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ABSTRACT Improving adhesives for wet surfaces is an ongoing challenge. While the adhesive
proteins of marine mussels have inspired many synthetic wet adhesives, the mechanisms of
mussel adhesion are still not fully understood. Using surface forces apparatus (SFA)
measurements and replica-exchange and umbrella-sampling molecular dynamics simulations, we
probed the relationships between the sequence, structure, and adhesion of mussel-inspired
peptides. Experimental and computational results reveal that peptides derived from mussel foot
protein 3 slow (mfp-3s) containing 3,4-dihydroxyphenylalanine (Dopa), a post-translationally
modified variant of tyrosine commonly found in mussel foot proteins, form adhesive monolayers
on mica. In contrast, peptides with tyrosine adsorb as weakly adhesive clusters. We further
considered simulations of mfp-3s derivatives on a range of hydrophobic and hydrophilic organic
and inorganic surfaces (including silica, self-assembled monolayers, and a lipid bilayer), and
demonstrated that the chemical character of the target surface and proximity of cationic and
hydrophobic residues to Dopa affect peptide adsorption and adhesion. Collectively, our results
suggest that conversion of tyrosine to Dopa in hydrophobic, sparsely charged peptides influences

peptide self-association and ultimately dictates their adhesive performance.

INTRODUCTION

Aqueous electrolyte solutions are challenging environments for adhesives. Nevertheless,
marine mussels fasten themselves to surfaces under water using adhesive proteins.! The most
adhesive mussel foot proteins (mfps) are rich in the catecholic amino acid 34-

dihydroxyphenylalanine (Dopa),** which is derived from tyrosine by post-translational



modification. Dopa has been shown to facilitate adhesion through diverse intermolecular
interactions.* As a result, Dopa and other catechols have been incorporated into many synthetic
wet adhesives.>®

Despite the widespread interest in polyphenolic adhesives, the adhesion mechanisms of these
materials are not fully understood. Recent research suggests that the adhesion of catechols can be
enhanced by neighboring cationic functionalities,” which may explain the frequent pairing of
Dopa and lysine in the adhesive proteins of at least genera of mussels.!”!! However, while many
studies demonstrate binding synergy between catecholic and cationic functionalities,”!>° others
find that pairing these functionalities yields no increase in catechol-mediated adhesion,*'~2* or
even decreases adhesion.?*?* Furthermore, although Dopa is thought to contribute to mussel
adhesion by forming hydrogen bonds with surfaces,*>® some simulations of mussel-inspired
peptides show few hydrogen bonds between Dopa and mica,®* a model mineral surface.
Consistent with these findings, recent studies suggest that Dopa does not always directly
participate in adhesion. Instead, Dopa and other aromatic residues may enhance electrostatic
interactions between charged residues and surfaces.***! The disparate proposed roles for Dopa in
wet adhesion results highlight the importance of understanding molecular adhesion mechanisms
for the rational design of mussel-inspired adhesives.

Simulations have been increasingly used to investigate the conformations and adhesion
mechanisms of catecholic materials.?3%32-35 Because most of the characterization of the adhesion
of mussel proteins has been performed with a surface forces apparatus (SFA), comparing
simulations to complementary SFA experiments is desirable, yet few such studies have been
reported.”=* Furthermore, while most studies of mussel-inspired adhesion investigate materials

that are highly charged and hydrophilic, a prominent mussel foot protein, mfp-3 slow (mfp-3s),



contains few positive charges and is relatively hydrophobic.*® Only half of the many tyrosine
residues in mfp-3s are converted to Dopa, in contrast with the extensive modification of tyrosine
to Dopa in other mussel foot proteins.!®*” Understanding the effect of conversion of tyrosine to
Dopa in sparsely charged, hydrophobic materials remains an open research area.

