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Mussel adhesive proteins (MAPs) are prototypical water-resistant adhesives that can adhere to virtually any
surfaces. Using all-atom molecular dynamics (MD) simulations, we study the molecular mechanisms behind the
adhesions of two key MAPs: Mfp-5 from Mytilus edulis and Pvfp-5p from Perna viridis. We uncover the confor-
mational dynamics and energetics underlying the adhesions of these proteins onto a hydrophobic graphite
surface. Both MAPs adhere by contacting their 1-3,4-dihydroxyphenylalanine (DOPA) residues with the surface.

Mfp-5 adheres stronger than Pvfp-5p because of its flexibility in adjusting conformation to maximize the contact
with the surface. Pvfp-5p protects the DOPA residues from oxidation by utilizing cysteine residues.

1. Introduction

Mussel adhesive proteins (MAPs) are prototypes of water-resistant
adhesives because of their remarkable abilities to adhere to virtually
any surfaces in water [1]. Among these, Mytilus foot proteins (Mfps) and
Perna viridis foot proteins (Pvfps) in particular have strong adhesive
properties in challenging marine environments [2-6]. Despite their
distinctly different structural and functional characteristics, both Mfp
and Pvfp proteins form durable and resilient underwater adhesions,
which inspired extensive efforts to develop adhesives mimicking Mfp
and Pvfp [7-8].

Understanding the molecular mechanism behind the adhesion of
MAP will fundamentally impact the design and engineering of a water-
resistant adhesive [9-11]. MAPs demonstrate remarkable adhesion even
to hydrophobic surfaces such as graphite or Teflon [12]. This strong
adhesion is primarily mediated by n—r interactions, as highlighted in the
work of Qin et al. [13]. Additionally, Gebbie et al. demonstrated that
cation—r interactions can play a significant role in enhancing adhesion in
hydrophobic environments, complementing van der Waals interactions
[14]. In our calculations, we employed graphite as the interface model
due to its well-characterized electronic and structural properties, which
make it an ideal substrate for studying n—r and related interactions. The
n-electron system in graphite leads to quadrupole polarization effects
and electron delocalization, which can influence interfacial interactions
[15-16]. The quadrupole polarization of graphite can induce unique
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interfacial phenomena, including enhanced 7 interactions and po-
tential charge transfer effects, which may influence the adhesion
mechanisms of DOPA residues in MAPs.

In addition to -7 interactions, our study also highlights the role of
o-n interactions in the adhesion of MAPs. -r interactions occur when a
o-bond (e.g., a C—H bond) from one molecule interacts with the delo-
calized m-electron cloud of an aromatic ring [17]. These interactions
stabilize adhesion, particularly when the phenyl rings of DOPA are tilted
relative to the graphite surface due to molecular conformation changes,
the hydration layer, or interference from other amino acid residues.

Another key factor influencing adhesion is the system’s pH, which
governs the ionization states of protein residues and the redox behavior
of catechols. Variations in pH could dynamically affect the protonation
states and redox activities of DOPA residues, potentially altering the
underlying adhesion mechanisms [18]. Similarly, cation—r interactions
are an important mode of interaction in MAPs. As highlighted in
Dougherty et al. [19], these interactions can be up to three times
stronger than typical salt bridges, such as those between charged lysine
(Lys) and glutamate (Glu) residues. Lysine residues in close proximity to
DOPA could engage in cation-= interactions with the n-electron system
of graphite, further stabilizing the protein adhesion.

Another critical post-translational modification that may influence
adhesion is the phosphorylation of serine (Ser) residues. Phosphoryla-
tion, a well-known regulatory mechanism, has been shown to modulate
both adhesion strength and conformational flexibility in MAPs [20].
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Phosphorylation could alter the electrostatic environment and enhance
or diminish interactions such as cation—x or n—r stacking. These aspects
warrant further investigation, particularly through hybrid quantum--
classical simulations to incorporate the effects of post-translational
modifications [21]. Temperature, another environmental factor, plays
a critical role in regulating adhesion by influencing protein flexibility,
hydration layer dynamics, and conformational transitions [22]. Con-
trolling temperature at 300 K in our simulations reflects physiological
conditions and ensures that the adsorption behavior of MAPs can be
studied under biologically relevant scenarios.

