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Abstract

Marine mussel adhesive proteins (MAPs) irreversibly stick to different wet surfaces.
Adhesion involves the cross-linking of the MAPs mediated by transition metal ions that
make coordination complexes with Catechol. To better understand this cross-linking,
the quantum mechanics/molecular mechanics (QM/MM) method was employed to
simulate four different transition metal ions, Fe*", Fe**, Cr** and Mn?*', forming tris
complexes with catechol and with 3, 4-dihydroxy phenylalanine (DOPA) modified
polyethylene glycol (PEG) polymer. The binding energy of the metal to the ligand is
of special interest. This is the molecular origin of the mechanical properties of cross-
linked MAPs. To examine the structures and binding energies, density functional
theory calculations were performed for different metal ions that make coordination
complexes with a catechol through which polymeric ligand similar to MAPs binds
to the metal ions. Among the investigated metal ions, Fe’* gives the strongest cross
linking, which is in good agreement with experimental data.
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Introduction

Marine mussels adhesive proteins (MAPs) bind to virtually any
surface under wet conditions.'? Over the years, extensive efforts
have been made to eclucidate this remarkable adhesion property
because of the wide potential applications of an adhesive that is
capable of sticking to wet surfaces. These applications include
bonding of tissue in the wet environment inside the body. In Jo et
al.® suggested biomimetic adhesive materials containing cyanoacryl
groups for medical application.’ Yang and coworkers have introduced
an injectable biocompatible biomimetic adhesive for use inside the
body.* Mussel adhesive protein inspired injectable citrate-based bio-
adhesive bone implants have also been developed.” In Jeon et al.®
reported a blue light-activated mussel-based bio-adhesive (LAMBA)
which is compatible with the human body and binds strongly in wet
conditions.® Cross-linking is the keystone to hydrogels. Hydrogel is
a three dimensional structure with high water content that is cross-
linked together by irreversible chemical bonds.” Conventional
wound healing such as sutures or staples leads to scar formation.?
Scar formation makes the body part sensitive which restrict body
movement and may cause cancer.”'® Cyanoacrylate and fibrin
glue are the commercially available tissue adhesive, besides there
advantages these tissue adhesives poses risk to many diseases.'!?
Other potential applications include underwater construction.” It is
now well known that MAPs contain an unusually high fraction of
3,4-dihydroxyphenylalanine (DOPA).!*'¢ The catechol functionalities

(1,2-dihydroxybenzene) of DOPA are believed to anchor MAPs onto
surfaces."!® A recent density functional theory (DFT) study has
shown that catechol displaces the pre-adsorbed water molecules on
a silica surface, and the binding energies and forces involved were
calculated.! The versatility of mussel adhesion has been attributed to
the fact that catechol has both hydroxyls and a phenylene ring which
can establish firm adhesion to both polar and non-polar surfaces."
Messersmith et al.? have developed a tissue adhesive system of
four-armed PEG ended with catechol group having strong adhesive
strength, low toxicity and excellent wound closure.?' %

We note that the adhesion of MAPs requires a relatively slow 1 to
4 hour long'** curing process in which an extensive cross-linking of
these MAPs occurs'>* The catechol, which is the terminal end of the
DOPA molecule, has an oxidized form quinone which is believed to
be responsible for the cross-linking with transition metals.”” However,
the exact mechanism of the cross-linking remains elusive, especially
at the molecular level. Experimentally, it is found that the transition
metal content (e.g. iron, copper and zinc) in the cross linked MAPs
reaches up to 100,000 times the levels found naturally in marine
water'>*"17 Previous studies have speculated that transition metal
ions are mainly involved in the protein-protein cross-linking."” Lee
and coworkers have studied the effect of pH on the rate of curing
and bioadhesive properties of dopamine functionalized poly (ethylene
glycol) hydrogels.”

Experimentally, the compression and shear properties of the cross
linked MAPs have been estimated by measuring the force required
to penetrate a rod through the cross-linked MAPs.'>!¢ These studies
showed that the greatest degree of curing was produced by Fe**
and Mn** among the available biological metal ions examined.'>'®
An electron paramagnetic resonance (EPR) spectroscopic study of
the glue produced by mussels revealed a prominent high-spin Fe¥*
signal. Mary et al.”® also reported that when DOPA-containing protein
precursors of mussel glue are cross-linked with Fe**, high-spin Fe**
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and radical signals are observed.!” Together, these studies suggest
that Fe’*-MAPs cross-linking takes place via formation of tris Fe
(DOPA), complexes.'”?® Gluing mechanism of double-crosslinked
tissue adhesives (DCTA) are assigned by the presence of Fe** ions and
genipin. For fast curing catechol groups are transplanted on gelatin
with Fe’™ ions while for long-term curing cross-linker of DCTA (i.e.
genipin) forms strong and stable covalent bonds between the gelatin
macromers, tissue and adherent.” DCTA has unique advantages
over single cross-linking gelatin will adhere to surfaces instantly
while genipin will take long time to adhere but the adhesion will be
stronger.*

