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ABSTRACT: The water-resistant adhesion of mussel adhe-
sive proteins (MAPs) to a wet surface requires a cross-linking
step, where the catecholic ligands of MAPs coordinate to
various transition-metal ions. Fe(Ill), among the range of
metal ions, induces particularly strong cross-linking. The
molecular details underlying this cross-linking mediated by
transition-metal ions are largely unknown. Of particular
interest is the metal—ligand binding energy, which is the
molecular origin of the mechanical properties of cross-linked

Catecholate

Fe(Il)

MAPs. Using density functional theory, this study examined the structures and binding energies of various trivalent metal ions
(Ti—Ga) forming coordination complexes with a polymeric ligand similar to a MAP. These binding energies were 1 order of
magnitude larger than the physisorption energy of a catechol molecule on a metallic surface. On the other hand, the coordination
strength of Fe(III) with the ligand was not particularly strong compared to the other metal ions studied. Therefore, the strong
cross-linking in the presence of Fe(IIl) is ascribed to its additional ability as an oxidant to induce covalent cross-linking of the

catecholic groups of MAPs.

B INTRODUCTION

An adhesive sticking irreversibly to wet surfaces has broad
applications in areas, such as tissue adhesives, dental cements,
and underwater construction." On the other hand, synthesizing
a water-resistant adhesive is elusive because the ambient water
generally interferes with the adhesion process. Remarkably,
marine mussels naturally overcome this obstruction, even under
saline and tidal conditions. Thus, far, researchers have found
several types of mussel adhesive proteins (MAPs) that can
adhere to virtually any surface under wet conditions (e.g., mefp
1-S5 for the marine blue mussels).z_5

The present understanding of the molecular details under-
lying the adhesion of MAP is far from complete. The consensus
is that the MAPs contain an unusually high content of 3,4-
dihydroxy-L-phenylalanine (DOPA). The catechol function-
alities (1,2-dihydroxybenzene) of DOPA are believed to play
important roles. MAPs adhere to a surface in two stages: initial
anchoring on a surface through catechol groupsé_8 and a slow
(1—4 h long) curing process in which extensive cross-linking of
these MAPs occurs.”'® The transition-metal content (e.g, iron,
copper, and zinc) in the cross-linking has been reported to
reach up to 100000 times that found in marine water."”*!"
Therefore, transition-metal ions presumably bring about the
cross-linking of MAPs.”'"'> Among the many transition-metal
ions, the cross-linking of MAPs is quite strong in the presence
of Fe(1r).”
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Previous studies have revealed two main mechanisms in the
cross-linking.la"14 In the first mechanism, the catechol groups of
MAPs are oxidized (to quinones), which are then coupled to
form a covalent catechol—catechol linkage.lz"15 In the other
mechanism, transition-metal ions, especially Fe(III), coordinate
to the dianionic catecholates of MAP to form mono-, bis-, or
tris- coordination complexes.'>'® In contrast to covalent cross-
linking, the metal—ligand coordination bonds in the latter
mechanism can re-form after breaking. This reversible cross-
linking is believed to provide the high elasticity and self-healing
properties of cross-linked MAPs.'

Raman,'® Fourier transform infrared (FTIR), ultra-
violet—visible (UV—vis), and electron paramagnetic resonance
(EPR) spectroscopy partially provide the molecular features of
the coordination complexes formed in the cross-linking. The
EPR/IR study by Server et al. revealed the presence of the tris-
DOPA complexes of Fe(IIl) in the cross-linked MAPs.” The
UV—vis spectrum showed the transition from the mono- to bis-
and tris- catecholato Fe(III) complexes with increasing pH.'°
Consequently, the gels made of these complexes changed color
from green/blue to purple and red. The low-frequency
vibrational Raman modes (400—700 cm™) were attributed to
the chelation of the metal ion by the catecholate ligands of
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DOPA.'>'® The splitting of the FTIR peaks of the DOPA
ligand near 1458—1439 cm™" was also attributed to the metal—
DOPA coordination.” Density functional theory (DFT)
calculations of the FTIR and Raman spectra for a tris-DOPA
Fe(IIl) complex concurred with the experimental spectra of a
mefp-1 film on an iron substrate.'”