Here, we use force measurements and simulations to investigate binding mechanisms of
peptide derivatives of mfp-3s. Adhesion measurements conducted with a surface forces
apparatus demonstrate that peptides containing Dopa adsorb into adhesive monolayers on mica
in an aqueous electrolyte solution, while peptides containing tyrosine adsorb in weakly adhesive
clusters. Molecular dynamics simulations highlight the importance of positive charges for
peptide adsorption to mica. Simulations of mfp-3s peptide adsorption on silica, self-assembled
monolayers, and a lipid bilayer, coupled with the experimental and computational results on
mica surfaces, collectively suggest that the molecular context of Dopa—the nature of the
surrounding residues and the target surface —dictates adsorption and adhesion, with implications
for the design of mussel-inspired adhesives.

MATERIALS AND METHODS

Surface Forces Apparatus Adhesion Measurements: A previously designed® peptide
derivative of the mussel foot protein 3 slow (mfp-3s), was commercially ordered with
unmodified termini (GenScript). Tyrosine residues were enzymatically modified to Dopa using
mushroom tyrosinase.* Peptides containing tyrosine and Dopa were denoted mfp-3s-pep-Tyr
and mfp-3s-pep-Dopa, respectively (Figure 1A). Adhesion measurements were performed with a
surface forces apparatus (SFA2000, SurForce LLC). In the SFA, mica surfaces were arranged in
a crossed-cylinder geometry (Figure 1B), locally equivalent to a sphere of radius R contacting a

flat surface.* One of the cylinders was mounted on a double cantilever spring of known spring



constant. Translation of the base of the spring at constant velocity (2-12 nm/s) allowed the
surfaces to be brought into contact, compressed, and separated. Distance between the mica
surfaces was measured with white light multiple beam interferometry. Normal forces between
the surfaces were measured with the double cantilever spring and normalized by the average
radius of curvature R of the surfaces. Experiments were conducted with a capillary meniscus of
peptide solution (250 mM KNO;, 100 mM acetic acid, pH 3) between the surfaces. Solution
conditions were chosen to match a previous study of the same peptides.** To measure adhesion,
the surfaces were compressed to 100 mN/m, After waiting at maximum compression (f4yen = 10 s
or 60 min), the surfaces were separated. The tensile force F,4 before the surfaces jumped out of
contact was converted into an adhesion energy per area between flat surfaces according to the
DMT theory,* E,q = —Faq/2nR. Additional details of surface preparation, SFA operation, and

the DMT theory are included in the Supporting Information S1.
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Figure 1. (A) The sequence of the mussel-derived peptides used in this work. The letter X
represents either the tyrosine residues in mfp-3s-pep-Tyr or the Dopa residues in mfp-3s-pep-

Dopa. (B) Schematic of the surface forces apparatus crossed cylinder configuration.

Molecular Dynamics Simulations—System Parameters, Structures, and Equilibration: Each
system consisted of a peptide molecule in a cubic simulation box (5.2 x 5.2 x 5.2 nm? for systems
in bulk water and 8 x 8 x 8 nm? for mica systems) explicitly solvated with SPC water molecules*?

and 1 CI ion for neutral charge. Peptide secondary structures were deduced from the three most



dominant mfp-3s-pep-Dopa states observed in earlier work??, and Dopa residues were converted
back to Tyr residues, when applicable, to create mfp-3s-pep-Tyr structures. The simulations were
performed using GROMACS 2018% and the GROMOS 53A6 force field,** however duplicate
simulations were also carried out using the AMBERO3* force field for proteins**#¢ and TIP3P
water*’ in order to mitigate biases from a single force field. Partial charge assignments for the
catechol hydroxyl groups were based on earlier calculations*. After solvation, steepest descent
energy minimization was carried out for 5,000-100,000 steps, or until a tolerance of 750
kJ/mol/nm was achieved. Simulations were then slowly heated to 300 K for 5 ns using the
velocity-rescaling® thermostat and a 1 ps time constant. The positions of heavy atoms in the
peptide were initially restrained using a force of 1,000 kJ/mol/nm? in all directions, and under an
NVT ensemble with periodic boundary conditions in the x, y and z directions. Peptide hydrogen
bonds were constrained using the LINCS method*® while water bonds were constrained using the
SETTLE algorithm.>! A leapfrog algorithm® was also used to integrate the equations of motion
with a time step of 2 fs. In addition, Particle Mesh Ewald (PME) summation® was used to treat
long-range electrostatic interactions beyond a cutoff radius of 1.0 nm in Fourier space while
short-range electrostatics and van der Waals interactions were tabulated in direct space. A
Verlet>* cut-off scheme was used for neighbor searching, with non-bonded pairs updated every
10 steps. After temperature and volume equilibration, an unrestrained 20 ns NPT simulation was
performed to equilibrate the pressure of the system using a Berendsen barostat> coupled
isotropically (in all dimensions) at 1 bar. A time constant of 0.5 ps and isothermal
compressibility of 4.5 x 10~ bar! was used in each bulk water simulation.

