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BIOPHYSICS

Structure and sequence features of mussel adhesive
protein lead to its salt-tolerant adhesion ability

Xinwen Ou'*, Bin Xue?*, Yichong Lao’, Yanee Wutthinitikornkit', Ranran Tian', Aodong Zou',

Lingyun Yang?, Wei Wang?, Yi Cao??, Jingyuan Li'*

Mussels can strongly adhere to hydrophilic minerals in sea habitats by secreting adhesive proteins. The adhesion
ability of these proteins is often attributed to the presence of Dopa derived from posttranslational modification
of Tyr, whereas the contribution of structural feature is overlooked. It remains largely unknown how adhesive
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proteins overcome the surface-bound water layer to establish underwater adhesion. Here, we use molecular
dynamics simulations to probe the conformations of adhesive protein Pvfp-58 and its salt-tolerant underwater
adhesion on superhydrophilic mica. Dopa and positively charged basic residues form pairs, in this intrinsically
disordered protein, and these residue pairs can lead to firm surface binding. Our simulations further suggest that
the unmodified Tyr shows similar functions on surface adhesion by forming pairing structure with a positively
charged residue. We confirm the presence of these residue pairs and verify the strong binding ability of unmodified
proteins using nuclear magnetic resonance spectroscopy and lap shear tests.

INTRODUCTION

Mussels can effectively adhere to the rocks in seawater by se-
quentially secreting various adhesive and cohesive proteins (1-3).
Mussel adhesive proteins serve as the primer directly affecting
mussel’s ability to adhere to disparate material surfaces (4, 5).
The binding stability of adhesive proteins in salt solution has
been well characterized over a wide spectrum of hydrophilic mate-
rials, e.g., layered silicates (6-9), metal oxides (10, 11), and self-
assembled monolayers (12). Protein adsorption needs to overcome
a considerable barrier resulting from the stable hydration layer on
hydrophilic materials (13-15). Moreover, the electrostatic screen-
ing effect of solution ions makes the establishment of strong ad-
hesion even more difficult (16, 17). Mussel adhesive proteins can
address these challenges, enabling mussels to tenaciously attach to
hydrophilic surfaces, despite that the molecular mechanism re-
mains unclear.

A common feature of mussel adhesive proteins is the presence of
the unusual amino acid Dopa (3,4-dihydroxy-1-phenylalanine; from
posttranslational modification of Tyr) whose content ranges from
20 to 30 mol % (6, 15). Previous study proposed that the adsorption
of adhesive protein is through the direct interaction between Dopa
and hydrophilic surface, e.g., the chelation with surface metal ions
and the hydrogen bond with surface oxygens. However, the chela-
tion interaction only occurs for a small fraction of metal (18) and
metal oxides (11, 19); the strength of hydrogen bond interaction of
Dopa in aqueous environment is rather modest, not enough to
explain the strong adhesion ability of adhesive protein (20, 21). Be-
sides, recent density functional theory (DFT) calculations suggested
that Dopa only forms one hydrogen bond with hydrophilic phyllo-
silicates like mica (22) and saponite (23). On the other hand, there
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is substantial amount of Lys (10 to 20 mol %) in adhesive proteins
(24, 25). Growing evidence suggests that Lys also contributes to
protein adhesion (26-29). In addition, the Dopa-based peptide
containing insufficient Lys exhibits limited adhesion to hydro-
philic surface (30). Moreover, increasing studies showed that the
peptides containing Lys and unmodified Tyr can also adsorb to
hydrophilic surfaces (31-35). Together, although the crucial role
of Dopa to enhance the mussel attachment by promoting the pro-
tein cross-linking has been well established (36-38), its effect
on adhesive interaction is under debate. Comprehensive under-
standing about the adhesive protein’s binding ability is highly
demanded, especially the mechanism about the contribution of
these residues.

Molecular dynamics (MD) simulations have been widely used to
study protein adsorption and the related structural feature (39-41).
As for mussel adhesive proteins, their intrinsically disordered nature
brings additional challenges to the simulation about their confor-
mation and adsorption behavior. Previous computational studies
on adhesive proteins mainly focused on the exploration of their
solution conformations (42) and the optimization of the structure
of preadsorbed protein fragments (30). Despite some effort (43),
there is no computational work to describe the adsorption process
of adhesive protein.

In this work, we combine MD simulation with nuclear magnetic
resonance (NMR) spectroscopy and lap shear tests to study the con-
formational ensembles of adhesive protein Pvfp-58 and its adsorp-
tion behavior. The conformations of this intrinsically disordered
protein are sampled by replica exchange MD (REMD) simulations.
Dopa and positively charged basic residues (i.e., Lys and Arg) ex-
hibit considerable spatial correlation and even form pair structure
through cation-n interactions and hydrophobic matching. More-
over, such pair structure leads to the firm adhesion of protein on
superhydrophilic mica. Dopa can reduce the stability of hydration
layer, eliminate the hindrance caused by ions, and consequently
facilitate the binding of its pairing basic residue. Hence, the pairing
basic residue adheres to the negatively charged surface site by the
electrostatic attraction, which contributes substantially to the bind-
ing stability of the proteins. The structure and binding ability of the

1of 11

0202 ‘22 1300190 uo /610 Bewasualos saoueape//:diy Woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

unmodified Pvfp-5B-Tyr are also studied. Strikingly, Tyr forms
similar pair structure with positively charged basic residue. In addi-
tion, these residue pairs also lead to the firm adsorption of protein.
Both spatial correlation and binding ability of Pvfp-5B-Tyr are fur-
ther confirmed by NMR spectroscopy and lap shear tests, respec-
tively. Our findings suggest that the pair structure of Tyr/Dopa with
basic residues, rather than the posttranslational modification of Tyr
to Dopa, should be responsible for the strong binding ability of
mussel adhesive proteins.