The present study was particularly interested in the metal—
ligand binding energies of the coordination complexes formed
in the cross-linking. These binding energies are the molecular
origins of the mechanical properties (e.g., shear and
compressibility properties) of the cross-linked MAP extracts.”
This study examined whether the robust cross-linking found in
the presence of Fe(Ill) indeed arises from the strong
coordination of Fe(Ill) to the DOPA ligand. Using DFT, we
comparatively studied the structures and stabilities of various
transition-metal ions forming coordination compounds with a
polymeric ligand imitating a MAP. In particular, the trivalent
ions of Ti—Ga developing tris- coordination complexes with a
DOPA-modified polyethylene glycol (DOPA-PEG) polymer
were considered (Figure 1). This ligand, which was previously
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Figure 1. Tris(DOPA-PEG) Fe(IIl) complex. The bulky part, denoted
as M, was treated using the molecular mechanics method, and the rest
was modeled using DFT. Boc = butoxycarbonyl (C(CH,);—O—
Co-).

synthesized to imitate a MAP,' was modeled using an
ONIOM'®" (our own N-layer integrated molecular orbital
(MO) molecular mechanics (MM)) model. The tris complexes
were considered because these are the major forms of the
coordination complexes (instead of bis or mono complexes)
under a marine environment (pH ~ 8).”'%*° The structures
and metal—ligand binding energies of these coordination
complexes were examined. Compared to the other metal ions
considered, Fe(III) did not show particularly strong binding to
the DOPA-PEG ligand. Therefore, the strong cross-linking
found for Fe(III) is ascribed to the additional role of Fe(III) as
an oxidant to induce the covalent cross-linking of the catecholic
groups of MAPs. These conclusions are supported by the
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Raman, FTIR, and UV—vis spectra, which all agree with the
previous spectroscopic data.

B COMPUTATIONAL METHODS

We studied the trivalent ions of Ti, V, Cr, Mn, Fe, Co, Nij, Cu,
Zn, and Ga forming tris complexes with the DOPA-PEG ligand
whose molecular weight (MW) is 1649.9 Da (Figure 1). The
catechol group of DOPA was taken to be oxidized
(catecholate). The present ONIOM model has two layers. In
each coordination complex, the first layer consists of a metal
ion and three catecholate groups (37 atoms in total). The first
layer was treated by DFT at the level of B3LYP*'/6-311G(d,p).
This hybrid functional has been successfully applied for
studying the ferric complexes of catecholic ligands (which are
close to the complexes of the present study). For example, the
B3LYP DFT simulations of the Raman spectra were in
agreement with experimental results.”>** The remainder of
the complex (denoted by M in Figure 1, made of 657 atoms)
was modeled usmg the MM method employing the universal
force field (UFF).* Hydrogen was used as the link atom to
saturate the dangling bonds of the first layer region.'® The
classical embedding method was used, in which the electrostatic
interaction between the partial charges of the two layers was
treated classically.'®*®

As catecholate is a weak-field liganc1,26_28 all of the metal
coordination complexes were assumed to have high spin
multiplicity. Previous EPR studies also showed that the
transition metals form high-spin complexes in their cross-
linking with MAPs” and with model peptides.' We also checked
the low-spin and intermediate-spin multiplicities of the Mn, Fe,
Co, Ni, and Cu complexes. Except for the Co(II) complex, the
high-spin complex of each metal was lower in energy than the
low- and intermediate-spin complexes of the same metal. The
low-spin complex of Co(III) however was slightly lower, by
0.92 kcal/mol, than that of the high-spin complex (see Table
S)-

The present simulations employed the ONIOM scheme
as implemented in the Gaussian09 51mulat10n package.*® The
two-layer ONIOM method was used,'® in which the system
energy E(ONIOM) is extrapolated as follows

29-3S5

E(ONIOM) = E(real, MM) + E(model, QM)

— E(model, MM) (1)

The energy of the real system, which includes all of the atoms,
E(real, MM), was calculated at the MM level. The energy of the
model system, the metal jon, and three catecholates was
calculated both at the quantum mechanics (QM) and MM
levels to give E(model, QM) and E(model, MM), respectively.
We optimized the geometry using the microiterations
optimization algorithm.>> Geometry optimization was taken
to be converged if the maximal atomic force was smaller than
0.000015 hartree/Bohr. Unless specified otherwise, no
symmetry was imposed in all of the calculations.