For systems containing mica, a mica model®® consisting of a single layer of muscovite-2M,

(KAIL(Si;ADOy (OH),) was placed in the simulation box and modeled with parameters from the



INTERFACE force field.’” The mica surface contained 5,120 atoms and was treated as an
infinite molecule than spanned the x- and y-dimensions of the simulation box. During
equilibration, heavy atoms were restrained on the surface while light atoms (i.e., hydrogen) were
free to move. The negatively charged mica surface was neutralized using 255 K* ions, resulting
in a net neutral system. During NPT equilibration, a semi-isotropic Berendsen barostat was used
with no compressibility in the x- and y-dimensions and aqueous compressibility (4.5 x 10 bar')
in the z-dimension to maintain the presence of a surface. Initial peptide structures in the vicinity
of mica were taken from the final states deduced from bulk REMD simulations, described in
detail below.

Replica-Exchange Molecular Dynamics (REMD) Simulations: The coordinates and velocities
obtained from the last frame of each NPT simulation were used to create replicas for each
REMD simulation (50 replicas using the GROMOS force field and 70 replicas using the
AMBERO3* force field). Each replica was heated to a target temperature over 20 ns at constant
volume (NVT ensemble). The temperatures ranged roughly from 295-500 K for bulk
simulations and 295-470 K for mica-containing simulations. Production REMD simulations
were then performed for 400 ns (bulk simulations) or 500 ns (mica simulations) using the Nose-
Hoover thermostat* with a 1 ps time constant. The average exchange rate between adjacent
replicas was approximately 25%, optimized from the initial 10 ns of the REMD simulation.
Exchanges between replicas were attempted every 3 ps. The first 100 ns of the production run
was discarded to ensure adequate equilibration of each replica, while the analyses described in
this study were limited only to subsequent times in the production run. The cutoff radii used in

the simulations were 1.2 nm for the short-range electrostatics and van der Waals interactions.



Umbrella Sampling Simulations: The most dominant structures in REMD simulations were
used as the initial peptide structures for umbrella sampling simulations. Peptides bound to mica
were then pulled away from or pushed toward the mica to sample both attractive and repulsive
potential of mean force (PMF). In instances where the peptide was pulled away from a surface
not explored with REMD simulations, the peptide was added to bulk solution at least 1 nm above
the new interface and allowed to diffuse and/or bind to the interface for 20 ns, with parameters
similar to those described earlier. Upon binding, the peptide was pulled away or pushed toward
the surface as described for the mica simulations. Peptides were pulled/pushed with a force of
5000 kJ/mol/nm? at a rate of 1 nm/ns until they traversed a net distance of 2-4 nm. Replicas were
tabulated every 0.1 nm, yielding an ensemble of about 20-40 replicas. Following collection of
the ensemble, we harmonically constrained the peptide in each position and collected energetics
for 70 ns using a Nose-Hoover thermostat* and 1 ps time constant. We utilized the weighted-
histogram analysis method (WHAM) to calculate the free energy of adhesion to each interface. A
POPC membrane consisting of 512 lipids was also generated for the umbrella sampling
simulations using the CHARMM-GUI web interface (http://www.charmm-gui.org), which was
equilibrated at 300 K for 100 ns using the AMBERO3 force field.