RESULTS

The structure of Pvfp-5p in solution

We carry out REMD simulations to sample the conformational
ensembles of intrinsically disordered Pvfp-5f. The cluster analyses
(44) are then performed for the conformations of the 300-K replica,
with a root mean square deviation cutoff of 3 A. Representative
configurations of the first six most populated clusters are then ob-
tained (Fig. 1A and fig. S1). All these configurations share a prolate
ellipsoidal shape with high content of random coils. The average
solvent-accessible surface area and the radius of gyration (Rg) of
protein are 67.67 nm” and 1.74 nm, respectively (fig. S2).

In these configurations, Dopa and positively charged basic resi-
dues tend to migrate to and stay on the protein surface. Dopa and
basic residues exhibit considerable spatial correlation and can even
form pairs. In our analysis, they are considered to pair up when the
center of mass distance of their side chains is less than 5 A. There
are three Dopa-basic residue pairs in the most populated structure
(Fig. 1, A to C). Such pair structure is commonly observed in the
conformational ensembles we obtain. The average number of
Dopa-basic residue pairs is 2.35. And the probability of at least two
pairs is as high as 70%. In short, such unique pair structure is quite
ubiquitous, although the mussel adhesive protein is intrinsically
disordered.

The most populated conformation of the 300-K replica is adopted
for the following 1000-ns simulation. The side chains of surface res-
idues exhibit certain fluctuation, which is attributed to inherent
thermal dynamics of protein and the interplay with the motion of
hydration water (45). The root mean square fluctuations (RMSFs)

Dopa29: Lys19 Dopa57: Arg31

are calculated to investigate the fluctuation of residues. Dopa resi-
dues (~2.49 A) exhibit considerable fluctuation compared with
non-Dopa residues (~1.34 A). We further investigate the fluctuation
of Dopa’s aromatic ring by calculating the dihedral angles @c.ca-cs-cG
and @ca-cp-cg-cp1- Both dihedral angles undergo frequent fluctua-
tion with the amplitude around 30°. In addition, the orientation of
the aromatic ring even undergoes more marked transition with the
amplitude of ~120° (fig. S3). Both results are in line with the previous
simulation studies on the dynamics of Tyr aromatic ring (46-48).

The spatial correlation of all residue types is systematically ana-
lyzed by calculating the number of residues being in contact for each
combination. And the contact matrix of adhesive protein is shown
in Fig. 1D. The contact number for Dopa and Lys is considerably
higher than for any other combinations. Asn exhibits certain spatial
correlation with Dopa, while the tendency is weaker than Lys. We
further calculate their radial distribution function (RDF; fig. S4):
There is a main peak at r = 3.9 A, corresponding to the direct
contact between Dopa and Lys. It should be noted that the RDF of
another positively charged basic residue Arg with respect to
Dopa shares a similar trend (fig. S4). The modest contact number of
Arg with Dopa is due to its much less occurrence (there are only
three Arg residues). Therefore, both types of basic residue exhibit
considerable spatial correlation with Dopa in this intrinsically dis-
ordered protein. The relative orientation of these pairing residues is
analyzed by calculating the angle between their side chains (fig.
S5C). The angle is mostly distributed in 0 to 30° (>80%), and more
than 40% are within 10°: The side chains of the pairing Dopa and
basic residues are largely parallel to each other.

Given by their parallel orientation, the hydrophobic carbona-
ceous groups of the side chains of pairing residues are largely over-
lapped, resulting in the hydrophobic matching effect (49, 50).
Moreover, the amino group of both Lys and Arg can establish the
affinity with Dopa’s aromatic ring (fig. S6) through cation-=n inter-
action (51-53). Cation-w interaction is common in biological sys-
tem (54-56). Previous studies also illustrated its prevalence in the
peptides enriched with Lys and aromatic residues, which is consid-
ered to facilitate the interpeptide cross-linking and improve peptide
adhesion (31, 32). It should be noted that the hydrogen bond inter-
action between their side chains is rather weak (0.074 hydrogen
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Fig. 1. Spatial correlation of basic residue and Dopa in mussel adhesive protein Pvfp-5p. (A) Typical configuration of protein Pvfp-5p, with three Dopa-basic residue
pairs. (B and C) Pair structure of Dopa with Lys and Arg. Atoms are colored as follows: C (cyan), O (red), N (blue), and H (white); the C atoms of Dopa are shown in green.
(D) Correlation matrix for all types of residues in protein, i.e., the average number of residues being in contact with other types of residues. Two residues are considered