Despite the extensive studies on Mfps, Pvfps remain relatively
underexplored. As the first protein secreted in the byssus formation of
Perna viridis, Pvfp-5p plays a crucial role in the wet adhesion of Pvfp.
Pvfp-5p is highly disordered in structure, having up to 43 % random
coils. Pvfp-5p predominantly adopts a p-sheet extended structure, in
sharp contrast with the a-helix-rich and globular structure of Mfp-5
[23]. The difference in structure presumably results in distinct adhe-
sion mechanisms of these proteins [24]. Given its rapid and strong
adhesion, Pvfp-5p serves as an ideal model for investigating the mo-
lecular mechanism for the adhesion of Pvfp.

Herein, we comparatively study the underwater adhesions of Mfp-5
and Pvfp-5p onto a graphite surface by using all-atom molecular dynamics
(MD) simulation. Using the replica exchange MD (REMD) simulation
combined with the umbrella sampling, we uncover the conformational
dynamics and energetics underlying the adhesions of these proteins. We
elucidate how the distinct structural features of Mfp-5 and Pvfp-58 in-
fluence their adhesion mechanisms and strengths. The present study not
only builds upon the existing knowledge of Mfps but also shed new in-
sights into the adhesion of Pvfp-5p, a less explored but equally important
MAP. Understanding these fundamentals is crucial for development of
the next-generation bio-inspired adhesives tailored for specific appli-
cations in wet environments [25]. Our findings are expected to provide a
deeper understanding of the relationship between the protein structure
and adhesion.

2. MD simulation details
2.1. General MD methods

All MD simulations were conducted by using Gromacs 5.1.4 software
[26] under the NVT ensemble. The AMBER force field [27] was
employed to model the Mfp-5, Mfp-3 or Pvfp-5p protein in the presence
of an explicit water solvent described by the TIP3P model. A Mfp-5,
Mfp-3 or Pvfp-5p protein was placed in a cubic simulation box with
dimensions of 9.80 x 9.35 x 10.00 nm?, solvated with 10,789 water
molecules. This choice ensured full solvation of the protein and main-
tained a realistic water density of approximately 1 g/cm?, which aligns
with experimental observations and common practices in molecular
dynamics simulations [28]. The TIP3P water model was selected for its
compatibility with the AMBER force field and its ability to accurately
represent the solvation environment.

The MD integration time step was set to 1.0 fs. We accounted for the
long-ranged electrostatic interactions by using the particle-mesh Ewald
(PME) method with a cutoff distance of 1.2 nm [29]. The short-ranged
van der Waals (VDW) interactions were truncated at 1.2 nm as well,
following standard practices in simulations employing the AMBER force
field, which ensures the inclusion of all significant VDW interactions
while maintaining computational efficiency [30]. While this approach
effectively models van der Waals and electrostatic interactions, it does
not explicitly parameterize cation-n interactions, which involve
partially quantum mechanical effects and are not inherently captured by
classical force fields like AMBER. This limitation suggests that some
contributions from cation-n interactions may have been
underestimated.

Additionally, the explicit water solvent in our simulation was
modeled with a dielectric constant approximating that of bulk water
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(~80). This was chosen to represent a typical physiological aqueous
environment and to ensure consistency with previous experimental and
computational studies. However, mussel adhesive proteins are delivered
through a liquid-liquid phase separation (LLPS) mechanism. This pro-
cess creates a microenvironment with a dielectric constant potentially
much lower than that of bulk water, which may significantly influence
adhesion mechanisms. The LLPS-mediated low-dielectric environment
can impact the ionization states of protein residues and the redox
behavior of catechols, potentially altering the adhesion dynamics [31].

Despite this, the current model accurately captures the n—x stacking
interaction and o-m interaction between DOPA residues and the delo-
calized n-electron system of the graphite surface. The n-electron system,
inherent to graphite’s polyaromatic structure, not only facilitates ©—x
and o-r interactions but also provides a suitable substrate for exploring
cation-n interactions. As highlighted in Gebbie et al., cation-n in-
teractions are particularly significant in systems involving adhesive
proteins and can contribute to both cohesion and adhesion.

We maintained the system at 1 bar and 300 K by controlling tem-
perature via coupling the system to a V-rescale thermostat with a
relaxation time of 0.1 ps, ensuring efficient thermal equilibration. We
applied the LINCS algorithm [32] to constrain all the bonds involving
hydrogen atoms.