Simulation Analysis Tools: Standard GROMACS tools used for simulation analysis included:
gmx cluster, to cluster peptide structures within an empirically-defined RMSD cutoff (typically
14 A) based on non-terminal backbone atoms within the Daura algorithm; gmx hbond, to
measure the number of hydrogen bonds within a cutoff distance (donor—acceptor) of 3.5 A and
30" angle (hydrogen-donor—acceptor); gmx gyrate, to obtain the radius of gyration (R,); gmx
density, to calculate atomic densities; gmx mindist, to measure the number of atoms within a

given distance from the surface; gmx do_dssp, to deduce peptide secondary structures through



the DSSP*4 algorithm. Molecular representations were generated by Visual Molecular
Dynamics (VMD) 1.9.4 %
RESULTS AND DISCUSSION

Surface Forces Apparatus Adhesion Measurements of Mfp-3s Peptides on Mica: Presence of
Dopa Enables Adsorption of Monolayers. We hypothesized that conversion of tyrosine to Dopa
would strengthen adhesion of mfp-3s peptides to mica surfaces. To test this hypothesis, we used
a surface forces apparatus to measure adhesion to mica of peptides containing tyrosine (mfp-3s-
pep-Tyr) and peptides with tyrosine converted to Dopa (mfp-3s-pep-Dopa). Figure 2A shows a
representative plot of force/radius F/R as a function of distance D between mica surfaces after
deposition of mfp-3s-pep-Dopa (blue circles). A plot of forces measured between bare mica
surface in salt solution (gray circles) is shown for comparison. The plots demonstrate that Mfp-
3s-pep-Dopa readily adsorbed into adhesive films on mica. In salt solution, the mica surfaces are
slightly adhesive (adhesion force 3.0 = 0.3 mN/m), consistent with previous measurements of
forces between mica surfaces in a similar solution.!® Adhesion between mica surfaces in acidic
monovalent electrolyte solutions is enabled by hydronium ions replacing hydrated cations on the
mica surface, resulting in decreased hydration repulsion and increased van der Waals attraction.®?
After deposition of mfp-3s-pep-Dopa at approximate peptide concentration 5 M, the adhesion
force increased to -F,/R = 11.0 £ 0.3 mN/m (E, = 1.8 mJ/m?). Increasing the concentration of
mfp-3s-pep-Dopa to 10 uM further increased the adhesion force to 17 £ 6 mN/m (2.7 mJ/m?).
The adhesion force was constant over consecutive measurements and was independent of the
separation velocity over the range of velocities tested here (Figure S1), indicating that adhesion

resulted from short-ranged non-covalent interactions.
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Figure 2. (A) Plot of force/radius F/R vs. mica separation distance D for bare mica surfaces in
salt solution (gray circles), and for mica surfaces after deposition of mfp-3s-pep-Dopa (blue
circles). (B) Force-distance plots for mica surfaces after deposition of mfp-3s-pep-Tyr (orange
circles). Inset shows weak adhesion of the adsorbed cluster. Open circles correspond to

compression of the surfaces; closed circles correspond to separation.

The film thickness after deposition of mfp-3s-pep-Dopa (0.2 + 0.4 nm) was not significantly
different from the thickness measured in salt solution (0.1 + 0.3 nm), suggesting that monolayers
of peptide adsorbed onto each mica surface. The possibility of measuring negative values of film
thickness is a consequence of the experimental procedure, described in the Supporting
Information S1. At the solution conditions used in this work, adsorbed potassium ions populate
the negatively charged mica lattice. The diameter of a hydrated potassium ion is 6.6 A% The
cross-sectional diameter of mfp-3s-pep-Dopa was estimated as 7 A, the approximate diameter of
a tyrosine amino acid.®® Replacing hydrated potassium ions with a monolayer of peptide is
expected to minimally change the film thickness, whereas a multilayer would increase the film
thickness. Therefore, the increase in adhesion force without change in film thickness after

deposition of peptides is consistent with adsorption of a monolayer on each surface. The further
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increase in adhesion force and unchanging film thickness upon increasing the peptide
concentration suggests that the monolayer is incomplete and can accommodate additional
peptides without forming a multilayer. With incomplete monolayers on each surface, adhesion
forces likely result from bridging interactions in which individual peptide molecules bind to both
mica surfaces.®* The adhesion also depended on the dwell time in contact and the time since
incubation (Figure S2), consistent with changes in the number or distribution of bridging
interactions of peptides, discussed in the Supporting Information S2.