to be in contact if at least four pairs of heavy atoms are within 6 A.
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bond per residue pair) and has negligible contribution to the forma-
tion of residue pair. Together, this unique pair structure between
Dopa and positively charged basic residue results from cation-n
interaction and hydrophobic matching effect. Possible impact of
the cations in solution to cation-m interaction between Lys and
Dopa is further investigated in 150 mM NaCl solution. And cation
has negligible interaction with Dopa, which does not affect the ten-
dency of pair formation (fig. S7). Previous study also indicated that
cation-m interactions within mussel protein remain unaffected in
the condition of salt concentration at seawater level (>700 mM)
(57). It should be noted that the stability of residue pairs is modest
with an average lifetime of ~211 ps (fig. S5D), even though it is
much stronger than the hydrogen bond involved by Dopa (with the
lifetime of ~7 ps) (58). On the other hand, the formation of residue
pairs is ubiquitous, which is largely due to the abundance of these
residues (17 Dopa and 9 Lys, 3 Arg) and the structural flexibility of
the intrinsically disordered adhesive protein. On a side note, in ad-
dition to the basic residues, the positively charged N terminus (N')
can also form pair with Dopa. In addition, the average number of
these residue pairs in the 1000-ns trajectory is 2.75.

The adsorption of Pvfp-5p to mica

The adhesion ability of Pvfp-5p is then investigated by studying its
adsorption to superhydrophilic mica. The protein is initially placed
at least 10 A away from the surface (Fig. 2A). Ten independent sim-
ulations are performed, and the protein can stably adsorb on mica
in all trajectories (Fig. 2B and fig. S10).

As the adsorption proceeds, the number of contact atoms grad-
ually increases (Fig. 2C). It should be noted that the growth of contact
atoms is stepwise, and the adsorption process can roughly be repre-
sented in three steps. As shown in a representative trajectory, at
t = 55 ns, the protein begins to contact with the surface, and the
number of contact atoms increases to ~40 (step 1). At t = 126 ns, the
number of contact atoms increases to ~120 (step 2). The number
further increases to ~180 at ¢ = 163 ns (step 3) and then remains
constant. Representative snapshots of these steps are shown in fig. S8.

All these steps are triggered by the binding of Dopa-basic residue
pairs and the pair formed by Dopa and N’ (Fig. 2D and movie S1).
For example, the Dopa2-N’ pair binds to the surface, leading to the
initial adsorption at t = 55 ns. Subsequently, the adsorption of middle
part of protein (step 2) corresponds to the binding of Dopa29-Lys19
and Dopa57-Arg31 pairs. As for step 3, the adsorption of C-terminal
part results from the binding of the Dopa70-Lys81 pair. The bind-
ing of these pairing residues facilitates the binding of the neighbor-
ing residues in all three steps (fig. S9). Similar stepwise adsorption
can also be found in all other independent simulations (fig. S10). In
simple terms, protein adsorption is dominated by Dopa-basic resi-
due pairs.

A representative binding process of the Dopa-basic residue pair
(i.e., Dopa29-Lys19) is chosen and studied in detail (Fig. 2E). We
notice that the approaching residue pair is blocked by the stable hy-
dration layer of superhydrophilic mica. The blocked Dopa keeps
swinging, and the orientation of its side chain (the angle with re-
spect to surface normal) fluctuates between 90° and 160° (fig. S11).
The swinging Dopa enhances the diffusion of hydration water. The
diffusion constant of water underneath the swinging Dopa is
1.47 x 107> cm?/s (fig. S12), 2.3 times of the water diffusion under-
neath non-Dopa residue (0.65 x 107> cm?/s; the paired positively
charged residue is excluded). In addition, this diffusion rate is com-
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parable to that on hydrophobic surfaces, e.g., graphene (59) and
graphene-CHj (60). In other words, the side-chain swinging of
Dopa blocked by the stable hydration layer can locally reduce the
stability of hydration layer in return. Previous studies illustrated
that the slowdown of hydration water of hydrophilic surfaces con-
tributes to protein resistance, and the promotion of water diffusion
is helpful to diminish the barrier formed by interfacial water and
enhance protein adsorption (13, 14).

We do observe that enhanced water diffusion and less stable
hydration layer further facilitate the binding of pairing Lys19. As
Dopa29 swings up at t = 125.9 ns, the neighboring water molecules
are dragged away (Fig. 2E). Consequently, the underlying surface
region is temporarily exposed. Thereafter, Lys19 protrudes through
the hydration layer and binds to the surface driven by electrostatic
attraction with the negatively charged surface site. The coupling be-
tween the swinging of Dopa29 and the binding of Lys19 in this
interval (i.e., t = 125.90 to 125.96 ns) is then estimated by the
cross-correlation function, C(t) = %4%(;;))), where z and 0 are the
position of Lys amino group and the orientation of Dopa, respec-
tively, and 1 refers to the time delay of correlation (fig. S13). The
maximum of the cross-correlation function is observed at T = 34 ps,
only one-seventh of the lifetime of the residue pair (211 ps). In
short, the behaviors of the pairing Dopa29 and Lys19 are highly cor-
related, facilitating Lys protrusion through the stable hydration layer
of mica. Similar phenomenon can be found for the binding of other
residue pairs (fig. S14). During the approaching process, the fluctu-
ation amplitude of Dopa’s side chain (with the RMSF of 2.39 A) is
similar to the case in solution. In addition, the RMSF of non-Dopa
is 1.43 A. These residues also exhibit certain inherent fluctuations
with the amplitude weaker than Dopa.

