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ABSTRACT: Protease-cleavable supramolecular oligopeptide nanofilaments are promising materials for targeted therapeutics and
diagnostics. In these systems, single amino acid substitutions can have profound effects on the supramolecular structure and
consequent proteolytic degradation, which are critical parameters for their intended applications. Herein, we describe changes to the
self-assembly and proteolytic cleavage of iodine containing sequences for future translation into matrix metalloprotease (MMP-9)-
activated supramolecular radio-imaging probes. We use a systematic single amino acid exchange in the tripeptide linker region of
these peptide amphiphiles to provide insights into the role of each residue in the supramolecular assemblies. These modifications
resulted in dramatic changes in the nature of the assembled structures formed, including an unexpected chiral inversion. By using
circular dichroism, atomic force microscopy, Fourier transform infrared spectroscopy, and molecular dynamics simulations, we found
that the GD loop, a common motif in f-turn elements, induced a reversal of the chiral orientation of the assembled nanofibers. In
addition to the impact on peptide packing and chirality, MMP-9-catalyzed hydrolysis was evaluated for the four peptides, with the -
sheet content found to be a stronger determinant of enzymatic hydrolysis than supramolecular chirality. These observations provide
fundamental insights into the sequence design in protease cleavable amphiphilic peptides with the potential for radio-labeling and
selective biomedical applications.

1. INTRODUCTION observed differences in assembly and hydrolysis between

De51gned peptide sequences that self-assemble into nanostruc- iodinated and noniodinated peptides, including the unexpected
tures' " continue to receive attention for biomedical
applications.”™® We are interested in developing matrix ) o ) )
metalloprotease (MMP)-activated peptide filaments®™* as The influence of halogenation in self-assembling peptides has
theranostic agents, which will ultimately involve the direct previously been observed in other systems where it has altered
labeling of peptides with a radioisotope of iodine. The systems
are designed to undergo localized, hydrolysis-induced changes
in dispersibility catalyzed by target MMPs that are overex-
pressed by cancer cells, thus giving rise to immobilization or
precipitation of the radioisotope at the cancer site, which can
function as a therapy or imaging agent. In order to establish a
suitable system, we first evaluated peptides with nonradioactive
iodotyrosine (Figure 1A). The design builds on previously
studied MMP-cleavable peptide sequences' ' "'* and previously

. I C 10
observation of enhanced cleavage kinetics upon iodination.

peptide self-assembly due to changes in hydrophobicity, H-
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Figure 1. (A) Chemical structures of peptide sequence Ac-FFY;GPLGLKGK with identification of hydrophobic peptide segment in purple, the MMP-
9 substrate in green and the charged domain in blue, sequence variants exchanging the core sequences of —RPL—, —RGL—, and —RGD—, respectively
(right). (B) All-atom MD trajectory snapshots from the self-assembly of 60 GPL color coded by the segments showing sequestration of purple
segments and solvent exposure of the blue segments. (C) APs for the iodinated tripeptide sequences averaged in the last 100 ns of triplicate self-
assembly trajectories. Segmental AP averaged from the last 100 ns of triplicate trajectories for the iodinated peptide segments (D) Ac-FFY}, (E) XXXG

tripeptide spacer, and (F) LKGK segment.

bonding, and the introduction of halogen-bonding interac-
tions, 101519

As previously reported,' the iodinated peptide sequence —
FY,GPLGLKGK~— undergoes rapid and complete hydrolysis by
MMP-9. However, both the parent peptide and hydrolysis
product formed largely disordered structures rather than the
desired micelles and fibers.'"” To overcome this structural
disorder, we aimed to tune the peptide sequence in order to
favor ordered self-assembly and nanofilament formation. This
was achieved through the addition of a second aromatic N-
terminal F residue, to enhance self-assembly propensity, and the
inclusion of an N-terminal acetyl modification, which has the
additional benefit of reducing susceptibility to serum exopro-
tease activity.'>*>>" These modifications yielded the sequence
Ac-FFY;GPLGLKGK (GPL). In addition, we also evaluated the
sequence Ac-FFY,RGDGLKGK (RGD), which incorporates
the fibronectin-derived minimally integrin-binding sequence
RGD. RGD containing peptides are of interest because integrin
controlled cellular attachment influences cell migration, growth,
differentiation, and apoptosis, all of which are important factors
in the treatment of diseases, such as thrombosis, osteoporosis,
and cancer.””** For this latter system, enzymatic hydrolysis
would yield Ac-FFY;RGDG, which would not only locally
assemble into fibers at the site of MMP activity but also present
the RGD sequence for binding to integrins on the cell surface,”
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which are also an attractive target for cancer therapeutics. This
would provide a dual-targeting strategy for enhanced local-
ization and residence at cancer sites.