In the present work, complexes of transition metal ions Fe*,
Fe, Cr¥*, and Mn*" with DOPA modified polyethylene glycol (PEG)
polymers (or with quinone) were studied. The structures and binding
strengths of these metal ions with the DOPA modified PEG were
calculated using the quantum mechanics/molecular mechanics (QM/
MM) method. The transition metal and surrounding DOPA elements
were treated quantum mechanically using the B3LYP method with
6-311G** basis set. The rest of the system is treated with the MM
method employing the universal force field (UFF).>! The vibrational
frequencies of the optimized complex and the binding energies of the
metals with the ligands were calculated. The results are discussed and
compared with the literature.

Computational methods

The Gaussian 09 simulation package® was used to calculate the
binding energy and Raman spectrum for the cross-linked transition
metal complex. Fe*', Fe**, Cr*", and Mn*" ions are cross-linked
with DOPA modified polyethylene glycol. Eighteen electron model
systems with charges of -4, -3, -3, -3 (and spin multiplicity 1, 2, 3, 4)
were considered for Fe*', Fe*', Cr**, and Mn** ions respectively. The
hybrid quantum mechanical/molecular mechanics (QM/MM) method
was used.*3* We used the ONIOM (our Own N-layer Integrated
Molecular Orbital molecular Mechanics) method which can combine
a large number of ab initio molecular orbital methods as well as
molecular mechanics methods.**!

The ONIOM optimization of the DOPA modified PEG polymer
complexes was performed using DFT and the B3LYP formalism,
with the 6-311G** basis set for the high layer QM region and UFF
for low layer MM region. Our system has 694 atoms in which 37
atoms are in the high layer QM part, and 657 atoms are in the MM
region or low layer. The link atom method was utilized. This is the
simplest approach because it is not feasible for our system to consider
and parameterize frozen orbitals for all possible combination. For the
catechol calculation, the Fe** metal ion surrounded by three catechols
is considered as high layer and the rest of the complex is considered
to be the low layer.

In the QM calculation, the resulting dangling bonds need to be
saturated, and link atoms are the simplest approach to use.*® These
are usually hydrogen atoms but can, in principle, be any atom that
mimics the part of the system that it substitutes. Link atoms are used
in a large proportion of QM/MM implementations as well as in the
ONIOM scheme. The main alternative to link atoms is the use of
frozen orbitals, which can through parameterization and use of p and d
orbitals describe a more accurate charge density than link atoms.?>#1-4
Although few studies that directly compare the link atom method with
the frozen orbital method show that both schemes perform well,*>#
it appears generally accepted that the latter can provide a better
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description of the boundary. In our implementation, link atoms were
exclusively used to maintain the generality of the ONIOM scheme.
The electronegativity can be modified through the use of a shift
operator or, in the case of semi empirical QM methods, the parameters
involving link atoms can be adjusted.*

The electrostatic interaction is evaluated as the interaction of the
MM partial charges with partial (point) charges assigned to the atoms
in the QM region* This approach is usually referred to as classical or
mechanical embedding. Originally in ONIOM, the QM region and
MM region interact via mechanical embedding.* Using the ONIOM
method, the geometry of the complex (the 3 DPEG molecules bound
to the metal ion form a metal-ligands complex), and isolated metal ion
and isolated DPEG were optimized. The vibrational frequencies and
binding energies of the transition metal and associated ligands were
then calculated.

Results and discussion

When the catechol reacts with the transition metal ions, it is
oxidized into a quinone. Three quinones establish six covalent bonds
with the central metal ion. Figure 1 shows the optimized structure of
this (quinone),-Fe** complex (Cat Fe'*). Carbon and oxygen atoms
are indexed to define various bond lengths and angles. The O -C, and

O,-Fe bond lengths are denoted by d, , d', while d, d and represent
the O,-C,and O,-Fe bond lengths, respectively. Pertinent bond angles
are defined in the Figure 1. The octahedral angle of this structure is
on average 92.9°. Three oxidized DOPA molecules crosslinked with
one metal ion are shown in Figure 1b. The optimized bond lengths
and bond angles of DOPA PEG Fe*" and Cat Fe’* are listed in Table
1. The oxidized catechol and DOPA PEG bind strongly to the metal
ion, causing a significant change in the bond lengths and bond angles.
The binding (cross-link) energies of the complex using four distinct
transition metal ions are given in Table 2. The binding energies
between the transition metal and the ligands were calculated using
equation:

AE:i(Ecamplexi metal EDPEG)
Where, Ewmplex 2 E e ad Epp.. represent the energies of

the metal-ligands complex, the metal ion, and the DOPA-modified
PEG (DPEG). All these energies are calculated by optimizing the

geometries of the complex and the ligands. Therefore, AFE it the
energy required to disassemble the complex into an isolated metal
atom and three individual ligands.

