Journal of

Materials Chemistry B

Accepted Manuscript

Journal of

Materials Chemistry B

d medicine

ROYAL SOCETY
U, OF CHEMISTRY

>

' ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsB


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 7

Journal of Materials Chemistry B

COMMUNICATION

Journal of Materials Chemistry B

RSCPublishing

Cation-n interaction in DOPA-deficient mussel
adhesive protein mfp-1

Cite this: DOI: 10.1039/x0xx00000x

Sangsik Kim“ ”, Ali Faghihnejad” ”, Yongjin Lee ©7, Yongseok Jho", Hongbo Zeng’,

*
Dong Soo Hwang
Received 00th January 2012,

Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

Here we report the possible contribution of cation-m
interaction to underwater adhesion of mussel by using
DOPA-deficient recombinant mussel adhesive proteins.
Considering the DOPA instability in oxidative environment,
the cation-m interaction in DOPA-deficient biopolymers
provides a complementary cross-linking mechanism for the
design of novel underwater adhesives.

Currently, one of the most challenging issues faced by medical
and dental industries is introducing and maintaining strong
adhesion on polar surfaces in the presence of moisture. In the
case of medical adhesives, the target surfaces are hydrated with
body fluids. However, most commercial adhesives cannot be
applied to such wet surfaces because of the loss of adhesion
strength and the side effects caused by the constituent toxic
chemicals. In contrast, in natural environments, marine mussels
effectively adhere to wet substrates via various adhesion
mechanisms.' Over the past decade, there has been increasing
interest in adhesive systems of marine mussels (e.g., Mytilus
species) as of potential biomedical underwater
adhesives.'®?

sources

Mussels survive in the turbulent intertidal zones of the ocean
by robust tethering to wave-swept substrata via a proteinaceous
holdfast; this is the so-called byssus.® The byssus is a group of
byssal threads secreted by the mussel foot, and it can dissipate
the mechanical stress exerted from tides and buoyancy. At the
end of the byssal thread, there is an adhesive plaque where
actual underwater adhesion occurs. Individual byssal threads of
mussels are mainly composed of approximately 20—-30 different
types of proteins. The proteins involved in the mussel
underwater adhesion are named mussel foot proteins (mfps) or
conventionally called mussel adhesive proteins. So far, 6 types
of mfps have been identified and characterized (mfp-1 to 6).%°

This journal is © The Royal Society of Chemistry 2012

All mfps contain 3,4-dihydroxyphenyl-L-alanine (DOPA),
which is a catecholic amino acid post-translationally modified
from tyrosine.™ 2 DOPA is known to play a key role in the
mussel underwater adhesion by bonding with a variety of
molecules, including biomacromolecules, polymers, metal ions,
and metal oxides.> However, DOPA has a propensity to be
oxidized in the presence of oxygen or in neutral and basic pHs,
consequently losing its adhesion ability.> Therefore,
complementary strategies to prevent the oxidation of DOPA
have been proposed.* Recent nanomechanical studies on mussel
adhesive proteins suggest another key underwater adhesion
mechanism: cation-x interaction.’

Cation-m interaction, which occurs between an electron-rich ©
system (e.g., Tyr, Dopa, Phe, Trp) and the adjacent cations
(e.g., n-terminus amine, Lys, Arg, His),® is a non-covalent
interaction, whose strength is comparable to that of hydrogen
bonds and electrostatic bonds in the aqueous phase.® Cation-n
interactions in living organisms play critical roles in various
physiological activities, including potassium channel blocking,’
nicotinic acetylcholine (ACh) signal transmission,® numerous
protein foldings,” and T-cell antigen receptor binding."
Recently, strong and reversible underwater cohesions between
two films of native mfp-1s were measured; mfp-1s possess bare
negatively charged amino acid residues at the pH tested.
Cation-mt interaction was suggested as one of the underlying
mechanisms for the cohesion of mfp-1s, with the fact that mfp-
1 has roughly equal amount of phenyl groups (i.e., Tyr, DOPA,
Trp) and positively charged groups (mainly Lys).” However,
the native mfp-1s previously studied contain unknown post-
translational modifications (PTMs) and DOPA residues; direct
nanomechanical measurements on mussel adhesive proteins in
the absence of PTM can help in elucidating the contribution of
cation-7 interaction to mussel underwater adhesion.’
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In this work, the nanomechanics of the recombinant Mytilus
foot protein-1(Rmfp-1, (AKPSYPPTYK),,) and its decapeptide

