To demonstrate this, the
hydrogel was subjected to heating and cooling cycles, from
temperatures above the T, of BNDL22 down to room
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Figure S. Hydrogel rheometry shows recovery after deformation of
BNDL22 cross-linked PEG hydrogels as a function of changes in
temperature (A) and strain (B) over time. (A) At high temperature
(60 °C), degelation results in hydrogel “melting” into a liquid-like
fluid, while at lower temperature (22.5 °C), the hydrogel is reformed
as seen in the recovery of G'. (B) Hydrogel shear-induced “melting”
at high strain, indicated by the crossover of G" and G”. Inlaid is a gel
printed into shape through a needle from a syringe, demonstrating the
shear thinning properties allowing for injection. (C) Reaction
between tetrafunctional PEG-SH and alloc-modified BNDL22,
leading to the formation of a hydrogel.

temperature (see Figure SA). At room temperature, the
hydrogel exhibited a storage modulus (G’) greater than the
loss modulus (G”), as expected for a solid-like material. When
the temperature of the hydrogel was heated to 60 °C, a sol—gel
transition was observed, which we demarcate as the crossover
of G’ and G” (typically in the vicinity of the actual Winter—
Chambon determined gel point).*” The hydrogel was found to
recover over multiple cycles with the modulus returning to
approximately the same value, exhibiting a slight increase over
time attributed to evaporation. Additionally, the ability to
recover the hydrogel properties after heating provides a means
for recycling or reprocessing the hydrogel.
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The BNDL22 hydrogel, which forms through a physical,
coiled coil cross-linking mechanism, was expected to have
mechanical properties that respond to any stimuli that induce
coiled coil denaturation. Similar responsiveness has been
observed in other peptide-based hydrogels, such as the shear
thinning behavior of hydrogels formed through the self-
assembly of f-hairpin peptides.*’ The shear-induced reversible
cross-linking of the BNDL22 hydrogels was investigated upon
the application of large amplitude oscillatory shear. A strain
amplitude sweep revealed that the hydrogel exhibited a linear
response up to approximately 60% strain (at a frequency of 0.1
Hz) and underwent a sol—gel transition at approximately 500%
strain (Figure S14). The reversibility of the strain-induced sol—
gel transition was examined by cycling the strain from 600 to
1%, as shown in Figure SB. The modulus was recovered after
each cycle, indicating that the strain-induced degelation was
reversible, which is attributed to the BNDL22 cross-links being
physically disrupted and reformed.

Introducing dynamic and tunable stability offers significant
advantages for bulk material applications, especially when
reversible denaturation is desirable, such as cross-linking a
hydrogel. One such scenario where reversible denaturation
proves advantageous is for the injection of hydrogels post
polymerization, circumventing the need for environmental
triggers for 4polymerization, which can be complex in biological
conditions.”” The shear-induced degelation of the BNDL22
cross-linked hydrogel implies its potential for injection through
a syringe, allowing applications ranging from injectable
hydrogel for drug delivery to 3D printing. As a proof of
concept, we “printed” U and D shapes by injecting the
BNDL22 hydrogel through a needle and syringe as shown in
the Figure 5B inset. Furthermore, the thermal behavior
demonstrated in Figure SA could be leveraged to make
materials that are recovered and recycled through thermal
cycling.

B CONCLUSIONS

A series of coiled coil peptides ranging in length from 22 to 8
amino acids were designed de novo. These sequences were
derived from a previously designed 29 amino acid sequence,
BNDL29. By shortening the peptide sequence via computa-
tional design, tunable properties were introduced into the
stability of the coiled coil structure; the reduced stabilities are
in contrast to the high thermostability of BNDL29. CD
spectroscopy analysis revealed that BNDL22 formed coiled
coils with a T, of 58 °C, whereas BNDL15 and BNDLS8 did
not form coiled coils. This result is consistent with previously
reported observations that indicate that a minimum of three
heptads, as found in BNDL22, is necessary for coiled coil
stability without additional stabilization methods like staples
(i.e., chemical cross-links) or salt bridge formation.

This study establishes that design rules regarding minimum
length observed in dimeric coiled coils extend to tetrameric
coiled coils, offering further insights into the behavior of
tetrameric coiled coils."”*® Additionally, the stability of
BNDL22 in solution was investigated under monovalent salt
conditions, revealing that T, can be increased via the addition
of salt with trends following the Hoffmeister series. This
increased stability is attributed to increased hydrophobic
effects and the screening of unfavorable interactions along the
coiled coil’s exterior. Examination of pH effects on BNDL22
revealed resilience to changes in pH over the range of 4 < pH
< 11, until the pH = pK, of acidic or basic side groups of the

constituent amino acids. Under extreme acidic conditions, a
transition from coiled coils to random coils occurred, while
under extreme basic conditions, precipitation was observed.
This broad range of pH stability highlights the versatile
applicability of this sequence beyond biological conditions.
Finally, BNDL22 was employed as a physical cross-linker
within a PEG hydrogel, introducing dynamic properties to the
bulk material. Shear rheology confirmed degelation of the
hydrogel at temperatures above the coiled coil T, and at high
strain amplitudes. Due to the ability for this hydrogel to
recover after shear, the gel could be injected through a syringe
to “print” complex shapes. This shear-induced degelation
feature opens possibilities for several applications such as 3D
printing and injectable hydrogel drug delivery. Overall, this
study demonstrated the robustness of these peptides and their
broad suitability to materials applications, even in conditions
traditionally considered inhospitable to protein and other

biobased building blocks.
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