Upon characterization of self-assembled structures formed by
GPL and RGD using circular dichroism (CD), we observed an
unexpected inversion of supramolecular chirality (described
below). It was hypothesized that such an inversion of
supramolecular chirality could have a significant impact on the
enzymatic hydrolysis rates, and we therefore included additional
single amino acid edit variants of the sequences. This led us to
the sequences Ac-FFY;RPLGLKGK and Ac-FFY;RGLGLKGK
(RPL and RGL) (Figure 1A and Table S1). The focus of the
current paper is on understanding the dramatic impact of subtle
sequence edits on the peptide’s secondary structure, supra-
molecular chirality, and assembly behavior as an important step
in the development of these MMP-responsive theranostic
peptide nanostructures Thus, we compared four sequences
side-by-side by integrating experimental methods, such as CD,
Fourier transform infrared spectroscopy (FTIR), and atomic
force microscopy (AFM) microscopy along with computation
using atomistic molecular dynamics (MD) to assess the impact
of this flexible linker on self-assembly and supramolecular
chirality. All-atom MD simulations showed self-assembly for all
of the evaluated sequences starting from random configurations.
The purple hydrophobic segment underwent rapid sequestra-
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Figure 2. (A) AFM images of GPL (top left), RPL (top right), RGL (bottom left), and RGD (bottom right). GPL produces bundles of nanofibers,
RPL assembles into nondistinct aggregates, RGL produces nanofibers, and RGD assembles into discrete oblong fibers with distinct repeating subunits.
1.0 mM peptide in PBS. (B) FTIR spectra of sequences GPL, RPL, RGL, and RGD. Sequence GPL shows primarily a f-sheet (1628 cm™). RPL also
shows an S-sheet (1632 cm™) in addition to a random coil (1649 cm™) and f-turn (1584 cm™). RGL shows dominant contributions from random-
coil (1649 cm™) and fB-sheet aggregate (1614 cm™). RGD is primarily the f-sheet (1624 cm™") with both -turn and (1584 cm™) and 3(10)-helix
(1665 cm™). (C) Histogram of the relative contribution of secondary structures derived from FTIR analysis. Percentage values are based on relative
peak heights of each structural feature. (D) Analysis of the number of hydrogen bonds between the peptides in the last 100 ns of triplicate trajectories
with an inset plot of exclusively backbone—backbone hydrogen bonds between the peptide sequences showing a significantly lower number for RPL.
(E) Snapshot showing only the backbones of sequence GPL interacting via hydrogen bonding.

tion with the blue LKGK end preferring solvent interaction
(Figures 1B and S2).

2. EXPERIMENTAL SECTION

2.1. Materials. All peptides were purchased from GenScript with a
purity >98% and trifluoroacetyl removed. The samples were dissolved
at a concentration of 1.0 mM in 1X phosphate-buffered saline (PBS)
supplemented with 1.0 mM CaCl, and S5 yM ZnCl, with the pH
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adjusted to 7.4. Preactivated human recombinant MMP-9 was
purchased from Sigma-Aldrich (SKU SAE0078). The enzyme was
dissolved in 1X tris buffered saline supplemented with the above CaCl,
and ZnCl, concentrations and introduced to the peptide at a final
concentration of 200 ng/mL.