A

Symmetric

Asymmetric

Figure. 1 A. Schematic of (A) the decapeptide of Rmfp-1 with poly proline
type II helix conformation,'**'*" (B) asymmetric configuration, (C)
symmetric configuration. R is the radius of the surfaces and D is the distance
between two opposing mica surfaces.

(AKPSYPPTYK) without any PTM were directly probed using
a surface forces apparatus (SFA) (Fig. 1). The results indicate
that cation-n interaction can be one of the major factors
contributing to underwater adhesion of the mussel protein. Such
experimental configurations exclude interfering effects and
interactions from the post-translational modifications (PTMs)
such as reactive DOPA residues in native mussel adhesive
proteins. Rmfp-1 was selected as it contains the same amount
of tyrosine (m system, 20 mol %) and lysine (cation, 20 mol%);
moreover, Rmfp-1 has no negatively charged amino acid
residues at the pH of the testing buffer (~3.0). K', whose
binding affinity to m structure is stronger than Na* and Li",*"
was chosen as a competing cation for the cation-m bonding
between Rmfp-1s and decapeptides. Numerical simulations
were performed to correlate the experimental results. All
atomic-level molecular dynamics'?> were carried out to
investigate the molecular conformation of Rmfp-1. In addition,
ab initio quantum mechanical simulations'® were conducted to
determine the binding energies of cation-n and ©-7 interactions,
both in a water and in a vacuum environment, to elucidate the
role and impact of water molecules in cation-t and =@-m
interactions.

Rmfp-1 (13.6 kDa) was produced from E.coli** and the

decapeptide of mfp-1 (1.1 kDa) was prepared by

trypsindigestion of Rmfp-1. Rmfp-1 and the decapeptide of
mfp-1 without any PTM were used lest the interaction be
influenced by DOPA, a key functional group for mussel
underwater adhesion. Rmfp-1 ((AKPSYPPTYK);,) and the
decapeptide ((AKPSYPPTYK),) differ only in their
decapeptide repetition numbers. The decapeptide has two
positively charged lysine residues and two aromatic tyrosine
residues at pH < 9. The interaction forces between a layer of
Rmfp-1 or the decapeptide-coated mica and a bare mica surface
(asymmetric configuration, Fig. 2A), or those between two
Rmfp-1 layers or decapeptide layers (symmetric
configuration, Fig. 2B), were measured using SFA. All the
molecular force measurements were performed in 0.1 M acetic
acid, pH ~3.0, with the amount of KNOj; added ranging from
100 uM to 400 mM. Atomic force microscopy (AFM) images
of the decapeptide-coated mica and Rmfp-1-coated mica show
that the protein films were uniformly deposited on and fully
covered the mica surfaces (Figure S1). The root-mean-square
(RMS) roughness of the decapeptide and Rmfp-1 surfaces was
~0.2 nm and ~0.3 nm, respectively. The AFM images indicate
that Rmfp-1 coated surface was slightly rougher than that of the
decapeptide coated surface.

Fig. S2 shows that when two protein films, decapeptide
(closed circle) or Rmfp-1 (open triangle), were kept in contact,
the adhesion energy W, only slightly increased with increasing
the contact time from 2 to 40 minutes, indicating that the
adhesion between the protein layers could reach a plateau
within the 2 minutes of contact. Similar contact time effects
were observed for adhesion between proteins and mica.
Therefore the contact time was fixed at 2 min in this study to
investigate the impact of salt concentration in the following
experiments. It is also noted that the maximum normalized load
applied during force measurements was fixed at F/R ~ 10
mN/m.