In contrast with mfp-3s-pep-Dopa, mfp-3s-pep-Tyr did not form adhesive monolayers on mica.
Instead, for some contact locations between the mica surfaces, no evidence of peptide adsorption
was observed, with the adhesion force and film thickness remaining the same as the values
measured in salt solution. At other contact points, long-ranged repulsion (5-30 nm) and minimal
adhesion were measured (Figure 2B). This behavior was attributed to association of the peptides
in solution and subsequent heterogeneous adsorption of associated assemblies on the mica.
Consequently, contact between the surfaces either results in compression of one or more
assemblies, or contact between bare mica surfaces. Peptide association was corroborated by
dynamic light scattering measurements of the mfp-3s-pep-Tyr solution that revealed particles of
diameter 200-300 nm (Figure S3). These findings are consistent with a previous study*® that
reported coacervation of the same peptide in acidic aqueous solution, albeit at higher ionic
strength than used here.

Replica-Exchange Molecular Dynamics Simulations of Mfp-3s Peptides on Mica: Molecular
Insights into the Conformation and Binding of Dopa and Tyr Variants. To explore the impact of
hydroxylation of tyrosine to Dopa on peptide structure and adhesion, we performed replica-

exchange molecular dynamics (REMD) simulations using the GROMOS force field. Individual
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molecules of mfp-3s-pep-Tyr and mfp-3s-pep-Dopa were simulated in bulk water and in the
presence of mica. Figure 3A-B (left) depicts representative structures and associated probabilities
of the three most probable peptide conformations in bulk water. Figure 3 (right) shows plots of
the peptide radius of gyration (R,) versus end-to-end distance (R..). The dominant conformations
present [-sheets and interactions between pairs of aromatic residues (Trp, Tyr and Dopa) or
interactions between an aromatic residue and a charged residue (Arg, Lys and the N-terminal
Gly). Small values of both R, and R.. correspond to compact structures, while larger values of R,
and R.. indicate extended structures. Large R, and small R.. indicates an extended structure with
a beta-hairpin that places the termini close to each other. Mfp-3s-pep-Tyr adopted both extended
and compact structures in solution, whereas the mfp-3s-pep-Dopa adopted mostly extended
states. Mfp-3s-pep-Dopa was also more solvent-exposed and formed more hydrogen bonds with
water compared with mfp-3s-pep-Tyr (Figure S4), consistent with the second hydroxyl group on

each of the seven Dopa residues.

12



Total number 3.0
of clusters:

A

: ‘ c1 1
+ 4( B
L 1 40

| 140

Cl1

E .2

! 250

07 08 09 1 1.1 1
Flg(nm)

Figure 3. Top three clusters of likely conformations (/eff) and end-to-end distance R.. vs radius
of gyration R, (right) for (A) mfp-3s-pep-Tyr and (B) mfp-3s-pep-Dopa in bulk water and (C)
mfp-3s-pep-Tyr and (D) mfp-3s-pep-Dopa in the presence of mica. The dashed ovals in the
cartoon representations of the peptides indicate interactions between aromatic groups or between

aromatic and charged groups. Arrows in the plots of R.. vs. R, indicate the most probable cluster.