2.2. Methods. 2.2.1. AFM Analysis. Samples were prepared by
drop-casting 1.0 mM peptide solution in PBS (pH 7.4) onto a mica
chip. Samples were allowed to dry for 24 h before being washed 1X with
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deionized H,O and left to dry for 24 h before imaging. Images were
collected on a Bruker Dimension FastScan usinga FASTSCAN-B tip on
the fast scan mode.

2.2.2. FTIR Analysis. Peptide samples were prepared at a
concentration of 10 mM in D,O and the pH adjusted to 7.4. Sample
solution was drop casted between two CaF, cells with 12 um
poly(tetrafluoroethylene) spacers. The background was subtracted
with D, O blank alone, and baseline was corrected for the measurement
range of interest. Samples were measured on a Bruker Vertex 70
spectrometer with a nitrogen flushed chamber. OPUS software was
used to take measurements that were performed at a resolution of 4
cm™.

2.2.3. CD Analysis. Peptide samples were prepared at a
concentration of 0.5 mM for the synthesized cleavage products in
100 uM sodium phosphate buffer pH 7.4. 400 uL of the sample was
measured with a 0.1 cm path length quartz cuvette. The background
was subtracted with phosphate buffer alone. Samples were measured on
a Jasco J-1500 CD spectrophotometer at a range of 300—190 nm at a
scanning speed of 100 nm/min. Data is only shown for the
measurement range in which the HT values are <800 V.

2.2.4. MD Analysis. All-atom MD simulations-the single peptide
molecule in water atomistic boxes were prepared using CHARMM-
GUI,*” where the N-acetylation and 3-iodotyrosine modifications were
also carried out. The peptide C-termini and Lys (and Arg if present)
side chains were ionized. The prepared box configurations had 60
randomly arranged peptide molecules ina 10 X 10 X 10 nm® volume. 60
or 120 CL™ ions were added to neutralize this box and TIP3 water
molecule for explicit solvent modeling. These boxes were then
subjected to steepest descent energy minimization followed by 100
ps NVT and NPT equilibrations, respectively, using position restraints
on the backbone and side chain in order to relax the solvent
configuration. Triplicate production MD runs with no restraints were
carried out using the CHARMMS36 force field for 1000 ns (1 ys) using a
2 fs time step and the leapfrog integrator in GROMACS 2021.7.°
Structures were saved every 0.1 ns to generate 10,000 frames in each
trajectory. LINCS® was used to constraint bonds involving hydrogen
and the 1.2 nm vdW cutoff was used with a switching distance of 1.0 nm
as recommended for the CHARMM?36 FF. A Coulomb cutoff of 1.2 nm
was used along with Particle Mesh Ewald for long-range electrostatics.
Velocity rescale® (modified Berendsen-thermostat) and Parrinello—
Rahman barostat®" were used to maintain temperature and pressure
coupling to 298 K and 1.0 bar, respectively. Solvent accessible surface
areas of the peptides were measured using the gmx sasa tool by
specifying a solvent probe radius of 0.14 nm. Hydrogen bonds were
measured using gmx hbond using a distance cutoff and angle cutoff of
0.35 nm and 30°, respectively. Index files were generated to specify the
backbone and side-chain atoms to measure pairwise H-bonding
(peptide—peptide, backbone—backbone, backbone-side chain, and
side chain-side chain). Analyses were carried out using the data from
the last 100 ns of the trajectories. Ramachandran angles were measured
for each trajectory using gmx rama and the residue 5 (P in GPL and
RPL and G in RGL and RGD) values from 900 to 1000 ns were used to
generate a torsional free energy landscape using gmx sham and gmx
xpm2ps. Trajectories were visualized and rendered using VMD 1.9.3.*

2.2.5. Liquid Chromatography—Ultraviolet Light. The reactions
were stored at 37 °C, and triplicate samples of the reaction were taken at
0, 24, 48, and 72 h. Liquid chromatography-ultraviolet light (LC-UV)
samples were prepared with 15 yL of reaction mixture added to 285 uL
3:1 ratio of MeCN: H,0 + 0.1% formic acid and 0.1 mM caffeine. LC-
UV was performed on a Thermo Fisher Exactive Plus LC—MS/UV,
with a gradient of MeCN: H,O + 0.1% formic acid over 8 min through a
Phenomenex luna omega 50 X 2.1 mm, 2.1 #m, and 300A C18 column.
Xcalibur software was used to quantify the peak area of each
chromatogram at 214 nm.