As shown in the force-distance profiles in Fig. 2, no
significant repulsion is detected between the two interacting
surfaces for both the symmetric and asymmetric cases during
approach  because the Debye length, given Dby
e :0.304/(\/m) am » is less than 1 nm under the
solution conditions tested. For the asymmetric case in Fig. 2A,
strong adhesions with F,/R ~ -14.2 and -18.2 mN'-m"' (W, ~
2.2 mI'm? and ~ 2.9 mJ'-m™) were detected during separation
for Rmfp-1 vs. mica, and decapeptide vs. mica, respectively.
The measured adhesion or “pull-off” force F,; is related to the
adhesion energy per unit area W,,, as F,; = 1.5 1 RW,4 for soft
deformable surfaces with strong adhesive contact.*’**> For the
asymmetric case, electrostatic attraction between the positively
charged Rmfp-1 or decapeptide and the negatively charged
mica plays the dominant role in the measured adhesion.

two
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Interestingly, strong cohesions, F,,/R ~ 18 and 28 mN'-m™! (or
W., ~ 2.9 and 4.5 mJ'm?), were also measured between two
positively charged Rmfp-1 films and two decapeptide films
(symmetric configuration, Fig. 2B), respectively, whose line
charge densities even exceed the Manning threshold (1.26 e-nm”
!, when fully ionized). These densities also exceed the strength
of electrostatic attraction between the positively charged mussel
proteins and the negatively charged mica, as shown in Fig. 2A.
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Fig. 2 Force-distance profiles of Rmfp-1 (Blue) or decapeptide (Red) films
on mica. (A) asymmetric configuration; (B) symmetric configuration. Open
circle — approach, closed circle — separation. The measured force, F/R
(normalized by the radius of the surfaces, R), is denoted in the ordinate at the
left, whereas the corresponding interaction energy per unit area, ¥, between
two flat surfaces, defined by W = F/1.5nR is on the right. F,, and F,, are the
adhesion force and cohesion force for the asymmetric and symmetric cases,
respectively.

One possible electrostatic attraction may be caused by the
strong correlation between charged proteins of opposing
surfaces, but in this case, the attraction should be significantly
weaker than that in the case of the asymmetric configuration.
Thus, we can rule out electrostatic interaction as the origin of
strong attraction, and attribute this attraction to the cation-m
interaction between the tyrosines of one surface and the lysines
of the other surface or to m-m stacking between two opposing
tyrosines together with other attractive interactions such as van
der Waals interaction and hydrogen bonding. In order to
evaluate the possible contribution of the n-m stacking, the
interaction forces between two poly-L-Tyrosine (pTyr) films
coated on mica were measured using the SFA under the same

This journal is © The Royal Society of Chemistry 2012
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buffer conditions (0.1 M acetic acid, pH ~3.0). No detectable
cohesion was measured between the two pTyr surfaces; this
indicates that the n-n stacking is not strong enough to overcome
the electrostatic repulsion. Therefore, the strong cohesive
interactions between the two Rmfp-1 films and the two
decapeptide films are mainly caused by cation-m interactions.
Surprisingly, the quadrupole-monopole interaction (cation-m) is
stronger than the monopole-monopole interaction (between a
cation and an anion), which is counter-intuitive. Indeed, some
previous studies have revealed that this
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Fig. 3 Dependence of adhesion energy on KNO; concentration, Wya. (A)
asymmetric configuration; (B) symmetric configuration. Blue square —
decapeptide, red square — Rmfp-1. Each value represents the standard
deviation of three independent force runs.

1000

remarkable phenomenon can occur in aqueous solution due to
the low desolvation penalty of the cation-m interaction.*>'' The
cohesive energy W,, of ~4.5 mI'm™ measured in the present
study is about 30% of the interaction between the strongest
DOPA-mediated attraction between mussel adhesive protein
and mica (Mefp-5 to mica, W,; ~14 mJ-m™). Although the
DOPA-mediated interaction is stronger than the cation-n
interaction in an aqueous environment, DOPA tends to be
oxidized, thereby losing its adhesion ability as pH increases.**
4 Therefore, exploitation of cation-m interactions can be a
complementary strategy to achieve successful underwater
adhesion. It is noted that the cohesion between Rmfp-1 films is
lower than that between two decapetide of Rmfp-1 films, which
is most likely because the longer Rmfp-1 chains adsorbed on
mica surface have more flexible and random conformations as

J. Name., 2012, 00, 1-3 | 3
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compared to that of the much shorter decapetide, as supported
by the confined film thickness in SFA force measurements and
AFM imaging (Figure S1). The more condensed and ordered
decapeptide films could facilitate the formation of effective
cation-m interaction between the two opposing surfaces that
contributes to the stronger cohesion measured.