The binding energy calculated according to Equation 1 shows
that DOPA modified PEG polymer Fe** cross linked more strongly
compared to the other three transition metals (Fe**, Cr** and Mn*").44
This demonstrates the strong adhesive force between PEG and the
Fe’* ion which is attributed to the extra ability of Fe (III) to oxidize
the catcholic groups of DOPA and induce a strong covalent linkage.
These values can be compared to the experimental data obtained
from the DOPA modified PEG in terms of the penetration force!#$%
and the Raman spectrum calculation of highly crosslinked adhesive
materials.'*134850 Experimentally, the strength of cross linking is
estimated by the force exerted by the Instron 5544 Materials Testing
machine onto the sample to measure the resistive force monitored
by a 5N load cell during penetration against the rod. It is observed
that extensively cross-linked samples produce higher resistive forces
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against rods that are lowered at constant velocity. In computational  linking, thus samples with higher binding energy will have stronger
studies, the binding energy determines the strength of the cross-  cross-linking.!>1¢

Table | Optimized parameters of dopaPEGFe**and catecholFe®*

d@) &A) dA) A () 6,() ) ) 60 o) 8) L) 6() )

Isolated® 1.364 0977 1.377  0.968 0.968 113.4 107.1 1.3
Isolated 1.349  0.945 1.362  0.942 0.942 115.6 109.6 1.4
DPEGFe**  1.303  2.129 1.308  2.101 2.101 110.9 118.6 1.5
CatFe®" 1.32 1.95 1.32 1.95 1.95 110.8 116.5 110.7 67.23 78.86 71.44 81.87 923 76.2

The previous calculation by Mian et al.'

Table 2: Resonance raman shifts (cm') for catechol complexes of non-heme iron proteins and models

System A B (o) D E F G H 1 J
3DopaPEGFe* 532 555 634 787 1179 1259 1344 1464 1567
Fe(cat)3* 525 628 797 1158 1274 1310 1363 1465 1577
Fe (cat)3*? 533 621 800 1154 1262 1322 1487 1572
Fe (HAD) cat*>* 630 795 1158 1258 1320 1480 1576
Fe (NTA) cat* * 526 630 794 1158 1254 1312 1473 1573
Mefpl pink * 531 591 638 815 1152 1274 1326 1363 1491 1573
Mefp| purple 533 594 639 818 1152 1274 1324 1427 1490 1570
pH~12°® 529 584 634 1270 1324 1422 1484

Mussel cuticle ® 550 596 637 1270 1322 1422 1476

Mefpl ® 531 591 638 1274 1326 1426 1491

a. Reference?
b. Reference?”

Results from the current study are on the top 2 lines and in bold type.

(b
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Figure |
a. Optimized geometry of (quinone),-Fe** complex. Carbon and oxygen atoms are indexed to define bond lengths and angles including €, 8", , 6, ,and o',
b. Optimized geometry of (oxidized DOPA) -Fe™* complex

A
c. For the tris structure, there are six angles around the Fe metal ion labeled &, ,9’1 ,0, 0 4 .05 and 9'5 .
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We will now consider DOPA molecule complexes. The oxidized
catechol part of the DOPA molecule, the quinone captures the
transition metal ions Fe*", Fe**, Cr** and Mn*", forming a cross-linked
structure as shown in (Figure 2). It is the central part of the complex
protein i.e. DOPA PEG molecule. The four different transition metal
ions crosslinked with quinone. The binding energies of quinone-
metal complexes are shown in Figure 3. In terms of binding energy,
Fe’* shows the highest degree of binding energy (471.7kcal mol ™) as
compared to the other transition metal ions. This is also confirmed by
several studies where they found that Fe3* metal ions is responsible for
highly cross linked adhesive materials.'>!®" The optimized geometry
of the DOPA PEG Fe*" complex molecule is shown in (Figure 4).

488

a7r

36 -

AE (kcalmol™)
E

Figure 2 Optimized structures of quinone cross-linked with transition metals
305 -

Fe?*, Fe’*, Cr** and Mn?.
M4+
11r
6l
]
e + + .l'
Fe Fe cr' Mn

Figure 3 Binding Energy plot for transition metal Fe?*, Fe’*, Cr®*, Mn*
complexes cross-linked with DOPA modified PEG polymer.