In simulating the adhesion, the graphite surface was modeled as a
three-layer graphene sheet, with each layer spaced 3.4 A apart, consis-
tent with the interlayer distance in natural graphite. This configuration
preserves the electronic and structural properties of bulk graphite while
ensuring computational efficiency. The graphite surface was repre-
sented as uncharged and immobile sheets composed of sp>-hybridized
carbon atoms with a C—C bond length of 1.42 A to reflect the experi-
mental observations [33]. The interactions between the carbon atoms in
graphite and the atoms in proteins were modeled using the Lennard--
Jones (LJ) potential [34]. The periodic boundary conditions (PBCs) were
applied in all three directions. To confirm the stability of the system
under PBCs, we periodically monitored the density of water in the
simulation box and checked for potential evaporation or adsorption ef-
fects. The results indicated no accumulation of water molecules on the
underside of the graphene substrate, ensuring system stability
throughout the simulation. We first performed the energy minimization
by relaxing water molecules using the steepest descent method. This was
followed by a 100-ps long NVT equilibration phase, during which the
backbone atoms of the protein were restrained to allow the solvent
molecules to equilibrate around the protein while minimizing structural
changes to the protein itself. During this phase, the temperature stabi-
lized at the target value of 300 K, confirming that the system was
well-equilibrated and prepared for the subsequent production MD
simulation. Finally, a 50-ns long production MD run was conducted
without restraints. We visualized MD simulations by using PyMol [35]
and Visual Molecular Dynamics (VMD) [36].

We calculated the potential-of-mean force (PMF) vs. the height (H) of
the center-of-mass (COM) of protein measured from the graphite surface
by using the umbrella sampling [37]. H was varied between 14 and 31 A
(200 windows) for Mfp-5 and between 11 and 44 A (205 windows) for
Pvfp-5p. We ran a 5 ns simulation for each window by applying a har-
monic restraint with a force constant of 8000 kJ mol ! nm~2 The PMF
profile was constructed using the weighted histogram analysis method
[371.

2.2. Prediction of structure for Mfp-5

Using the known amino-acid sequence of Mfp-5 [38], we investi-
gated the conformational dynamics of Mfp-5 by using the REMD method
[39]. The present REMD simulation utilized 60 replicas with tempera-
ture ranging from 300 K to 507 K (with an interval of 3.5 K between
successive replicas). This range and distribution of temperature were
determined after preliminary testing to optimize the exchange efficiency
between replicas. The Mfp-5 protein was placed in a cubic simulation
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box solvated with 10,789 water molecules. The system was first equil-
ibrated at 300 K and 1 bar for 200 ps under the NPT ensemble to achieve
a proper density of water molecules. The equilibrated system served as
the starting configuration for all replicas in the REMD simulation.

Following the initial equilibration, each replica was subjected to a
short pre-simulation in the NVT ensemble to set the system to an
assigned temperature. This ensured that each replica reached a thermal
equilibrium at its designated temperature before the production phase of
the REMD simulation [40]. Each replica was then simulated for 30 ns
under the NVT condition. The replica exchanges were attempted every 2
ps, with an exchange frequency selected to balance between a compu-
tational efficiency and a thorough sampling. Each replica was simulated
for 30 ns, but the final 20 ns portion was used for analysis, in order to
minimize the influence of the initial condition.

The structure of Mfp-5 was generated by using the AMBER force field
parameters. The tyrosine residues of Mfp-5 were post-translationally
modified by adding hydroxyl groups to generate the DOPA residues,
as described in the previous work [5]. The DOPA charge parameters
were obtained from the AMBER general force field (GAFF). The bond,
angle, dihedral, and LJ parameters were adopted directly from the
AMBER force field [41]. We performed a conformational clustering
using the g_cluster tool [42] of GROMACS with an RMSD cutoff of 0.9
nm. The most populated clusters were identified as representative
structures and further analyzed for the adhesion mechanism of Mfp-5.

2.3. Prediction of structure for Pvfp-5§

The crystal structures of Pvfps, like those of Mfps, are currently un-
available [43-44]. However, Pvfp-5p shares a relatively high sequence
similarity with the structural templates identified in the Protein Data
Bank (PDB) database. Therefore, the structure of Pvfp-5p could be reli-
ably modeled by using a standard protein homology modeling method.
Herein, we used I-TASSER (Iterative Threading ASSEmbly Refinement)
method [45] which integrates the template-based modeling with the ab
initio techniques and generates a high-confidence structural model. The
full-length amino acid sequence of Pvfp-58 was input into the I-TASSER
server [46], an established platform for an automated prediction of a
protein structure. This process started by selecting structural templates
from the PDB database through threading with I-TASSER which utilizes
diverse algorithms to increase the probability of identifying suitable
templates for Pvfp-5f. The full structure of Pvfp-5p was assembled by
aligning fragments derived from these templates. For regions where
templates were unavailable, the ab initio modeling techniques were
applied. The ab initio modeling involves an extensive conformational
sampling by using the replica-exchange Monte Carlo simulation to
identify the low-energy conformations.