To further understand the system, the salt effect was investigated
by introducing KNO;. As shown in Fig. 3, the adhesion strength
decreases with increasing the interfering cation K* concentration for
both the Rmfp-1 and the decapeptide cases, which is mainly due to
the
concentrations. The increase in salt concentration plays two roles: it

screening of electrostatic interactions at higher salt
screens any electrostatic field and increases the entropic (and steric)
pressure between the two surfaces. Both these phenomena reduce the
attraction in the asymmetric case. The respective adhesions of Rmfp-
1 to mica and the decapeptide to mica completely disappeared at
KNOj; concentrations of 100 mM, and 400 mM, respectively.

As the KNO; concentration was increased from 0 to 400 mM, the
adhesion between the decapeptide and Rmfp-1 at pH 3.0 (100 mM
sodium acetate) gradually weakened, eventually falling to 0 mN-m™'
at KNO; concentrations of 10 mM and 200 mM, respectively.

It should be emphasized that the salt promotes different effects in
asymmetric and symmetric systems. In asymmetric systems, the main
role of the salt is the reduction of electrostatic interactions. If we use
the bare Debye-Huckel approximation, the electrostatic decay length
is reduced to about 0.5 nm. In contrast, in a symmetric system, the
chaotropic ion, K, can replace lysine in the cation-t bond even at
low concentrations (~1 mM, Fig. 3). It is known that both K" and a
positively charged primary amine group of lysine show similar
interaction strength with n systems. KNO; eventually reduces the
electrostatic force in both systems, but the reduction in force is much
more sensitive to the increase in KNO; concentration in symmetric
systems. As the mussel protein layer is positively charged while the
mica surface is negatively charged in a buffer solution at pH 3.0, the
strong adhesion measured was mainly attributed to the electrostatic
attraction.

It is interesting to note that the interaction energy of the
decapeptide drops faster than that of Rmfp-1 with increasing the
KNOj; concentration. As the adsorbed decapeptide could have more
ordered conformation due to its much shorter chains than that of
Rmfp-1, it is easier for K" ijons to diffuse to the adsorbed
decapeptide layer and interfere the cation-m interaction between the
opposing decapeptide surfaces. Whereas, it is relatively more
difficult for K* to diffuse into the much thicker Rmfp1 layer which
has more random and flexible conformation and less ordered as
compared to that of decapeptide (as confirmed from SFA
measurements and AFM imaging), therefore showing a relatively
weaker interfering capability to the cation-m interaction (or cohesion)
of the two opposing Rmfp-1 surfaces.

The specific interaction of polymer at the surface can changes the
surface structure and the consequent interaction, for example the
charge steering hydration bond interaction."™ From computer
that Rmfp-1
conformation, which stems from the strong line charge density (1.26