In the presence of a mica surface, both peptides lost secondary structure. The three most likely
conformations from GROMOSS53a6 are shown in Figure 3C-D. The probability of adopting [3-
sheets decreased and the probability of adopting random coils increased relative to the
probabilities in bulk solution (Figures S5 and S6), commensurate with a decrease in water
solvation (Figure S4). Adsorption to mica decreased the number of intramolecular hydrogen

bonds in mfp-3s-pep-Tyr (Figure S7), consistent with the loss of B-sheets. In contrast, the

13



number of intramolecular hydrogen bonds within mfp-3s-pep-Dopa was not significantly
affected by adsorption. On mica, mfp-3s-pep-Tyr adopted more compact structures than in
solution, while mfp-3s-pep-Dopa sampled structures with larger R, and better spreading over the
surface, as indicated by the radius of gyration in the xy-plane parallel to the interface, R.(2),
which corresponds to the ability of the peptide to splay along the surface of mica (Figure 4A).
We note that direct corroboration of the different conformations of adsorbed mfp-3s-pep-Tyr and

mfp-3s-pep-Dopa with SFA measurements was precluded by the aggregation of mfp-3s-pep-Tyr.
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Interactions between both peptides and the mica surface involved the formation of hydrogen
bonds. Mfp-3s-pep-Tyr and mfp-3s-pep-Dopa formed similar numbers of hydrogen bonds with
mica (Figure 4B). To identify the residues responsible for the hydrogen bonding in each peptide,
we calculated the number of hydrogen bonds formed between each residue type and mica
(Figures S8 and S9). Positively charged residues (Lys, Arg, and the N-terminal Gly) formed
most of the hydrogen bonds with mica. For both peptides, lysine formed an average of 2.4
hydrogen bonds with mica, indicating that lysine often binds to the surface with all three
hydrogens on its pendant amine. The cationic N-terminal glycine of mfp-3s-pep-Tyr and mfp-3s-
pep-Dopa formed 2.3 and 1.8 hydrogen bonds, respectively. Arginine formed fewer hydrogen
bonds with mica (0.2-0.4 avg). Uncharged residues including Dopa (0.3 avg) and Asparagine
(0.5-0.7 avg) formed few hydrogen bonds with mica (Figure 4C and S8). However, 83% of the
structures from the most sampled cluster of mfp-3s-pep-Dopa involved bidentate hydrogen
bonding between the hydroxyls of Dopa and mica, (Figure 3D). Even after driving the peptide
onto the surface to emulate the compression associated with SFA experiments, a single Dopa
residue remained stably bound (Figure S10, Supporting Information S3). Nevertheless, Dopa
localized at the mica surface much more than Tyr, as shown by the density of hydroxyl oxygens
along the z-axis (normal to the mica surface) (Figure 4D), possibly corresponding to the
formation of outersphere complexes between Dopa and bound water.®® This result is also
confirmed by the overall minimum distances between the hydroxyl oxygens of Dopa and the
mica surface (Figure S11), and by the greater probability of finding two or more Dopa residues
near mica compared with Tyr (Figure S12). We also observed correlations between the positions
of Dopa and charged residues. The radial distribution function of NH;* atoms around Dopa or

Tyr aromatic rings in peptides exposed to a mica surface (Figure S13) shows that the density of
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NH;* is higher within 4 A of Dopa than within the same distance of Tyr. Whether the proximity
results from interactions between the residues or cooperative interactions with the mica surface
remains to be determined.

Comparing our results to other studies of the adhesion of mussel-inspired peptides yields
insights into the influence of Dopa content on adsorption and adhesion. A recent study® of
peptides with similar Dopa content but greater lysine content than mfp-3s-pep-Dopa showed
comparable adhesion to our SFA measurements of mfp-3s-pep-Dopa on mica. In that study,
replacing Dopa by tyrosine or phenylalanine was shown to increase adhesion, in contrast with
our SFA results showing increased adhesion of peptides containing Dopa relative to peptides
containing tyrosine. The discrepancy can be explained by considering the relationship between
adsorption and adhesion. Highly cationic peptides are favored to adsorb on mica. If a sparse
monolayer adsorbs such that individual adhesive molecules can bridge both surfaces, or if a
monolayer is deposited onto a single surface, then conversion of tyrosine to Dopa increases
adhesion.?* If a dense monolayer adsorbs on both surfaces, or a multilayer adsorbs on one or
both surfaces, then cohesion between the films dictates the measured adhesion force. In that case,
conversion of tyrosine to Dopa decreases adhesion due to weakened cation-r interactions.?> Our
results demonstrate that the presence of Dopa enables mildly cationic, hydrophobic peptides to
adsorb as monolayers, whereas peptides containing tyrosine associate in solution and adsorb in
clusters. The differences in adsorption of mfp-3s-pep-Tyr and mfp-3s-pep-Dopa measured in the
SFA experiments are consistent with our simulations showing reduced hydration and higher
content of beta-sheets in mfp-3s-pep-Tyr relative to mfp-3s-pep-Dopa. These properties might
favor association of multiple mfp-3s-pep-Tyr molecules in solution, possibly driven by cation-