After optimizing the geometry of each coordination complex,
the metal—ligand binding energy AE was calculated as’

AE = _(Ecomplex - Emetal - 3Eligand)
3 )
where Eompley Emety and Ejgang are the energies of the

tris(DOPA-PEG) coordination complex, the metal ion, and the
DOPA-PEG ligand, respectively. Therefore, AE refers to the
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binding energy per ligand. All of these energies were calculated
by optimizing the geometries of the complex and the ligand
separately. In the geometry optimization and energy calculation
of the DOPA-PEG ligand, the DFT was used at the level of
B3LYP/6-311G(d,p). Using the counterpoise correction
method,®® we checked the basis set superposition error
(BSSE) for the tris(DOPA-PEG) complexes of trivalent Cr,
Mn, Fe, and Co ions (Table S1 of the Supporting Information).
The BSSEs were within 7.7% of the binding energies.

The Raman and IR spectra of the tris(DOPA-PEG) Fe(III)
complex were calculated by performing frequency calculations
using the analytic gradient and Hessian. The raw vibrational
frequencies were scaled by a factor of 0.9668, which produced
good agreement with the experiment for a wide range of
systems.39

Electronically excited state calculations were carried out to
compute the UV—vis and preresonance Raman spectra of the
tris(DOPA-PEG) Fe(Ill) complex. In these excited-state
calculations, the bulky parts were removed, and the dangling
bonds were saturated with hydrogen atoms. The geometry
however was taken to be the same as that optimized in the
presence of the bulky parts. The vertical excitation energies
were obtained using the time-dependent DFT*" at the level of
CAM-B3LYP*'/6-311G(d,p), after the ground-state optimiza-
tion.

B RESULTS AND DISCUSSION

The structural and spectroscopic properties of the tris(DOPA-
PEG) Fe(III) complex, which is known to 7play a central role in
many cross-links, were first examined.”'®'” Figure 2 shows the

Figure 2. Optimized geometry of the tris(DOPA-PEG) Fe(III)
complex. The catecholates of the DOPA-PEG ligand and the metal ion
are drawn as balls and sticks, and the rest is drawn as lines.

optimized structure of the tris(DOPA-PEG) Fe(III) complex.
The metal and oxygen atoms were 2.06 A apart on average. The
angles formed by the Fe ion and two oxygen atoms of the
catecholate ligands were 90.3 (£6.9)° on average, indicating
almost octahedral geometry in the coordination. Previous
DFT?* and X-ray analysis*® of the tris-catecholato Fe(III)
complexes reported Fe—O distances of 2.05 and 2.015 A,
respectively. The present O—Fe—O angle was significantly
larger than the previous X-ray crystal structure, 81.26°. Another
DFT study on a monocatecholato Fe(III) complex*’ reported a
Fe—O distance and O—Fe—O angle of 1.933 A and Oy =
86.5°, respectively.
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Figure 3 shows the FTIR spectrum of the present
tris(DOPA-PEG) Fe(Ill) complex. Two intense peaks
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Figure 3. IR spectrum of the tris(DOPA-PEG) Fe(Ill) complex. The
two strongest peaks are indicated by the arrows.

appeared at 1265.03 and 1487 cm™', along with the two
almost degenerate peaks at 1265.43 and 1486 cm™". Each of
these two major peaks originated from an in-plane deformation
mode involving the C—C and C—O stretching and the C—H
bending of catecholate (see the Supporting Information for
arrow plots of the selected IR-active modes). Only two out of
three catecholate groups were actively involved in these modes.
The mode with a frequency of 1487 cm™" exhibited prominent
C—H bending. These two major IR peaks are close in
frequency to those previously observed for mefp-1 adsorbed
on an iron substrate, 1258 and 1485 cm™'.'” The high
intensities of the present IR peaks arise from the large charge
polarization due to the highly positive Fe(III) being surrounded
by three negatively charged catecholate ligands. Because of the
charge polarization, the vibrations that result in unsymmetrical
distortions of the complex induce large dipole moment changes
and large IR intensities.