3. RESULTS AND DISCUSSION

3.1. Aggregation Propensity. Using triplicate self-
assembly trajectories, we measured the solvent accessible
surface area of the peptides and the individual peptide segments
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(shown in color coded Figure 1A). These were used to compute
aggregation propensities (APs) for the overall peptides’*
(Figures 1C and S3) as well as for segments (Figures ID—F and
S4) using eqs 1 and 2. All four sequences showed AP scores in
the range of 2.00—2.40, indicating that the iodinated
amphiphilic peptides underwent self-assembly (Figure 1C).
The self-assembly is largely driven by hydrophobic interactions
of the N-terminal aromatic residues of the peptides as indicated
by the large segment AP scores (>3.00) of the Ac-FFY| residues,
which show some context-dependent trends (Figure 1D). A
substantial drop in the AP score was observed for the G to R
exchange attributable to the charged side chain of R which is
preferentially solvated (Figure 1E). The hydrophilic end of the
peptide containing two charged K residues (LKGK) showed
segment AP scores closest to 1.00, indicating that the segment
maximizes solvent exposure throughout the simulations (Figure
1F).

i . ty ( AP) SASAinitial

aggregation propensi = —"

sEE prop SASAtime (1)
segmental SASA, ..

segment AP =
segmental SASA ;. ()

3.2. AFM Analysis. To experimentally evaluate the self-
assembled morphologies, we drop-casted 1.0 mM peptide
solutions in PBS buffer (pH 7.4) onto mica chips and dried for
24 h. AFM was used to visualize the nanostructures formed,
revealing bundles of extended fibers for GPL. For RPL, we
observed the loss of fiber morphology, with the peptides
assembling into indistinct nonfilamentous aggregates of varying
sizes from approximately 50—300 nm. In RGL, the nanofiber
morphology is observed, albeit with less bundling of individual
fibers compared to what was observed with the parent GPL
sequence. Imaging of the RGD sequence displays discrete
nanofibers of approximately 100—300 nm in length, with a clear
visible repeating motif of approximately 50—75 nm that suggests
helicity of the fibers (Figures 2A and S9).

3.3.FTIR Spectroscopy. The differences in the morphology
observed suggest differences in packing and self-assembly
propensity. To evaluate the hydrogen bonding patterns that
contribute to the self-assembly of each sequence, and the
differences observed between sequences, we performed FTIR
analysis.”® The GPL sequence displays a dominant 8-sheet peak
at 1628 cm™'. A random coil/a-helix contribution is also
detectable at 1653 cm™’, in addition to moderate contributions
by 3(10)-helix and f-turn signals at 1666 and 1584 cm’,
respectively (Figure 2B,C).*® Loss of fiber nanostructure results
from the replacement of the 4-position G with an R residue in
the RPL sequence (Figure 2A). Compared to GPL, FTIR
analysis for RPL reveals an increase in the contribution of both
the random coil at 1649 cm™" and the 1584 cm™ fS-turn feature.
The G — R mutation also introduces a distinct band at 1680
cm™! that is also associated with a S-turn motif. Overall, the -
sheet and random coil are the dominant contributors’® for RPL
(Figure 2B,C). The sequence RGL removes the “helix-breaker”
P residue’” and re-establishes nanofiber morphology (Figure
2A), and we observe two strong peaks at 1649 and 1614 cm ™,
indicative of random coil and f-sheet structures, respectively.
The 1584 cm™ S-turn is also evident, with the 1664 cm ™' 3(10)-
helix and 1682 cm™ fS-turn also minimally detectable (Figure
2B,C).*° It is notable that the RGD FTIR spectrum is similar to
that of GPL, with a dominant f-sheet feature at 1624 cm™’,
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Figure 3. (A) CD spectra of GPL, RPL, RGL, and RGD comparing self-assembly and chiral orientation between sequences at 0.5 mM in 100 uM
sodium phosphate buffer. (B) Percentage of estimated underlying secondary structure formed by peptide self-assembly revealed through
deconvolution of CD spectra provided by BeStSel fitting algorithm. (C) Percentage of estimated orientation of antiparallel contributions revealed
through deconvolution of CD spectra provided by BeStSel fitting algorithm. (D) Ramachandran free energy landscapes for Pro (residue S) in GPL,
RPL, and for Gly (residue S) in RGL and RGD from the last 100 ns of three independent trajectories.