When both residues adsorb to mica, the interaction energy of
Lys19 with mica is much stronger than that of Dopa29 (-280.56
versus —5.42 kJ/mol; fig. S15) and is comparable to the coordination
interaction in protein adhesion (18, 19). The similar phenomenon
is also observed for other residue pairs. The binding affinity of pro-
tein should be attributed to the electrostatic attraction of positively
charged basic residue with the surface, rather than the hydrogen
bond formed by contacted Dopa (the number of hydrogen bonds
per adsorbed Dopa is only 0.41; fig. S16). Previous MD simulation
also suggests that Dopa forms at most one hydrogen bond with the
surface (61). Dopa intermittently forms one hydrogen bond with
polydimethylsiloxane, and the probability of hydrogen bonding is
well below 50%. We also calculate the energy of hydrogen bond be-
tween Dopa and mica, and the average energy is —25.2 kJ/mol, which
is close to the DFT calculations: The hydrogen bond energies of
Dopa with hydrophilic phyllosilicates such as mica and saponite are
—27.9 kJ/mol (22) and —28.9 kJ/mol (23), respectively. Together, the
interaction of Dopa with mica is much weaker than that of Lys (fig.
$17). Our findings are in agreement with previous experiments:
The interaction of contacting Dopa with mica and other hydrophilic
surfaces is limited (20, 21). In other words, Dopa acts as a catalyst to
reduce the stability of hydration layer of the hydrophilic surface.

We investigate the adsorption of the adhesive protein in the salt
solution (150 mM NaCl). As described above, protein adsorption is
attributed to the electrostatic attraction with mica. In salt solution,
this attraction is attenuated by the electrostatic screening effects of
ions: The cations can adsorb to the surface sites, while the anions
tend to bind to the positively charged basic residues (fig. S18). The
adhesive protein can effectively adsorb on superhydrophilic mica in
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Fig. 2. Protein adsorption on mica. (A and B) Initial and final configurations of the protein adsorption. The atoms of mica are colored as follows: Si (yellow), Al (pink),
K (cyan), O (red), and H (white). (C) Number of contact atoms of protein. (D) Residue pairs participating in the protein adsorption. (E) Representative snapshots of the
binding of the Dopa29-Lys19 pair. (F) Distance between the NHs" of Lys19 and mica surface (black line) and the angle between the aromatic ring of Dopa29 and surface

normal of mica (red line).

a stepwise manner (Fig. 3 and fig. S19). In addition, this stepwise
adsorption is also triggered by the binding of residue pairs. More-
over, the number of contact atoms in 150 mM NaCl solution (~153)
is comparable to that in water (~179; both are based on the last 50-ns
trajectory). The interaction energies between protein and surface in
both cases are also similar: —1390 and —1265 kJ/mol for water and
150 mM NaCl solution, respectively (fig. S17).

During the adsorption of the residue pair, the behaviors of Dopa
and basic residue also exhibit considerable correlation, which fur-
ther reduce the adverse impacts of ions on adhesion (Fig. 3, Cand D).
For example, during the binding of the Dopa29-Lys19 pair at ¢ ~ 443 ns,
one ClI” in the hydration layer is initially bound to Lys19 from be-
low. The swinging Dopa29 drags the water molecules away from the
hydration layer, and Lys19 then tilts downward to the temporally
exposed region and eludes the bound CI". During the adsorption of
the Dopa70-Lys81 pair (at ¢ ~ 831 ns), one K" initially occupies the
negatively charged surface site and blocks the binding of Lys81.
Water diffusion enhanced by the swinging Dopa70 can further trig-
ger the movement of K* (fig. $20, C and D). Similar phenomena of
the exclusion of cations can also be found in the binding process of
the Dopa3-N’ pair (fig. S20, A and B). It should be noted that the
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surface ions on mica are hydrated. During these eviction processes,
the cations all keep hydrated (fig. S21). In short, the swinging of Dopa
reduces the screening effect of ions and facilitates the binding of its
pairing basic residue. We also study the protein adsorption at even
higher salt concentration (i.e., 300 mM NacCl). The protein can still
overcome the impact of ions and effectively adsorb to mica (fig. S22).

The structure and adsorption of the unmodified protein
Pvfp-5B-Tyr

As mentioned above, Dopa and positively charged basic residues
exhibit considerable spatial correlation within Pvfp-5f and even
form pairing structure. This correlation is attributed to the cation-n
interaction and hydrophobic matching and does not involve the
extra hydroxyl group of Dopa. The subsequent protein adsorption
is then based on the coupling between the swinging of Dopa and the
protrusion of basic residue without the contribution from the cate-
chol group. Thus, we hypothesize that the unmodified protein,
namely, Pvfp-5B-Tyr, may also exhibit considerable surface binding
if the Tyr-basic residue pairs exist. The conformational ensembles
of Pvfp-5B-Tyr are first investigated (Fig. 4). Tyr also exhibits con-
siderable spatial correlation with basic residues. For example, the
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Fig. 3. Protein adsorption on mica in 150 mM NaCl solution. (A) Typical configuration of the protein adsorbed on mica. The residue pairs are denoted by green dotted
circles. Na* is shown in blue; Cl™ is shown in purple; K" and water are not shown for clarity. (B) Number of contact atoms of protein. (C) Representative snapshots of the
binding of the Dopa29-Lys19 pair. (D) Distance between the NH3" of Lys19 and mica surface (black line) and the angle between the aromatic ring of Dopa29 and surface

normal of mica (red line).