The initial structures obtained above were refined by clustering
similar conformations to select the most representative structures. By
running MD simulations, we further improved the hydrogen-bonding
network and resolved any steric clashes of the structural models. The
overall quality of the models were enhanced by employing the FG-MD
(Fragment-Guided Molecular Dynamics) method. We assessed the

1 2
40.2% 14.7%
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accuracy of the predicted structures by using a confidence score, called
C-score, which evaluates the quality based on the significance of the
template alignments and structural density. A C-score in the range of
—1.5-2 gives a high global accuracy. The present model gave a C-score
of 0.93.

3. Results and discussion

Fig. 1 illustrates four primary conformations of Mfp-5, each repre-
sented by different colors and annotated with the percentage of preva-
lence found in MD simulation. Conformer 1, which accounts for 40.2 %
of all predicted structures, displays a disordered folding state charac-
terized by a prominent a-helix and multiple irregular coils. This struc-
ture is similar to that reported by Qin et al. which consists of a-helices
only [13]. Using RMSD-based clustering analysis with a cutoff threshold
of 0.9 nm, we grouped conformations with high structural similarity and
identified representative conformations with the lowest free energy for
each cluster [13]. Conformer 1 emerged as the most prevalent and stable
conformation, suggesting its significance during protein interaction with
the graphite surface. Conformers 2 and 3 (comprising 14.7 % and 6.5 %,
respectively) display B-sheets along with significant amounts of loops
and coils. Conformer 4 make up 5.8 % and primarily consists of irregular
coils and appears less frequently, indicating it is a secondary state. This
clustering approach highlights the dynamic nature of Mfp-5, which
adopts a disordered folded state, consistent with the absence of its
crystal structure. We select the top-ranked Conformer 1 for further
investigation on the structure and energetics in the underwater adhesion
onto a graphite.

As illustrated in Fig. 2(a), Pvfp-5p has 6 p-sheets with coils. Unlike
the globular structure of Mfp-5, it exhibits an extended and non-globular
conformation. The DOPA residues are shown in orange. The DOPA
residues are mainly located at the periphery of the protein, with their
aromatic rings oriented toward the solvent. This orientation presumably
facilitates the interaction of protein with the solvent molecules. The
exposed aromatic rings, combined with the overall flexibility of the
structure, provide numerous binding opportunities and thereby enhance
the stability of protein in the adhesion.

Fig. 2(b) illustrates the surface of Pvfp-5f is predominantly covered
with positive charge with a small portion of negative charge. The present
structure of Pvfp-5p is similar to the one previously reported, reinforcing
the validity of our structural prediction [24].

Fig 3 illustrates the dynamics of adhesion for both Mfp-5 and Pvfp-
5. Both the proteins, initially separated from the surface, firmly adhere
to the surface within 50 ns. The initial structure is largely preserved in
the final structure of protein adhered to the surface. For Mfp-5, three
DOPA residues directly contact the surface by displacing water mole-
cules pre-adsorbed. The initial interaction occurs at 20.9 ns, when the
hydroxyl groups of the DOPA residues (Y17 and Y23) engage with the
surface, starting the adsorption. By 36.4 ns, another DOPA residue (Y29)
joins, further stabilizing the protein. Similarly, Pvfp-5p contacts the
surface primarily through its DOPA residues. The DOPA labeled as Y2
firstly contacts the surface (0.2 ns). Later, two additional DOPAs (Y10

3 4
[,74
&@ waj % |
~f
6.5% 5.8%

Fig. 1. Four primary conformations of Mfp-5 predicted from the current all-atom MD simulation. The Mfp-5 proteins are depicted in a Newcartoon style.
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Fig. 2. (a) Conformation of Pvfp-5p predicted by the present homology modeling combined with MD simulation. The protein is depicted in a Newcartoon style. The
DOPA residues are shown in orange. (b) Electrostatic potential maps of surface charge of Pvfp-5p. The surface potentials of anionic and cationic regions are illustrated

in red and blue, respectively.
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Fig. 3. Dynamics of the underwater adhesion of MAP to a graphite surface. Representative snapshots from MD simulations are displayed for the adhesions of Mfp-5
(a) and Pvfp-5p (b). The MAP proteins are depicted in a Newcartoon style, and the DOPA residues contacting the surface are shown in bond style. For visual clarity,
water molecules and counter ions are omitted. Only the top layer of graphite is illustrated.

and Y81) sequentially adhere to the surface. Finally, another DOPA
(Y82) adheres to the surface, resulting in four DOPAs in total involved in
the adhesion.