Figure 4 shows the UV—vis absorption spectrum of the
tris(DOPA-PEG) Fe(IlI). Four strong peaks were observed at
488, 489, 513, and 514 nm. The absorption maximum was
located at 514 nm, agreeing with the experimental wavelength
(492 nm) of the maximal peak found for tris(DOPA-PEG)
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Figure 4. UV—vis spectrum of the tris-catecholato Fe(IIl) complex
obtained from the present calculation.
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Fe(III),"® whose DOPA-PEG ligand (MW = 11 135 kDa) is
much longer than the present one (MW = 1.65 kDa). To
characterize the electronic transitions, five frontier MOs were
illustrated, ranging from the highest occupied MO-2
(HOMO=-2) to the lowest unoccupied MO+1 (LUMO+1)
(Figure S). The absorption maximum at 514 nm originated
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Figure 5. Frontier MOs of the tris-catecholato Fe(III) complex. The
H, C, and O atoms are shown as white, gray, and red spheres,
respectively. The orbital lobes shown in green and red represent the

opposite phases.

LUMO+1

LUMO

predominantly (97%) from the HOMO to LUMO transition.
In the HOMO, the electron density is distributed mainly over
three catecholate ligands. According to the partial MO
composition analysis based the C? population analysis**
(Table 1), only 0.1% of the electron density belongs to the

Table 1. Partial MO Composition (%) of the Present Tris-
catecholato Fe(III) Complex”

MO HOMO-2 HOMO-1 HOMO LUMO LUMO+1
% Fe 7.1 7.1 0.1 59.5 64.6
energy of MO 4.56 4.58 4.94 7.63 7.64
(&)

“The contribution of Fe atomic orbitals to the total MO is shown for
five frontier orbitals, ranging from the highest occupied MO-2
(HOMO=-2) to the lowest unoccupied MO+1 (LUMO+1).

Fe atomic orbitals (see Table 1). In the LUMO shown in
Figure S, however, the electron density is largely moved out of
the catecholates into the Fe ion. The partial MO composition
(Table 1) showed that 59.5% of the electron density belongs to
the metal ion. Therefore, the strongest peak in the UV—vis
spectrum originated clearly from ligand-to-metal charge
transfer. The peak at 489 nm primarily (66%) involved the
transition from HOMO-2 to LUMO. Again, this peak arose
from ligand-to-metal charge transfer; the electron density in
HOMO-2 is distributed mostly over two catecholate ligands.
The metal ion has only 7.1% of the electron density. The peaks
at 488 and S13 nm originated primarily from (70 and 97%,
respectively) the HOMO—1 to LUMO and HOMO to LUMO
+1 transitions, respectively. The HOMO—1 is similar to the
HOMO-2 in that the electron density is spread over two
catecholate ligands. The LUMO+1 is similar to the LUMO in
that electron density is localized around the metal—oxygen
interaction region (64.6% of the electron density belongs to the
Fe ion; see Table 1). On the other hand, the LUMO+1 does
not have 7 character of the LUMO orbital.
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The vibrational Raman spectrum of the tris-catecholato
Fe(III) complex was investigated. Most Raman experiments on
the cross-linked MAPs were conducted under the resonance
conditions for the electronic transitions. Therefore, the
preresonance Raman spectrum was calculated by continuously
varying the electronic excitation wavelength from 480 to 560
nm. Using the electronic excitation wavelength of 514 nm, the
Raman signal was enhanced up to a factor of 10", with the
Raman peak positions remaining unchanged. The present
Raman spectrum, shown in Figure 6, is similar to the Raman
spectra measured for mefp-1 films'” and for the synthetic
tris(DOPA-PEG) Fe(IIl) complex.'®
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Figure 6. Preresonance Raman spectrum of the tris-catecholato
Fe(III) complex calculated using an electronic excitation wavelength of
514 nm.

Table 2 lists the Raman peaks with the nine strongest
intensities. The present calculation agrees reasonably with the
previous Raman experiments on the synthetic and natural
cross-linked MAPs.'*'%>%* The low-frequency (512—614
cm™') modes arose from the chelation of Fe by catecholate.
The mode with a frequency of 512 cm™" involved the mixed
Fe—O stretching () and O—Fe—O bending (5) of each
catecholate ligand (see the Supporting Information for the
arrow plots of the Raman modes listed in Table 2). The Raman
mode located at 602 cm™" originated from the Fe—O stretching
involving only one of the oxygen atoms of each catecholate. In
contrast, the mode at 614 cm™" involved the breathing of all six
oxygen atoms surrounding the Fe ion."° Previously, similar Fe—
O stretching modes were observed in the cross-linking of
synthetic polymers'® and mefp-1.2