average contacting residue of Tyr with Lys is 5.20 and is comparable
to Pvip-5p (5.59 residues). Such correlation also leads to the forma-
tion of Tyr-basic residue pairs. And the average number of residue
pairs (2.73) is also close to the case of Pvip-5p (2.35 pairs). In addi-
tion, Tyr’s RMSF (~2.22 A) is also considerably higher than non-Tyr
residues (~1.37 A). In other words, the difference of one aromatic
hydroxyl group does not affect the thermal fluctuation of Tyr and its
spatial correlation with positively charged basic residues.

In addition, we perform five independent simulations to study
the protein adsorption on mica, and the protein can stably adsorb
on mica in all trajectories (Fig. 4 and fig. $23). The number of con-
tact atoms with mica is ~170, comparable with that of Pvfp-58
(~179). Similarly, the adsorption process is stepwise, triggered by
the binding of the Tyr-basic residue pair. The behaviors of Tyr and
basic residue are highly coupled during their adsorption. For exam-
ple, swinging Tyr29 drags the water molecules away from the hy-
dration layer that facilitates the binding of the pairing Lys19 to the
mica surface (f = 87.4 ns; fig. S24). Such correlation can be found in
the binding process of other residue pairs (e.g., Tyr2-N" and Tyr70-
Lys81; fig. S25). Moreover, the protein can also bind to mica in 150 mM
NaCl solution (fig. S26). The number of contact atoms in water and
150 mM NaCl solution is also comparable (170 versus 171, based on
the last 50-ns trajectory). In addition, Pvfp-5B-Tyr shows compara-
ble adsorption stability in both systems (-1192 kJ/mol in water versus
—1208 kJ/mol in 150 mM NaCl solution; fig. S17). Thus, the swing-
ing of Tyr can also reduce the screening effect of ions and facilitate
protein adsorption. This finding provides a mechanistic explanation

Qu et al., Sci. Adv. 2020; 6 : eabb7620 25 September 2020

of intriguing experimental studies of the binding of Tyr-containing
biomimetic peptides (31, 32). It has been found that these peptides
can strongly bind to mica in 250 mM NaCl solution without Dopa
modification (31).

Experimental verification
The spatial correlation between Lys and Tyr of the unmodified
adhesive protein is verified by liquid-state NMR spectroscopy.
Two-dimensional (2D) 'H-'*C heteronuclear single-quantum co-
herence (HSQC) experiment is used for the assignment of the 'H
directly bonded to the °C of Lys of the peptide derived from Pvfp-
5B-Tyr. In addition, the 'H signals at 1.5 to 1.9 ppm can be assigned
to the alkyl group (R-CH,-R) of Lys (fig. S27). The 2D 'H-'H nucle-
ar Overhauser effect spectroscopy (NOESY) is then used to investi-
gate the correlation between the 'H nuclei (Fig. 5A). Although the
spectroscopy mainly includes the intensity correlations that result
from intra-residue interactions, there is well-defined correlation
corresponding to the dipolar coupling of 'H nuclei of Lys and Tyr.
More specifically, the "H signals at 1.5 to 1.9 ppm of the alkyl group
of Lys are correlated with 'H signals at 6.9 to 7.1 ppm of the aromatic
hydrogen atoms of Tyr. This correlation indicates the close proxim-
ity of the side chains of Tyr and Lys. Our results are consistent with
previous NMR study that also suggests the proximity of Tyr and Lys
and the formation of cation-r interaction in the synthetic adhesive
peptides (31).

The adhesion of the unmodified protein Pvfp-58-Tyr on hydro-
philic materials is evaluated using lap shear tests. The adhesion
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proteins.

strength is determined by the maximum force that separates the
overlapped glass slides bonded by the proteins. The adhesion of
proteins of different concentrations (6 to 116 mg ml™ dissolved in
ddH,0 or 150 mM NaCl solution) is investigated separately (Fig. 5B
and fig. $28). The samples are cured for 16 hours in air before the
lap shear test. We find that the adhesion strength is gradually in-
creased as the curing proceeds (fig. S29), which may be due to the
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loss of water and the enhancement of the cohesion among Pvfp-
5B-Tyr chains during the curing process. However, the protein
solution sandwiched between two substrates is not fully dried out,
and the water content of the protein solution remains to be ~50%
after 16-hour curing (fig. $30). For these as-prepared samples, they
all exhibit strong adhesion. Even at the lowest protein concentra-
tion (6 mg ml™" in 150 mM NaCl solution), the adhesion strength
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can be as high as 120 kPa, which is stronger than the shear strength
of many mussel-mimetic adhesives on glass (29, 62-65). The adhe-
sion strength further increases to 265 kPa (116 mg ml™") as the protein
concentration increases (Fig. 5B and fig. S28). In sharp contrast, the
adhesion strength of a commonly used nonadhesive protein, bovine
serum albumin (BSA), is as low as 40 kPa under the same condi-
tions (Fig. 5C). Furthermore, we perform the lap shear experiments
using the modified protein Pvfp-58 (i.e., the polyphenol oxidase-
treated protein) to reveal the contribution of posttranslational
modification of Tyr to Dopa to adhesion. As shown in Fig. 5C and
fig. S31, the adhesion strengths of Pvfp-5p and Pvfp-5B-Tyr are sim-
ilar when the curing time is relatively short. The adhesion strength
of Pvip-5B-Tyr reaches a plateau of ~265 kPa after curing for 12 hours.
The adhesion strength of Pvfp-5f with similar curing time (16 hours)
is ~310 kPa, while it keeps increasing even after 36 hours of curing.
The steady increase of the adhesion strength may result from the
oxidation of Dopa, which strengthens intermolecular interactions
and prevents cohesion failure in the lap shear tests. It is worth men-
tioning that the adhesion ability of the protein tested in ddH,O or
salt solutions is similar to that in air (fig. $32), which also suggests
that the adhesion stability does not simply result from the protein
dehydration during the curing process.