along with the B-turn and random coil features found at 1584
and 1647 cm™’, respectively. However, RGD features a more
prominent 1665 cm™" 3(10)-helix feature compared to GPL and
the other variants (Figure 2B,C).*® The f-sheet content was
found to be higher for GPL and RGD with a lower
corresponding absorbance observed for RPL and RGL (Figure
2B,C).

3.4. Hydrogen Bonding Analyses. To investigate the
influence of these single amino acid exchanges on the hydrogen
bonding patterns of these iodinated peptide amphiphiles, as
observed by FTIR, we revisited the all-atom MD simulations
with explicit solvents. From triplicate 1 ps trajectories of the
tested sequences, we used the equilibrated last 100 ns for
statistical averages of hydrogen bonding (Figures 2D and S5—
S8). Interestingly, the total number of hydrogen bonds (Figures
2D and SS) formed between the 60 peptide molecules simulated
does not covary with the AP score trend (Figure 1C) showing an
increasing trend in the following order GPL < RPL < RGL <
RGD. We decomposed the total number of hydrogen bonds into
contributions arising from backbone—backbone (Figures 2D
and $6), backbone-side-chain (Figures 2D and S7), and side
chain-side chain (Figures 2D and S8) interactions. Backbone—
backbone H-bonds are indicative of directional assemblies
stabilized by f-sheet-like H-bonding topologies (Figure 2E) and
in excellent agreement with experimental observations; we find
that the RPL sequence shows the lowest number of these H-
bonds (Figures 2D and S$6), explaining the loss of extended 1D
self-assembled structures observed in the AFM (Figure 2A). P in
the backbone can disrupt packing by steric changes while
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additionally removing the NH donor on the backbone. These
structural changes of P along with the preferred solvation and
electrostatic repulsion of the R side chain in RPL could be a
probable cause for the disruption of isotropic self-assembly.
Changing P to G in RGL appears to restore the backbone—
backbone H-bonds by enabling conformational flexibility to
assemble in an anisotropic H-bonding topology (Figure 2D).
Complementary electrostatics drives H-bonding between R—D
and K—D in RGD leading to a large contribution of side chain-
side chain H-bonds relative to the other sequences (Figures 2D
and S8).

3.5. Circular Dichroism. Supramolecular organization
within the peptide assemblies was further evaluated by CD.
The CD spectrum of GPL features a prominent peak at 215 nm
(Figures 3A and S1), typical for peptide S-sheet structures.”™*’
For RPL, a sharper peak is observed with a slight red shift to 225
nm. A smaller peak at 250 nm also contributes, which has been
associated with the helical arrangement of aromatic groups
(Figure 3A)." The key features of the spectrum observed for
RGL resemble that of GPL and RPL, with well-defined peaks at
221 nm; however, there is no contribution observed in the 250
nm range, suggesting reduced chiral structuring of the aromatic
regions (Figure 3A). In notable contrast to the other three
sequences and unexpectedly, the CD spectrum for RGD is
inverted at the x-axis, indicating a switching of supramolecular
chirality. The RGD minima occurs at 220 nm, which is
associated with both p-sheets and superhelical arrange-
ments.>”*"** A smaller feature at 290 nm (Figure 3A) could
be associated with aromatic stacking.'*’ Deconvolution of the
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CD spectra using BeStSel® fitting algorithm illuminates the

underlying structures formed by the self-assembling peptides
and allows a comparison with the FTIR results. GPL displays a
mixture of antiparallel and turn conformations, with some helical
structures as well. RPL has similar characteristics, with a more
antiparallel contribution. RGL has a significant undefined
structure, in agreement with the FTIR data. Remarkably,
RGD displays only an antiparallel structure (Figure 3B). Further
analysis of the antiparallel orientation of each peptide shows
mostly relaxed structures for GPL with some “left” contribu-
tions. RPL and RGL both show a mixture of relaxed structure
and “right” orientation, and RGD shows a dominant “right”
antiparallel orientation (Figure 3C).