The tris- Fe*" optimized geometry of the DOPA polyethylene
glycol is shown in (Figure 5 & 6) shows the Raman spectra of
oxidized catechol and DOPA modified PEG cross-linked with Fe’.
Vibrational frequencies are scaled to eliminate known symmetric
errors in calculated frequency. Raw frequencies values computed at
the B3LYP/6-311G** are scaled by a factor of 0.9682 which reduce
the systematic errors in frequencies due to over estimation. Use of
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this factor has been demonstrated to produce very good agreement
with experiment for a wide range of systems.* The intensities are an
approximation. However, the relative values of the intensities and the
actual frequencies may be reliably compared. The Lorentzian line
broadening is 11.3cm™. For the DOPA functionalized PEG complex
polymer Fe**, where most of the peaks are attributed to the resonance
interaction of iron with the catechol moiety of DOPA (Figure 6).

"

»8
-4 »

|

A}

»4 s
»e

«. PEG complex Polymer Binding to Metal lon

s" Quinone an Oxidized Catechol
| &

‘ ‘s’.’\

Figure 4 Optimized structure of DOPA modified complex polymer
polyethylene glycol (PEG).

PEG Polymer

Figure 5 Structure of three DOPA modified complex polymer polyethylene
glycol (PEG) molecules cross-linked with one of four different transition
metals, Fe?*, Fe3*, Cr3* or Mn®.

The scaled vibrational frequencies give the Raman spectrum of
DOPA modified PEG complex polymer which can be compared to the
3catFe’ complex, iron-catechol and Mefp12¢¥34 presented in Table 2.
Bidentate iron catecholate complexes have a feature at approximately
530cm’! that arises from an iron-catecholate ring mode. We can
compare our results to the experimental results of Holten-Andersen
and Harrington et al.** These groups studied pH induced metal-
ligand cross-linking, and the spectra of Mytilus californianus and M.
galloprovincialis thread cuticles, respectively. The Raman spectrum in
the range 450-670cm™! originates from the chelation of the Fe** ion by
the oxygen atoms of the catechol. The peaks at approximately 555 and
640cm! are assigned to the vibrations in the bonds between the Fe**
and the catecholate C3 and C4 oxygen’s of the catechol respectively,
while the peak around 532cm™ is assigned to charge transfer
interactions of the bidentate chelation.’** Peaks between 1250 and
1500 are assigned to catechol ring vibrations.** We note that the blue
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line in Figure 6 (DOPA modified PEG) has a big peak at 700 which is
not in the experimental data. We do see good matches at 620 and 800
and the 1300 region and the 1460 region. For Fe (cat),”, we see fewer
peaks, which focus on the Fe-Cat interaction. This allows us to see
the difference between PEG and Fe-Cat. In Table 2, we see that the
current results for Fe (cat),” compare very closely with the previous
work on the line below. In summary, the vibrational frequencies of
the Raman spectra are in good agreement with the reference data
presented in Table 2. These results along with the binding energy data
clearly demonstrate that Fe** strongly cross links compared to the
Fe?, Cr** and Mn** complex structures. This observation is consistent
with the reference data available in the literature.'>16:2628

——Fe" CatPolymer
——Fe™ Catechols

Intensity (a.u)

-

400 600 800 1000 1200 i 1400 1600 1800
Raman Shift (cm")

Figure 6 Raman spectrum of Fe** cross-linked with three catechols (green),
and Fe®* cross-linked with three DOPA functionalized PEG complex polymers
(blue).

Conclusion

The cross linking of the mussel proteins by transition metals has
been studied using the QM/MM method. Complexes of four different
transition metal ions Fe?*" , Fe**, Cr’*" and Mn** with DOPA modified
PEG polymers and with quinones were studied. Experimentally, some
ions induce curing and the others do not during metal ion cross linking.
The role of DOPA is important in curing and is essential not only to
stabilize the mussel adhesive, but also for the chelation of metal ions
which are readily susceptible to oxidation. The DOPA modified PEG
cross linked strongly with Fe?*, Fe’*, Cr** and Mn*" ions. Our results
reveal that the calculated binding energies of tris-Fe’* and tris-Fe*" are
higher than tris-Cr** and tris-Mn>*. The binding energy for tris-Fe*" is
the highest, while tris-Cr’" is the lowest. Spectroscopic data indicates
that chelation of metal ions brought together multiple protein strands
by formation of metal-DOPA complexes 10. We conclude that tris-
Fe’" are primarily responsible for cross linking in marine mussels.
The results presented here show that among the metals actively seized
by marine mussels, Fe’* and Fe*" appear to be the key for curing.
The optimal reagents for cross-linking are oxidizing metal ions. This
interactive combination of both chelation and oxidation may explain
why mussels concentrate iron in their adhesive plaques.
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