The Raman peaks with frequencies >765 cm™ were assigned
to the intramolecular motions of the catecholate ligands. The
peak at 765 cm™' was associated with the in-plane C—H
bending involving the C2 and CS atoms of each catecholate
ligand (see Figure 6 for carbon indexing). The peak at 1099
cm™" was assigned to another in-plane C—H bending involving
C1 and C6 atoms of a single catecholate ligand. The peak at
1288 cm™! consisted of the out-of-phase stretching of two C—
O bonds, together with the C—H bending involving C1, C2,
CS, and C6 atoms. This mode occurred in two catecholate
ligands. The mode at 1322 cm™" was assigned to the in-plane
bending of C2—H and C5—H along with C—O stretching,
which was found in all three catecholate ligands. The peak at
1500 cm™" arose from C—C stretching mixed with a C—H
bending, which occurred in all three catecholate ligands. The
peak at 1528 cm™" was assigned to a C—C stretching vibration
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Table 2. Pre-resonance Raman Shifts (cm™") for the Present Tris-catecholato Fe(III) Complex (in bold) along with the
Resonance Raman Peaks Previously Measured for the Synthetic and Natural Cross-Linked Structures”

A B € D E F
512 602 614 765 1099 1288

5297 584 6347 1270°

533¢ 621°¢ 800° 1154 1258¢

5319 5914 6387 8157 11529 12749

550° 596° 637¢ 1270°

5, v-Fe—O  vFe—O  1Fe—O 6C-H 6C-H  1C-0 + 6C-H

“The bottom row lists the present assignment of each mode. See Figure 5 for the indexing of the carbon atoms.

@ H I J
1322 1500 1528

1324° 14227 14847

1320° 1487° 1572¢

13267 14267 14919 15714

1322¢ 1423¢ 1476°

vC—0 +6C-H 1vC-C’ uvC—C+6C-H  1vC—C + 6C—H

bSynthetic tris(tDOPA-PEG) Fe(II1)

complex formed at pH ~ 12.'° “Synthetic tris-catecholato Fe(III) complex.** “Synthetic pink form of MAP cross-linked by forming complexes with

Fe(IIN).2° *Mussel cuticle cross-linked by forming complexes with Fe(III).'®

plus an in-plane C—H bending vibration involving the C1, C2,
CS, and C6 atoms of each catecholate.

The structures of the tris(DOPA-PEG) complexes of various
metal ions were then explored comparatively. Table 3 and

Table 3. Geometric Parameters of the Tris(DOPA-PEG)
Complexes of Various Metal Ions®

metal dyo (A) Oomo (deg)
Ti 2.09 (+0.01) 90.4 (+8.5)
A 2.05 (+£0.04) 90.3 (£7.5)
crb 2.02 (£0.00) 90.1 (£5.6)
Mn 2.05 (+0.13) 90.1 (+6.3)
Fe 2.06 (£0.00) 90.3 (+£7.2)
Co 2.04 (+0.01) 90.3 (+6.9)
Ni 2.08 (+0.02) 90.1 (+6.4)
Cu 2.17 (+0.27) 90.1 (+8.7)
Zn 2.14 (+0.03) 90.2 (+7.9)
Ga 2.04 (+0.01) 90.3 (+6.3)

“The metal—O bond lengths (dy’s) and the O—metal—O bending
angles (Oopo's) are shown for trivalent metal ions ranging from Ti to
Ga(III). The average values are listed with the standard deviations in
parentheses. bX-ray analysis on a tris-catecholato Cr(III) crystal gave
dyio = 1.986 A and Oy0 = 83.56°.%

Figure 7 show the average and standard deviations of the
metal—oxygen distances, dyg’s, and the angles of O—metal—O
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Figure 7. Geometric parameters around the metal ion for the present
coordination complexes. The metal—O bond lengths (dyg’s) and the
O—metal-O bending angles (fopo’s) are plotted. The standard
deviations are drawn as error bars. For comparison, the previous
calculations of dy’s for the hexaaqua complexes by Akesson et al.*®
and Yang et al.*’” are plotted. The lines are a guide for the eyes.
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triplets, Ooyo’s- The fluctuation in dyq was insignificant (top,
Figure 7), except for the Mn and Cu complexes. All the Oy0's,
however, fluctuate significantly from their average values of
approximately 90° (drawn as error bars in the bottom of Figure
7). The present dy’s are close to those previously calculated
for the hexaaqua complexes of the metal ions ranging from Ti
to Fe (drawn as diamonds and triangles).46’47 With increasing
nuclear charge, further from Fe, the present dy increases,
reaches a peak at Cu, and then decreases. On the other hand,
the dyo’s of the hexaaqua complexes overall decrease with the
same change in the nuclear charge. These dyg values, especially
for the Cu complex, deviate significantly from those of the
hexaaqua complexes.