736 or -cation-71%7 interactions. Our results are also consistent with the association reported for
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mussel-inspired surface primers'® and peptides,® and with reports of the impact of molecular
structure on association and adhesion of mussel-inspired materials.?5 Ultimately, the influence
of Dopa on adhesion depends on the molecular context, including the density and thickness of
the adsorbed adhesive and the balance between adhesion and cohesion. Our results indicate that
the propensity of an adhesive to aggregate is another key determinant of the impact of Dopa on
adhesion.

Effect of Surface Hydrophobicity on Mfp-3s Peptide Binding: Replica-Exchange and Umbrella
Sampling MD Simulations. The chemical character of the target surface is expected to influence
peptide adhesion. We performed AMBERO3* REMD simulations to compare the effects of
hydrophilic and hydrophobic surfaces on peptide secondary structure. We first replicated the
GROMOS53a6 REMD simulations by simulating the peptides in bulk water and on mica using
the AMBERO3* model (Figure S14). We observed qualitatively similar, but slightly more
disordered monomer conformations compared with the GROMOS simulations. Hydrophilic
surfaces including silica (Figure S15, left) and hydrophilic self-assembled monolayers (SAMs)
(Figure S15, right) result in peptides that remain globular. In contrast, hydrophobic SAMs
(Figure S15, middle) result in heavily splayed peptides on the surface. These results demonstrate
that surface hydrophobicity strongly influences the conformation of bound peptides.

To further explore the interactions between the mussel-inspired peptides and various surfaces,
we calculated peptide adhesion to mica and additional inorganic and organic surfaces using
umbrella sampling simulations. Our AMBERO3* model shows that mfp-3s-pep-Tyr and mfp-3s-
pep-Dopa bind with similar energy to mica (Figure S16, fop), whereas on silica, mfp-3s-pep-
Dopa is 50% more adhesive than mfp-3s-pep-Tyr (Figure S16, second row). Like the adhesion to

mica, the adhesion of mfp-3s-pep-Tyr to a hydrophilic SAM (Figure S16, third row) matched the

17



previously reported adhesion of mfp-3s-pep-Dopa to the same SAM.** The simulated adhesion of
mfp-3s-pep-Dopa to a hydrophobic SAM in the same study was 250% larger than the adhesion
of mfp-3s-pep-Tyr reported here (Figure S16, third row). Mfp-3s-pep-Dopa also bound to lipid
(POPC) membranes (Figure S16, fourth row) with adhesion between the values for hydrophobic
and hydrophilic SAMs. Our results and previous simulations and SFA adhesion measurements??
demonstrate that mfp-3s-pep-Tyr and mfp-3s-pep-Dopa bind more strongly to hydrophobic
surfaces than to hydrophilic surfaces. The greater adhesion to hydrophobic surfaces may result
from hydrophobic interactions between the peptides and the surface. Hydrophobic surfaces may
also promote adhesion by disrupting the water layers that coat hydrophilic surfaces and
discourage adhesion.® Regardless of the origin, the enhanced adhesion of peptides to
hydrophobic surfaces may also account for the structural changes of peptides exposed to
hydrophobic surfaces (described above). The results also indicate that the effect of hydroxylation
of Tyr to Dopa on peptide adhesion depends on the chemical character of the surface.
Interestingly, hydroxylation increases adhesion to silica, but not other hydrophilic surfaces (mica
and hydrophilic SAMs), suggesting that the adhesion of polyphenolic peptides depends on
factors beyond surface hydrophobicity such as charge density and counterion arrangement,
density and organization of hydrogen bonding groups, and thermal mobility of surface groups.
Umbrella Sampling Simulations of Short, Palindromic Peptides: Effect of Hydroxylation and
Position of Aromatic Groups on Adhesion. To evaluate the relationships between hydroxylation
of aromatic groups, proximity of those groups to other residues, and adhesion to mica, we
performed umbrella sampling simulations of short, palindromic peptides under identical
conditions to the umbrella sampling simulations of mfp-3s peptides. We investigated the