Therefore, the DOPA residues are crucial in the adhesions of both
Mfp-5 and Pvf-5p. The n-n interaction between the phenyl rings of DOPA
and the graphite surface facilitates protein conformational adjustment,

leading to stable adhesion. However, in Mfp-5, the phenyl rings of DOPA
residues form an angle with the graphite surface rather than being
perfectly parallel. This deviation is likely influenced by water molecules
and neighboring amino acid residues, which can interfere with direct n-n
interactions. Such interference alters molecular conformations, affects
the structure of the hydration layer, or provides a shielding effect.
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When the phenyl rings are tilted, 6/n interactions can occur. These
involve a o-bond (e.g., a C—H bond) interacting with the delocalized
n-electron cloud of an aromatic ring, stabilizing adhesion even when the
aromatic ring is not perfectly parallel to the surface. The strength of 6/x
interactions depends on the distance and angle between the C—H bond
and the aromatic plane, with optimal interactions occurring when the
C—H bond is nearly perpendicular to the aromatic ring [17]. In our
simulations, o/n interactions compensate for the reduced n-n stacking
efficiency in Mfp-5 when DOPA residues are tilted relative to the
graphite surface.

Both n/7 and o/= interactions contribute to the overall adhesion of
Mfp-5 and Pvfp-54, albeit with differing efficiencies depending on mo-
lecular conformation. While n/n interactions dominate when DOPA
residues are nearly parallel to the surface, 6/n interactions provide
supplementary stabilization in tilted configurations [17].

In order to quantitatively examine the dynamics of adhesion, we
track down the height of protein from the surface, H. As shown in Fig. 4
(a), the H of Mfp-5 noticeably fluctuates during the initial 20.9 ns. This
fluctuation suggests that the Mfp-5 has not formed a stable adhesion to
the surface, signifying a state of free diffusion or of weak interaction
with the surface. At 20.9 ns, H suddenly drops because Mfp-5 initiates
the contact with the surface. This initial anchoring is attributed to the
contact of the hydroxyl groups of DOPA residues (Y17 and Y23) with the
surface. As time progresses (36.4 ns), another DOPA residue (Y29) ad-
heres, further stabilizing the adhesion of protein. By this time, the
fluctuation of H diminishes, because all the three DOPA residues firmly
adhered onto the surface. The protein undergoes conformational ad-
justments, characterized by partial unfolding to maximize the contact
with the surface.

The time evolution of H for Pvfp-5p is shown in Fig. 4(b). Within the
first few ns, H rapidly decreases to approximately 12 A, indicating that
Pvfp-5p quickly contacts the surface. This rapid decrease in H contrasts
with that for Mfp-5. As all the DOPA residues adhere onto the surface, H
gradually stabilizes after ~10 ns, signaling a stable state of adhesion. In
this stabilization stage, the protein structurally adjusts to maximize its
contact with the surface. In short, both Mfp-5 and Pvfp-5p establish
multiple contacts with the surface via their DOPA residues.

We study the energetics of adhesion by constructing the PMF vs. H
(Figs. 5 and 6). In the case of Mftp-5, the PMF shows a minimum around
H = 1.5 nm, which corresponds to a firm adhesion. The subsequent rise
in PMF with increasing H indicates an extra free energy needed to detach
Mftp-5 from the surface. The PMF levels off around H > 2.65 nm, owing
to a complete detachment of the protein from the surface. Therefore, the
range of attraction in the PMF curve is 1.15 nm. The adhesion energy of
Mfp-5, determined by the depth of the minimum in the PMF curve, is 28
kcal/mol. Also shown in Fig. 5 are the snapshots of 4 representative
points in the PMF curve (drawn as symbols).
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A reasonable measure of the strength of adhesion is the adhesion
energy per unit area calculated as follows. We determine the contact area
(CA) between the protein and surface [13] by using

CA = (SASprotein + SASsurface - SAScomplex)/ 2 where SASprotein; SAS-
surfaces @nd SAScomplex are the solvent-accessible surface areas of the
isolated protein, surface, and the protein-surface complex, respectively.
The CA of Mfp-5 is 8 nm?, and, therefore, the adhesion energy per unit
area is 24.3 mJ/m? which is higher than the experimental value re-
ported for the adhesion of Mfp-5 on a hydrophilic mica surface (9.0-13.7
mJ/m?) [3]. This result aligns with previous findings, such as those
mentioned in Levine et al.’s study [5], where it was observed that mussel
foot proteins (Mfps) exhibit stronger adhesion on hydrophobic surfaces
compared to hydrophilic ones. Graphite, being a hydrophobic substrate,
provides a favorable environment for n—r stacking interactions and 6/n
interactions between the aromatic rings of DOPA residues and the
delocalized n-electron system of the graphite surface. This interaction is
not only stronger but also longer-ranged compared to the
hydrogen-bonding interactions that dominate on hydrophilic surfaces
like mica.