The atomic charge on the metal ion was checked (Table 4).
Five different schemes were used to calculate the charge:

Table 4. Atomic Charges on the Metal Atoms Obtained
Using Various Charge Schemes, NPA, MK, CHelpG, CHelp,
and HLYGAt

atomic charge on metal

metal NPA MK CHelpG CHelp HLYGAt
Ti 1.669 1.472 1.730 1.943 1.491
\ 1.665 1.434 1.697 1.824 1.434
Cr 1.687 1.354 1.707 1.862 1.460
Mn 1.818 1.400 1.674 1.862 1.463
Fe 1.952 1.448 1.680 1.779 1.489
Co 1.779 1.282 1.564 1.722 1.333
Ni 1.543 1.302 1.458 1.477 1.294
Cu 1.485 1.165 1.340 1.329 1.232
Zn 1.659 1.318 1.498 1.451 1.377
Ga 1.712 1.289 1.590 1.828 1.277

natural population analysis (NPA),*® MK,* CHelpG,* and
CHelp®' methods to fit the electrostatic potential, and the
charge fitting method, HLYGAt.>* The atomic charge varied
according to the scheme. For example, NPA gave a charge of
1.952 for Fe, but the charge was 1.448 if the MK scheme was
used.*® Overall, the atomic charge decreased with increasing
nuclear charge. Nevertheless, the present trend of the atomic
charge deviated considerably from a uniform decrease with
increasing nuclear charge, as found for the hexaaqua complexes.
There, the uniform decrease was attributed to the increased
covalent nature of the metal—oxygen bond (hence, the
increased charge transfer from the ligand to metal). For the
present complexes, however, the atomic charge was a minimum
for Cu, regardless of the charge scheme, and the atomic charge
sometimes increased with increasing nuclear charge. For
example, most charge schemes gave an increasing atomic

DOI: 10.1021/acs.jpcb.5b01152
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charge with the change from Cu to Zn and Ga (except for MK
and HLYGAL). The charge also increased as the metal atom
was changed from Cr to Mn and Fe, according to the NPA,
HLYGAt, and MK schemes.

As shown above, the present ONIOM calculation provides
structural and spectroscopic data that are consistent with
previous experimental and theoretical work. This study finally
investigated the metal—ligand binding energies, AE’s, of all of
the trivalent metal ions considered. Table 5 and Figure 8 show

Table 5. Metal—-Ligand Binding Energies of the Present
Coordination Complexes®

AE® (kcal/mol)

spin AE (kcal/mol) AE* (kcal/mol)
Ti HS 519.53 550.50 520.91
\% HS 549.86 581.26 540.31
Cr HS 555.82 613.53 553.41
Mn HS 552.45 610.18 542.90
1S 542.35
LS 528.64
Fe HS 540.51 597.04 540.05
IN 528.58
LS 526.32
Co HS 561.95 625.00 569.76
IN] 558.09
LS 562.87
Ni HS 580.13 645.79 571.04
LS 572.79
Cu HS 584.80 673.76 603.28
LS 583.49
Zn HS 612.57 672.56 596.02
Ga HS 558.98 664.44 562.63

“The binding energy per ligand AE is listed for the tris(DOPA-PEG)
complex of each transition metal. The default spin state is taken to be a
high spin (HS). The binding energies of the intermediate- and low-
spin (IS and LS, respectively) complexes were also calculated. The
largest AE for a given coordination complex appears in bold. For
comparison, the binding energies previously calculated for the
hexaaqua complexes, AE* and the binding energies of the present
complexes using the octahedral symmetry AE®,* are listed.