Moreover, we perform the underwater adhesion experiments in
either water (i.e., ddH,O) or ionic (i.e., 150 mM NaCl) environ-
ments (fig. S33). Pvfp-5B-Tyr solution can effectively join two glass
slides under water. Because of the inevitable diffusion of protein
during the adhesion operation, the adhesion strength of Pvfp-5B-Tyr
in aqueous environment is somewhat lower than that in air but still
reaches 150 kPa in ddH,O and 118 kPa in 150 mM NacCl solution,
respectively (fig. S33C). In contrast, BSA solution cannot even join
two glass slides under water. We notice that Pvfp-5B-Tyr can form
coacervated phase in ddH,O or 150 mM NaCl solution (fig. S33, D
and E). This liquid-liquid phase-separation behavior slows down
the diffusion of proteins to aqueous environment during the adhe-
sion operation and therefore ensures strong underwater adhesion.

To reveal the adhesion failure mechanism, we investigate the
surface of the glass slides using both atomic force microscopy
(AFM) imaging and protein staining. As shown in fig. S34, the
height of the interlayer is about 50 to 110 nm for both the adhesion
in ddH,0 and in 150 mM NacCl solution. Moreover, the protein
spreads on both the A and B sides of the glass after the failure ac-
cording to the protein staining experiments using InstantBlue (fig.
S$35). Both AFM and microscopic images show that proteins are
sporadically distributed on both surfaces, suggesting a combined
cohesion and adhesion failure (29).

The adhesion of Pvfp-5B-Tyr solution on other substrates in
addition to glass [i.e., SiOy, Si, poly(methyl methacrylate) (PMMA),
and Fe] is also studied. The adhesion strengths for SiO, and Si sub-
strates are also higher than 200 kPa, much higher than that for the
PMMA and Fe substrates (fig. S36). The much weaker adhesion
strength for PMMA and Fe substrates suggests that the electrostatic
interaction plays an important role in the protein adhesion because
the surfaces of PMMA and Fe substrates are not negatively charged.

Together, the adhesion strength of the unmodified protein Pvfp-5p-
Tyr in the absence of protein-protein cross-linking mediated by
Dopa (i.e., 265 kPa for glass) is already comparable to the tensile
strength of mussel byssal threads (measured by pulling them apart
from glass, 171 to 310 kPa) (66). Our results show that the unmodified
protein Pvip-5B-Tyr has very strong ability to bind to the hydrophilic
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surface. Moreover, the comparison with the adhesion strength of
Pvfp-5p suggests that the superior adhesion ability of mussel adhe-
sive protein may be irrelevant to the posttranslational modification
of Tyr to Dopa.

DISCUSSION

In this work, we reveal a considerable spatial correlation between
Dopa and positively charged basic residues (i.e., Lys and Arg) of
intrinsically disordered protein Pvfp-50. Similar spatial correlation
between Tyr and basic residues can be found in the unmodified
counterpart Pvfp-5B-Tyr. Both Dopa and Tyr can form pairs with
positively charged basic residue through cation-= interaction and
hydrophobic matching effect. The existence of these residue pairs
leads to the firm adhesion of the protein on superhydrophilic mica.
The aromatic residues (Dopa and Tyr) swing back and forth, there-
by scattering interfacial water molecules and eliminating the elec-
trostatic screening effect of surface ions. The pairing basic residue
then protrudes and binds to the negatively charged site on the sur-
face. While the binding stability of the protein is largely attributed
to the electrostatic attraction of the positively charged basic residue
to the negatively charged surface site, the aromatic residue essen-
tially supports the protein adsorption by paving the way for the
basic residue to approach the mica surface. Thus, the salt-tolerant
underwater adhesion of the adhesive protein can be attributed to
the residue pair within this flexible macromolecule.