The PMF profile of Pvfp-5p is shown in Fig. 6. Pvfp-5@ firmly adheres
at H = 1.15 nm, which is shorter than found for Mfp-5 (=1.5 nm). As H
rises to 4.3 nm, the PMF increases and finally plateaus. The range of
attraction to the surface is 3.15 nm, significantly larger than that of Mfp-
5. The adhesion energy is found to be 48 kcal/mol. Note, in contrast to
Mfp-5, the secondary structure of Pvfp-5p is disrupted in the process of
detachment. Presumably, the enhanced adhesion energy of Pvfp-5§
enforces a disruption of the secondary structure (maintained by
hydrogen bonds) in the detachment from the surface. As the CA of Pvfp-
5p is 16 nm?, the adhesion energy per unit area is 20.8 mJ/m? for Pvfp-
5. Note, the adhesion energy of Pvfp-5p is greater than that of Mfp-5,
but the adhesion energy area per unit area is smaller however. The
present value is even larger than the experimental adhesion energies for
Pvfp-5B on mica surfaces, 3.0-5.5 mJ/m? [24]. Therefore, Pvfp-5p, like
Mfp-5, adheres to a hydrophobic surface as strongly to a hydrophilic
surface. These proteins versatilely adhere onto both hydrophilic and
hydrophobic surfaces. In our previous work, the DOPA residues adhere
through multiple hydron bonds to a hydrophilic surface [47-49] In the
case of a hydrophobic surface, the DOPA residues adheres via the n-t and
o/n interactions between their aromatic rings and the underlying surface
[501.

Why Mfp-5 adheres more strongly than Pvfp-53? A MAP protein’s
ability to establish compact contact with a surface is critical for stronger
adhesion per unit area. Proteins with a lower molecular weight is ex-
pected to be more flexible, enabling them to maximize surface contact..
Given the molecular weight of Mfp-3 (6 kDa) is smaller than that of Mfp-
5 (9 kDa) and Pvfp-5p (9.45 kDa). This higher flexibility allows Mfp-3 to
achieve greater surface contact, resulting in the highest adsorption
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Fig. 4. Time evolution of the height of the COM of protein from the surface, H, for Mfp-5 (a) and Pvfp-5p (b).
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Fig. 5. Free energy profile for the underwater adhesion of Mfp-5 onto a graphite surface. Drawn is the PMF vs. the height of the COM of Mfp-5 from the surface, H.
Representative snapshots are provided for four representative Hs (marked as symbols in the PMF curve).
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Fig. 6. The free energy profile for the underwater adhesion of Pvfp-58 onto a graphite surface. The PMF is plotted vs. the height of the COM of Pvfp-5f from the
surface, H. Representative snapshots are provided for four distinct heights (marked as symbols) on the PMF curve.

energy per unit area among the three proteins. Conversely, Pvfp-5p, with
its higher molecular weight and lower flexibility, has the weakest
adhesion per unit area.

Beyond flexibility and molecular weight, other factors also
contribute significantly to adhesion strength. The net charges of Mfp-5
and Pvfp-5p differ due to their amino acid compositions. Positively
charged residues in Mfp-5, such as lysine and arginine, can enhance
adhesion through electrostatic interactions with negatively charged or
polar regions on the surface. In contrast, Pvfp-5p has fewer such resi-
dues, potentially weakening its adhesive capacity [24].

Hydrophobic interactions also play an important role. Mfp-5 con-
tains hydrophobic residues such as phenylalanine and leucine, which

contribute significantly to van der Waals interactions with the graphite
surface, reinforcing adhesion. Pvfp-5p, however, has a lower proportion
of hydrophobic residues, resulting in weaker hydrophobic interactions
and reduced overall adhesion strength.