following peptides: P1 (XKGGGKX), P2 (XGKGKGX), and P3 (XWKGKWX), where X
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denotes an aromatic residue, either Phe (no hydroxyls), Tyr (one hydroxyl), or Dopa (two
hydroxyls), nine peptides in total. Dopa and Lysine were identified as key amino-acids in our
simulations of binding of mpf-3s peptides to mica, and glycine is a staple in mfp sequences that
provides flexibility to the peptide chain. The peptides were designed to test the influences of
hydroxylation and molecular context of binding groups on adhesion of a peptide with minimal
sequence complexity. P1 contained an aromatic residue adjacent to Lys, while P2 and P3
incorporated an amino acid spacer (Gly for P2, Trp for P3) between aromatic residues and lysine.
Umbrella sampling simulations of each peptide (Figure 5) reveal that when Lys is adjacent to an
aromatic group (P1), peptide adhesion to mica increases with increasing hydroxylation of
aromatic groups, with P1-Dopa peptides exhibiting a more negative potential of mean force than
P1-Tyr and P1-Phe. In peptides where Lys is separated from an aromatic group by a Gly residue
(P2), P2-Dopa and P2-Tyr yield equivalent adhesion and outperform P2-Phe. In peptides where
Lys is separated from an aromatic group by a Trp residue (P3), we find that P3-Dopa adheres
less strongly than P3-Tyr and P3-Phe. Interestingly, proximity of hydrophobic and residues to
cationic residues has been recently shown to favor cation-7 interactions,” suggesting that
hydrophobic residues may enhance cohesion at the expense of adhesion. Ultimately, our results
indicate that while Tyr-containing peptides tend to outperform Phe-containing peptides, the
adhesive performance of Dopa relative to Tyr and Phe is influenced by proximity to charged and

hydrophobic residues.
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Figure 5. Plots of potential of mean force (PMF) vs. distance d from a mica surface calculated
from umbrella sampling simulations of aromatic peptides. We investigated the following
peptides: (A) P1, sequence XKGGGKX; (B) P2, sequence XGKGKGX; and (C) P3, sequence
XWKGKWX. The letter X denotes an aromatic residue containing either no hydroxyls (Phe),

one hydroxyl (Tyr), or two hydroxyls (Dopa).

CONCLUSIONS

We investigated three aspects of the molecular context of Dopa in mussel-inspired peptides:
the tendency of the peptide to aggregate, the chemical character of the target surface, and the
proximity of neighboring charged and aromatic groups. We demonstrated that sparsely charged,
hydrophobic peptides containing Dopa form adhesive monolayers on mica, while peptides
containing tyrosine associate in solution and adsorb in clusters. Atomistic molecular simulations
revealed that positively charged residues drive adsorption onto mica through direct interactions
with the surface. While we did not observe extensive hydrogen bonding between Dopa and mica,
Dopa hydroxyls were more localized at the mica surface than Tyr hydroxyls. For surfaces other
than mica, simulations show that hydrophobicity strongly influences peptide conformation, but
that adhesion cannot be predicted from hydrophobicity alone. Simulations also showed that when

the aromatic group is separated from Lys, peptides containing Dopa bind no more strongly to
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mica than peptides containing Tyr, and in some cases bind less strongly. Our results highlight
ways in which the molecular context of Dopa influences peptide association, adsorption, and
adhesion. By exploring the roles of Dopa and other amino acids in peptide adhesion, this work
clarifies the relationships between peptide structure, surface chemistry, and adhesive

performance to enable rational design of mussel-inspired adhesives.
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