The inverted supramolecular chirality observed in the RGD
sequence suggests that the aspartic acid (D) residue is a critical
feature contributing to the chiral switch. Indeed, “GD” is often
found in p-turns that connect the strands of antiparallel f-
hairpins, e.g., with turns between a-helices having preferences
for D residues within the turns,"* including alpha-left-beta (a; )
turns containing GD within a helical structure."**> Alva et al.
identified a feature they term as “GD box”, which is featured in
two unpaired f-strands connected by a f-turn. In an analysis of
resolved protein structures containing the GD box, the element
is frequently found in f-turn motifs and have been identified as a
supersecondary structure element.*® We believe the presence of
the GD residues in our RGD peptide contributes to this change
in supramolecular chirality and, therefore, we used our all-atom
MD trajectories to compute the torsional free energy landscape
around the residues P (residue S) in GPL and RPL and G
(residue S) in RGL and RGD (Figure 3D). The cyclized side
chain and consequently conformationally restricted nature of P
constraints the sampled Ramachandran dihedral angles largely
to the domains associated with the ppII helix for both GPL and
RPL."” Sampling of the P & region appears to be more prevalent
for GPL, indicating that having a flexible neighboring residue
(G) at position 4, imparts some conformational flexibility. For
the G free energy landscape, due to the achiral and nonbulky
nature of the side chain, all four Ramachandran quadrants are
sampled in the case of RGL. Surprisingly, upon mutation of L to
D in position 6 (RGD), the G dihedrals appear to sample the
two left-quadrants of the Ramachandran free energy landscape,
and this is indicative of a right-handed chiral predisposition. This
change in the sampling of chiral structures agrees with the
observation of inversion of the CD signal in Figure 3A as well as
the orientational preference in Figure 3C for RGD.

3.6. Sequence Evaluation. Combining insights from MD
and structure characterization, we examined the systematic
amino-acid variation in the central tripeptide spacer residues was
examined. For GPL, the core sequence is abundant in the
collagen triple helix,** followed by leucine (L), often found in
helical structural motifs.*” For RPL, The G — R edit introduces
a positively charged side chain, capable of participating in
electrostatic interactions, salt bridges, and multiple hydrogen
bonds, disrupting fiber formation (Figure 2A). CD analysis
elucidates that the neighboring residue of the P>’ toward the N-
terminal direction plays a key role in disrupting the self-assembly
(Figure 2A) as well as preferred torsional sampling (Figure 3D)
for the rigid cyclic amino acid in the GPL and RPL sequences.

G mutation allows for longer range of self-assembly, whereas
R encourages only short-range order (Figure 2A), as supported
by the backbone—backbone H-bonds (Figure 2D). On the other
hand, the use of the flexible central residue of G in RGL and
RGD tripeptide spacers restores self-assembly propensities
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(Figure 2A,D). The RGL sequence contains the positively
charged R, followed by a reintroduction of G and L. The P is
removed, making the peptide more flexible and likely permitting
the R to participate in more bonding interactions. We note that
the RGD sequence is composed of the positively charged R
residue followed by G and finally negatively charged aspartic
acid (D). This is the only sequence that includes a positive and
negative charge separated by the conformationally flexible G.”’
As evidenced by the torsional landscape around the G in RGD, a
conformational turn is induced, which may be supported by the
increase in relative contribution of the 3(10)-helix revealed by
the FTIR analysis (Figure 2B,C). Surprisingly, D side chain
influences the chirality of the self-assembly in a strikingly
different fashion compared to L with an inversion of the cotton
effect in CD, changes in side chain-side chain H-bonding as well
as preferred torsional sampling for the G (Figures 2A,D and
3AD).