As indicated in a recent work about mussel-mimic peptide and
the ones with Dopa replaced by Tyr and Phe (31), cation-r interac-
tion occurs in all these three peptides: Lys and aromatic residues
tend to form cation-rw interactions in the peptides enriched with
these two types of residues. Besides, a recent work on the adsorption
behavior of copolymer also found that aromatic residues enhance
electrostatic interaction of their adjacent cationic residues with the
surface (67). In addition, as a small amount of Dopa or Tyr (~10%)
is conjugated to poly-lysine, its adsorption ability is enhanced to a
similar extent (28, 68). Further increase of Dopa content cannot
improve the adsorption ability of this polymer, which suggests that
the contribution of these aromatic residues in the direct binding
with surface may be very limited. Another study of Dopa-containing
polymer also found a rather modest hydrogen bond interaction with
mica (20). In our previous work on polyethylene glycol-conjugated
dipeptides, the adhesion ability of Lys-Dopa dipeptides is much
stronger than Gly-Dopa, suggesting that Lys residue contributes to
the surface binding. Besides, the adhesion ability of dipeptides with Lys
at the N terminus (Lys-Dopa) is stronger than C terminus (Dopa-Lys),
indicating that the cooperative Lys and Dopa binding to hydrophilic
surfaces strongly depends on the protein sequences (29). As for the
adhesive proteins, increasing studies also showed that recombinant
protein enriched with Tyr rather than Dopa has strong adhesive
ability (32-35). All these studies are consistent with our findings
based on MD simulations and lap shear experiments. In other
words, the pairing structure and the realization of adsorption ability
may also appear in these adhesive proteins. On the other hand, the
adsorption behavior of catechol-containing small molecules (26) is
distinct from adhesive protein macromolecules or biomimetic poly-
mers. It is difficult for small molecules to realize stable adhesion in
the form of monomer, and their adhesion relies on film formation
by cross-linking. Hence, in addition to the direct binding with the
surface, the adhesion ability of small molecule is dependent on the
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intermolecular cross-linking. And Dopa’s catechol group can pro-
mote this cross-linking (e.g., hydrogen bonding and Michael addi-
tion), thereby facilitating adhesion.

We conclude that the pair structure that emerges in the adhesive
protein, rather than modification of Tyr to Dopa, should be crucial
to its extraordinary salt-tolerant adhesion ability. Our findings
highlight the importance of sequence and structure features of ad-
hesive protein: The occurrence of the residue pair is largely due to
the abundance of cationic and aromatic residues and the structural
flexibility of the protein. These features and the resulting spatial
correlation between two types of residues should be taken into
account to improve the adhesion performance of mussel-mimetic
materials.

MATERIALS AND METHODS

The structure of protein in solution

The unmodified protein Pvfp-5f consists of 82 residues, including
17 Tyr (Y) and 9 Lys (K), and the sequence is VYYPNPCSPYP-
CRNGGTCKKRGLYSYKCYCRKGYTGKNCQYNACFPNPCL-
NGGTCGYVYGYPYYKCSCPYGYYGKQCQLKKY (4, 42). The
structure of unmodified Pvfp-58 is built using standard homology
modeling techniques following a previous study (42). The DEL-1
epidermal growth factor (EGF) domain [Protein Data Bank ID:
4D90 (69)] is chosen as the structural template, which has 51% se-
quence identity homologous to unmodified Pvfp-58. Ten possible
models are constructed using the Modeller software (70), and the
one with the lowest discrete optimized protein energy score (71) is
selected (denoted as Pvfp-5B-Tyr). Then, all Tyr residues are modi-
fied to Dopa to obtain the model of Pvfp-5p.

Two series of REMD simulations (72) are then performed to
probe the conformational space of both Pvfp-58 and Pvfp-53-Tyr.
For each series, 86 replicas are used with temperatures ranging from
300 to 420 K. The temperatures of the replicas are determined by
the method proposed by Patriksson and van der Spoel (73). The
exchange between neighbor replica is attempted every 1 ps, and the
average exchange probability is ~22%. The replicas run in parallel
for 50 ns, and the total simulation time of REMD of each series is 4.3 us.
The most popular conformation of the 300-K replica of both Pvfp-
5B and Pvfp-5B-Tyr is adopted to perform a 1-us NPT ensemble
simulation (300 K and 1 atm), which is used to analyze the solution
structure of protein, especially the lifetime of the residue pair.

The adsorption of protein to mica

Mica (monoclinic, C2/c symmetry), with chemical formula KAL(SizAl)
010(OH);, has a TOT (tetrahedral-octahedral-tetrahedral) layer
structure. Because of partial substitution of tetrahedral Si by Al, the
tetrahedral layer has a net negative charge, which is neutralized by
the naturally adsorbed K" ions. In this study, the lattice constants of
mica are taken from high-resolution x-ray reflectivity (74), and the
tetrahedral Al atoms are arranged following the Loewenstein’s rule
(75). The mica substrate consists of a 20a x 12b x 1c crystallographic
unit cell and cleaved by the (001) plane, and half of the K" ions remain
on the surface.

The protein is initially placed at least 10 A above the mica sur-
face. The system is solvated in a water box (~30,000 water mole-
cules) with the size of 10.36 nm x 10.74 nm X 10.62 nm. Because
Pvfp-5B is positively charged, 12 Cl” counterions are added to neu-
tralize the system. Ten independent simulations are performed, and
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the protein can stably adsorb on mica in all trajectories (Fig. 2 and
fig. S10). We also perform five independent simulations to study the
protein adsorption in 150 mM NaCl solution. In these simulations,
protein can also bind to mica, and the results are shown in Fig. 3
and fig. S19. The adsorption of the unmodified protein Pvfp-58-Tyr
on mica in water and 150 mM NaCl solution is also investigated,
and the protein can also firmly adsorb on mica in both cases. The
results are shown in Fig. 4 and figs. S23 to S25. All simulations are
performed in NPT ensemble at 300 K and 1 atm.