simulations, it is found adopts a worm-like

enm’) that exceeds the value specified by the Manning threshold,

and from the left-handed polyproline type II (PPII) helix of the
decapeptide. On the oppositely charged surfaces the polymers are
highly correlated with each other and they could be more elongated,
and aligned. Thus, this may lead to the increase of the packing ratio
of Rmfp-1 on the surface, and consequent adhesion. (Fig. S4 and
Fig. S5)1>1818¢ The estimated length of the cylinder along the
principal axis is about 19.1 nm + 2.6 nm, and the radius is about 3.1
nm * 0.41 nm. Indeed, the confined thickness of Rmfp-1 in the SFA
is almost the same as the diameter of the Rmfp-1 cylinder,
suggesting that Rmfp-1 is very finely coated on the anionic mica
surface. The Rmfp-1 cylinders possibly align parallel with one
another, as in the case of DNA.'> The interspacing between the
Rmfp-1s depends on the surface charge density of mica. As a
corollary, about 11.3 nm confined thickness between two positively
charged Rmfp-1 films in SFA experiment can be understood (Fig.
2). Next, we calculated the interactions between two films based on
the cation-Tt interactions. The binding energies of individual cation-n
pairs are about -1.30 x 102" J in water, and -1.32 x 10" J in
vacuum. The n-w interaction may contribute to the attraction, but its
magnitude is smaller (-7.40x102" J in water, -3.54x10%° J in
vacuum) compared with that of the cation-n interaction. In addition,
the m-m interaction is subject to stricter geometrical restrictions than
the cation-m interaction; this suggests that the cation-m interaction is
the main cause of the strong attraction. Presumably, these are
responsible for non-detectable cohesion between the two pTyr-
coated surfaces in the SFA experiment (n-m interaction). The
maximum charge density that Rmfp-1 can have is approximately
0.22 emnm™ Since the mica charge density is higher than this
maximum, we can approximate the interspace distance of Rmfp-1s
as its diameter. In this configuration, the estimated interaction
strength is about -2.69t mJ-m™ for water and -27.3t mJ:m™ for
vacuum, where 1 is the fraction of cation () residues participating in
the cation-t bond. It is known that inside the condensed polymer,
dehydration occurs. Therefore, the actual solvent conditions and
interaction strength should be between those in water and vacuum.
Therefore, at least 4 of the 24 cation residues participate in binding
when fully dehydrated. If the dehydration is weak, almost all the
cation-n bonds should be connected. Thus, the numerical analysis
reveals the following: (1) Rmfp-1 is adsorbed on the anionic mica
surface, and the Rmfp-1 cylinders are presumably aligned parallel to
one another; (2) the adhesion of Rmfp-1s and the decapeptides is
quantitatively explained by the cation-m interaction; (3) when two
films are in contact, fewer water molecules occupy the interstitial
region of tyrosine and lysine, which are involved in the cation-n
bond.

Table 1. Cation-n and n-7 interactions in water and vacuum
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Interaction type Solvent Energy (J)
none (vacuum) -1.32x 1077
cation —
water -1.30 x 107%°
none (vacuum) -3.54 x 107
T—T
water -7.40 x 107
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It should be noted that other factors such as attractive van der Waals
interaction, hydrogen bonding, and polymer conformations also
contribute to the strong cohesion measured between two positively
charged Rmfp-1 protein films (or two positively charged
Decapeptide films) with relatively strong electrostatic repulsion
(Figure 2). Introducing and increasing interfering cation K"
concentration significantly decreases the cohesion measured (Figure
3), which directly supports that cation-m interactions significantly
contribute to the cohesion measured (as the presence of K could not
significantly affect the van der Waals interaction and hydrogen
bonding that leads to a significant drop of adhesion in Figure 3;
while increasing KNO; concentration and screening the electrostatic
repulsion between the Rmfp-1 protein films would have led to a
stronger attraction.) Therefore, the above experimental results and
theoretical simulations indicate that cation-m interaction significantly
contribute to the adhesion between DOPA-deficient recombinant
mussel adhesive proteins.

Conclusions

In summary, we demonstrates that cation-m interactions can
be a complementary strategy for successful underwater
adhesion. DOPA is known as a key component in the mussel
adhesion but the other unknown key components need to be
explored. We measure the possible contribution of the cation-nt
interaction to mussel adhesion by using DOPA-deficient mussel
adhesive proteins (Rmfp-1). Strong cohesion, which is mostly
mediated by cation-m interactions between the Rmfp-1 films
(W., ~ 2.9 mJ'-m™) or the decapeptide of Rmfp-1 (W,, ~ 4.5
mJ'-m?) was measured at pH 3.0; the strength of these
interactions is roughly equivalent to that of DOPA-Fe'
crosslinking between mussel coating proteins.*** Considering
the DOPA instability in oxidative environments, the cation-n
interaction can be considered as an alternative cross-linking
mechanism for the design and development of underwater
adhesives.
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