The combination of molecular mass and flexibility further influences
adsorption strength. The lower molecular mass and greater flexibility of
Mfp-5 allow it to rapidly adjust its conformation during adsorption,
maximizing surface contact and adapting effectively to microscopic
surface irregularities. In contrast, the larger molecular mass and reduced
flexibility of Pvfp-5p limit its ability to achieve such conformational
adjustments, resulting in fewer DOPA residues making direct contact
with the surface.
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Experimentally, Pvfp-5p is known to have the strongest adhesion
among various Pvfps. According to the present calculation, Mfps should
adhere stronger than Pvfps. It should be noted however that the present
study focuses on the anchoring of a Pvfp or Mfp protein onto a surface.
However, also important is the curing process where multiple proteins
crosslink with each other to form a firm matrix at a much longer time-
scale (>hrs). Our results merely indicate that Mfps adhere more strongly
at this initial anchoring stage of adhesion.

The adhesion energy of Mfp-5 observed in the present study is lower
than the energy of Mfp-3 on hydrophobic surfaces previously reported
by Qin et al. (28 mJ/m?) [13]. In order to explain this difference, we
examine the structures of Mfp-3 and Mfp-5 adhered to graphite (Fig. 7).
Both Mfp-3 and Mfp-5 adhere by contacting three DOPA residues with
the surface. Based on the work of Qin et al. [13], n-n stacking in-
teractions are most effective when the aromatic rings are parallel to the
graphite surface, as this orientation maximizes n-electron cloud overlap.
In Mfp-3, this nearly parallel configuration (with angles <10°) signifi-
cantly enhances n—r stacking interactions. However, the more upright
orientation observed in Mfp-5 reduces n-n overlap and potentially
weakens stacking interactions. The angles between the phenylene ring
and graphite planes >45°, the interactions between the DOPA residues
and the graphite surface likely involve a hybrid mechanism, combining
contributions from both n—x stacking and ¢/x interactions.

When the phenyl rings deviate from the parallel configuration, the
interaction shifts from being predominantly n—r to including o/x in-
teractions. In this configuration, C-H bonds, such as those in the hy-
droxyl groups of DOPA, can interact with the delocalized n-electron
cloud of the graphite surface. This type of interaction is supported by
studies, including those by Alonso et al. [17], which highlight the
importance of 6/x interactions in systems where aromatic rings are tilted
relative to a surface. A similar finding was also reported in the previous
quantum mechanical simulation of the wet adhesion of catechol onto a
graphite [50].

Additionally, the hydration layer on the graphite surface may also
contribute to the observed interaction. At intermediate orientations, the
hydroxyl groups of DOPA could interact with water molecules within
the hydration layer [51]. As the DOPA residues flatten to increase
contact with the surface, dehydration of the surface may occur,
enhancing the n—r and o/x contributions. However, at an angle greater
than 45°, this water-mediated interaction may play a more significant
role alongside direct =—n and o/x interactions. The greater tilt angle
reduces n-n overlap, resulting in the adhesion energy of Mfp-5 being
lower than that of Mfp-3.

We investigate how Mfp-5 and Pvfp-5p disrupt the hydration layer
(HL) formed on graphite in the course of adhesion. On the graphite, a
hydration layer naturally forms with a thickness of 7 A, as confirmed by
previous studies on water ordering near hydrophobic surfaces. By
leveraging advanced computational techniques, specifically density grid
mapping with Python, we provide a clearer visualization of water
molecule distributions at the protein-graphite interface. This approach

(a)
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enables a more precise quantification of hydration dynamics and surface
dehydration, which are essential factors in adhesion mechanisms.
Shown in Fig. 8 are the water densities of HLs. In the progress of
adhesion, the dehydrated region of HL expands over time for both Mfp-5
and Pvfp-5p. This dehydration process is critical, as the displacement of
structured water molecules facilitates closer protein-surface contact and
optimizes 1 interactions between the phenolic rings of DOPA residues
and the graphite surface. Notice Pvfp-5p more pronouncedly dehydrates
the HL. The dehydrated area finally stabilizes to 8 nm? and 16 nm? for
Mfp-5 and Pvfp-5p, respectively. Notably, the dehydrated areas exactly
match those calculated by using the solvent-accessible areas (see above),
meaning each protein displaces water molecules pre-adsorbed to contact
with the surface.

As DOPA residues approach the graphite surface, their hydroxyl
groups initially interact with the structured hydration layer, contrib-
uting indirectly to adhesion by promoting localized dehydration. This
dynamic interaction aligns with observations that hydration layer dy-
namics play a critical role in the initial stages of protein adhesion. Our
model predicts a transition during this process: as water molecules are
displaced, n—r stacking interactions between the phenolic rings of DOPA
and the graphite surface become dominant. This transition is accom-
panied by localized disruption of the hydration layer, further enhancing
direct protein-surface contact.