Computational details

The system temperatures are controlled using the velocity-rescaled
Berendsen thermostat (76). The isotropic Berendsen pressure cou-
pling is used for the simulation of protein in water, and the semi-isotropic
Berendsen pressure coupling is used for the simulation of protein
adsorption (77). The interaction of mica is described by the CLAYFF
force field (78). The potential parameters for protein are taken from
the CHARMM36 force field (79), and the parameters of Dopa are
obtained from the CHARMM General Force Field (table S1) (80, 81).
For water molecule, the TIP3P model is chosen (82). The periodic
boundary conditions are applied in all directions (83). A typical 1.2-nm
cutoff distance is used to calculate the short-range electrostatic in-
teraction and the van der Waals interaction. The particle mesh
Ewald method is used to compute the long-range electrostatic inter-
action (84). The LINCS algorithm is adopted to constrain the bond
vibrations involving hydrogen atoms (85), allowing a time step of
2 fs. All the MD simulations are carried out using the GROMACS
5.1.2 package (86), and snapshots are rendered by the visual molec-
ular dynamics (VMD) program (87).

Protein synthesis

The gene encoding protein Pvfp-5-Tyr is constructed in pET30a
vectors using standard molecular biology techniques, and the plas-
mid is purchased from GenScript (Nanjing, China). The protein
fused with His-SUMO tag is expressed in Escherichia coli (BL21),
purified by Co®" affinity chromatography, and identified by SDS-
polyacrylamide gel electrophoresis and circular dichroism spectra
(fig. S37). The protein is dialyzed into deionized water and lyo-
philized before lap shear measurements.

In addition, the 25-amino acid peptide (sequence: KKRGLY-
SYKCYCRKGYTGKNCQYNA) derived from Pvfp-5B-Tyr is commer-
cially synthesized using solid-phase peptide synthesis (GL Biochem,
Shanghai, China), where the Lys (K) is enriched with '>C. The pep-
tide is detected by high-performance liquid chromatography and
mass spectrometry analysis. The peptide is then used to study
the spatial correlation between Lys and Tyr by liquid-state NMR
spectroscopy.

NMR spectroscopy

NMR spectra of protein samples with 90% H,0/10% D,O are mea-
sured with a Bruker 800M Hz AVANCE III spectrometer at 25°C,
using a 'H-">C-"N triple resonance probe. The 1D 'H NMR spectra
are recorded with 32k complex points, which are zero-filled to 64k
points; the relaxation delay is 2 s. The 2D "H-"H NOESY spectra are
recorded with 2k and 256 complex points in the direct and indirect
dimension, respectively. The mixing time is 120 ms. The 2D 'H-">C
HSQC spectra are recorded with 2k and 256 complex points in the
direct and indirect dimension, respectively. The line-broadening
factor of the QSINE function is 1 Hz.
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Lap shear measurements

In the lap shear experiments, hydrophilic glass surfaces, instead of
mica surfaces, are used because shearing mica surfaces glued by the
adhesive proteins often results in the peel off of mica layers, and the
results do not reflect the real adhesion strength between the protein
and the surface. The hydrophilic glass surfaces are prepared as fol-
lows: The glass slides are immersed into the chromic acid solution for
about 12 hours at room temperature and cleaned with ddH,O. These
glass substrates are used directly or further amino-functionalized
using 10% (w/v) (3-aminopropyl) triethoxysilane in toluene and
extensively washed by ethanol and ddH,0 to make the surface
superhydrophilic. The two cleaning approaches do not cause any
measurable differences on the adhesion strength. All the glass sub-
strates are stored at 4°C before use.

To measure the adhesion strength, the glass substrates are ad-
hered with proteins in either ddH,0 or 150 mM NaCl solution. The
protein concentrations are fixed at 116 mg ml™" unless otherwise
specified. The width and length of the adhesion areas are about 10.0
and 8.0 mm, respectively. About 20 pl of protein solutions is applied
on the top of substrates, and the adhered substrates are fixed with a
clamp in preparing each sample. The curing of the adhesion is con-
ducted in air for 16 hours unless otherwise specified. All the lap
shear tests are performed with a mechanical testing machine
(Instron-5944 with a 2 kN sensor) in either air, ddH,O, or 150 mM
NaCl solution at room temperature, and the tensile speed is kept at
10 mm min~". Shear strength is determined by dividing the maximum
force by the adhesion area. The same method described above is
also used for the lap shear experiments of other kinds of substrates.

To prepare the Pvfp-5B sample, Pvfp-5B-Tyr and the polyphe-
nol oxidase (NJDULY, Nanjing, China) are dissolved into phosphate-
buffered saline solution (10 mM; pH 7.4) at the molar ratio of 10:1
and incubated at 37°C for 24 hours under the protection of ar-
gon. Then, the solution is centrifuged at 8000 rpm for 30 min for
three times with ultrafiltration (30k, Amicon Ultra-4, Millipore,
USA) to separate Pvfp-5B and polyphenol oxidase. The obtained
Pvfp-5p solution is dialyzed and lyophilized before the lap shear
measurements.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/39/eabb7620/DC1

View/request a protocol for this paper from Bio-protocol.
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