3.7. MMP-Catalyzed Hydrolysis of Peptide Nanofibers.
We were interested in evaluating whether chirality or secondary
structure would influence the rate and extent of peptide
hydrolysis by MMP-9. For this evaluation, the four peptides
were exposed to MMP-9 activated by 4-aminophenylmercuric
acetate and triplicate samples of the reaction were taken at 0 (no
enzyme added) 24, 48, and 72 h and analyzed by LC-UV. By 72
h, GPL underwent 14% (+0.4%) hydrolysis, slightly exceeding
that of RPL 11.0% (+1.7%). RGL underwent the most
hydrolysis with 29.2% (£1.1%) due to the preferred action of
MMP-9 between the G and L residues. Similar to GPL and RPL,
the RGD sequence underwent 14.9% (+1.5%) hydrolysis by 72
h (Figure 4A). These observations indicate that the substitution
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Figure 4. Peptide hydrolysis compared to degree of order in the self-
assembled peptide structures. (A) MMP-9-catalyzed peptide hydrolysis
over time for GPL, RPL, RGL, and RGD (1.0 mM peptide + 200 ng/
mL MMP-9) measured in triplicate using quantitative LC-UV over 72
h. (B) Schematic showing the action of MMP-9 on the amphiphilic
peptide nanostructures.

of the 5-position P with a G, and the increased contribution of
random coil secondary structure permits better access to the
peptides by MMP-9 and thus more complete hydrolysis (Figure
4B). In contrast to the sequences presented in a previous work,

none of the four peptides evaluated here underwent complete
hydrolysis by the enzyme. Compared to the sequence
FY;GPLGLKGK, which underwent compete hydrolysis by 12
h,'"" the sequence Ac-FFY;GPLGLKGK, which contains the
same core MMP-responsive sequence, is effectively impervious
to degradation by MMP-9 (Figure 4A). This is likely due to the
rigid amyloid-like f-sheets stabilized by the second F residue
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and the N-terminal acetyl group, effectively limiting access to the
individual peptide substrates.

4. CONCLUSIONS

Packing and related balance of order and disorder and
supramolecular chirality””~>* within peptide nanostructures is
strongly dictated by the peptide sequence.'”""'*** We found
that the tripeptide linker in these amphiphilic-iodinated
sequences can play a key role in influencing self-assembly,
long-range order, and supramolecular chirality.

We found that the three-residue modification “RGD” in the
central region of the evaluated nanofilament-forming-iodinated
sequence induced a chiral inversion. In certain biomedical
contexts, peptide nanostructures are likely to be degraded by
proteases, and sequence design may be exploited to enhance
degradation by specific (disease-related) proteases, including
MMP enzymes. MMPs are overexpressed in some metastatic
cancers and have been explored as targets and activators for
diagnostics and therapy.**>® The observed proteolytic activity
is dependent not only on peptide sequence recognition but also
on enzyme access through charge, packing, and strength of
interaction between peptide molecules within supramolecular
structures,'”'**? which may be further impacted by inclusion of
payload molecules.""

To our knowledge, this is the first report of an MMP-
responsive peptide that combines the introduction of iodine (for
future radioactive labeling) with fibrillar assemblies. Based on
the sequences evaluated, these results indicate that the chiral
switching resulting from the amino acid substitution does not
significantly change the hydrolysis by MMP-9. MMP-9 is
substrate-specific, and slight peptide sequence variations can
change the rate and extent of peptide hydrolysis by MMP-9."*
We observe that tightly packed self-assembled peptides do not
undergo extensive enzymatic hydrolysis compared with those
that provide a more accessible substrate for the enzyme. These
findings provide us with useful insights into the design of self-
assembling and enzyme responsive sequences. Sequence design
to balance order and disorder and thus enzyme response
provides a further set of design rules for the development of
translatable clinically useful enzyme-responsive peptides.
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