Additionally, when the phenolic rings of DOPA are tilted relative to
the graphite surface, o—n interactions between C—H bonds and the
delocalized n-electron cloud of graphite play a supplementary role.
These interactions compensate for the reduced efficiency of n-x stacking
under such configurations, as demonstrated in our simulations. The
interplay between hydration layer dynamics, localized surface dehy-
dration, and the transition from hydration-mediated to n-n and 6-x in-
teractions underpins the molecular mechanisms driving adhesion in
both Mfp-5 and Pvfp-5§.

Pvfp-5p contain a significant amount of cysteine (15-20 mol%), and
experimental findings suggest that cysteine (Cys) presumably prevent
the oxidation of DOPA. We observe, as DOPA10 approaches the surface,
Cys12 aids in displacing the preexisting water molecules and in creating
a dehydrated area that allows the DOPA residue to contact the surface
(Fig. 9(a)). Once both the DOPA and Cys residues adhere onto the sur-
face (Fig. 9(b)), the surrounding water molecules are effectively dis-
placed. Therefore, the Cys residue facilitates the adhesion of Pvfp-5p.
Our finding is in accord with the prior experiments [52-53] which re-
ported that Pvfp-5 protects its DOPA residues from oxidation by forming
the cysteine-DOPA bonds and disulfide bridges within the adhesive
plaque [54].

Yu et al. demonstrated that Cys thiols in Mfp-6 significantly enhance
the adhesion of Mfp-3 to mica surfaces by sacrificially reducing oxidized
DOPAquinone back to its adhesive form [55]. In Mytilus, this protection
is provided by a separate molecule (Mfp-6), whereas in Pvfp-5f, the Cys
residues coexist with DOPA on the same protein backbone, potentially
streamlining the adhesive and protective functions. This co-location of

(b)

Fig. 7. MD snapshots of Mfp-5 (a) and Mfp-3 (b) adhered to a graphite surface. The DOPA residues adsorbed on the surface are displayed in bond style.
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Fig. 9. (a) MD snapshot of Pvfp-5f adhering to a graphite. Shown in bond style is a DOPA residue (DOPA10) aided by cysteine (CYS12) nearby. (b) Snapshot of Pvfp-
58 completely adhered to the surface. The structure of protein is represented in line style. In the right, water molecules within a height < 7 A from the surface are

shown in gray.

functional groups may enhance the efficiency of Pvfp-5p under oxidative
conditions.

Additionally, the hydrophobic nature of cysteine thiols, as high-
lighted by Tanford & Nozaki, supports their contribution to surface
dehydration, which is crucial for promoting DOPA’s adhesion through
n-n stacking interactions [56]. The thiols’ propensity for oxidation at pH
> 6 suggests that they act optimally under slightly acidic or neutral pH
conditions, a hypothesis corroborated by the pH-dependent adhesion
behavior observed in related systems.

4. Conclusion

With the help of all-atom MD simulation, we performed a compar-
ative study on the mechanism and dynamics behind the underwater
adhesion of Mfp-5 and Pvfp-5f onto a graphite surface. We presented the
molecular insights into the structural and energetic aspects of the
adhesion, giving a deeper understanding of the mechanism of adhesion.
Our findings highlight the critical roles of DOPA residues, hydration
dynamics, and protein conformational flexibility in driving effective
adhesion to hydrophobic surfaces.

Mfp-5 adheres more strongly than Pvfp-5f. Because Mfp-5 is more
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flexible, the DOPA residues of Mfp-5 adjust their orientations. The
cysteine residues of Pvfp-5p facilitate displacing water molecules pre-
adsorbed on the surface to create favorable conformation of the DOPA
for adhesion. The present study unveils the molecular mechanisms un-
derlying the underwater adhesion of MAP on a hydrophobic surface.
These insights presumably impact the design of biomimetic materials
with enhanced adhesive properties, potentially leading to the develop-
ment of new adhesives for underwater applications. By elucidating the
complementary roles of n—x, 6-7, and cation-x interactions, along with
hydration layer dynamics, provide a foundation for engineering adhe-
sives optimized for diverse applications, such as biomedical adhesives,
underwater construction, and soft robotics. Furthermore, the demon-
strated effectiveness of multi-residue interactions opens new pathways
for designing hybrid adhesive formulations that combine strength,
durability, and resistance to environmental challenges. The future work
will focus on exploring the synergetic effects of residues other than
DOPA and their contribution to the wet adhesion.
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