680 @ present calc.Ewo. sym.)

u ﬁresent calc.(w. sym.)
| A hexaaqua complex(by Akesson et al.)
640

600 -

AE(kcal/mol)

(4]

[+

o
T

520~ 1

T T T T T T T T T
Ti V Cr Mn Fe Co Ni Zn Ga

T
Cu
Figure 8. Metal—ligand binding energies of the coordination
complexes of various metal ions. The binding energy per ligand AE
was calculated for each coordination complex without (circles) or with
(squares) imposing the octahedral symmetry. For comparison, we

show the previous calculation for the hexaaqua complexes. The lines
are a guide for the eyes.

that the present AE’s greatly exceed the typical physisorption
energy of a catechol molecule on a metallic surface. Lee et al.
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reported that a single catechol molecule binds to a titanium
surface with a binding energy of 22.2 kcal/mol® A similar
energy was reported in a DFT study of the adsorption of
DOPA to titanium oxide (25—30 kcal/mol).>® The present
AF’s are an order of magnitude larger than these. Interestingly,
the previous study also reported that Fe(IlI) coordination
produced a 1 order of magnitude increase in the cross-linking
strength of DOPA-modified polypeptide amphiphile."* The
present binding energies (519.53—612.57 kcal/mol) are close
to but slightly smaller than those of the hexaaqua complexes
(ranging from 550.5 to 673.7 kcal/mol, drawn as triangles in
Figure 8).46

Figure 8 shows a double-humped feature in the AE versus
the nuclear charge of metal. Overall, AE increases with
increasing nuclear charge due to the increased electrostatic
interaction with increasing nuclear charge. The decreasing AE
with changing Cr to Mn arises from the Jahn—Teller distortion
of the metal complex.*® The dip in AE observed for Fe was
ascribed to the d° configuration of Fe(III). In this case, as all of
the d orbitals are occupied, the ligand-to-metal charge transfer
is inefficient, resulting in a reduced AE. This inefliciency also
applies to Ga(III), which has a d'° configuration. Therefore, AE
is relatively small for Ga(Il). The double-humped features of
the AE’s are similar to those found for the hexaaqua complexes
(drawn as triangles in Figure 8).

Note that the presentAE’s have two peaks located at Cr and
Zn. The peak at Cr can be understood by noting that the ligand
field stabilization should be largest for the d* and d®
configurations of a high-spin complex. The present AE reached
a maximum for Zn (d’) but not for Cu (d®). The difference
arises from the fact that the octahedral symmetry was not
imposed in this calculation. When the octahedral symmetry was
imposed, the resulting AE’s (drawn as squares, Figure 8)
followed exactly the same trend as that found for the hexaaqua
complexes, giving the maximal binding energy for Cu.

According to the present AE’s, Fe(Ill) is not particularly
strong in coordinating to the DOPA-PEG ligand compared to
other metal ions considered. Therefore, the strong cross-linking
of the MAPs observed in the presence of Fe(IIl) should derive
from other factors. Note that Fe(III) is also capable of oxidizing
catechol to quinone, thereby inducing covalent cross-linking of
two or more catecholic groups.”'*'> Hence, Fe(Ill) plays
double roles of oxidatively inducing the covalent DOPA—
DOPA cross-linking and coordinating to the DOPA ligands.
Fullenkamp et al. postulated that these dual roles can be
switched by an acidic to basic pH change occurring in the
course of the byssal secretion and release of mussel adhesion.'?
This study focused on the metal coordination chemistry, but it
will be interesting to examine the oxidative covalent cross-
linking in the future.

The binding energies above AE’s included the electronic
energies only. The vibrational, thermal, and entropic con-
tributions to AE turned out to be small, presumably due to the
covalent nature of the metal ligand binding. We calculated the
binding energies by including the zero-point energies (ZPEs),
thermal energies, enthalpies, and Gibbs free energies (Table S2
of the Supporting Information). Regardless of the metal ion,
the ZPE-, thermal-energy-, enthalpy-, Gibbs free energy-
corrected AE’s were all within 6% of the uncorrected binding
energies.

We also checked the solvent effects for the Cr, Mn, Fe, and
Co complexes by eméploying the conductor-like polarizable
continuum model.>*~>® The energy of each metal complex was
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virtually unchanged in a water solvent, only varying by less than
0.003% (Table S3 of the Supporting Information). The
structural change of each complex due to the presence of the
solvent was not considered in this calculation. We however
expect that the near-octahedral geometry around the central
metal of each complex remains nearly intact with the
introduction of the solvent. Therefore, the present metal—
ligand binding energies presumably will not deviate much from
those in the solvent. A systematic study on the solvent effects is
left as a future work.

B CONCLUSION

The underwater adhesion of marine mussels requires mussel
adhesive proteins that cross-link to the hardened matrixes on
wet surfaces. Transition-metal ions coordinate to the DOPA
ligands of the adhesive proteins in the cross-linking. Currently,
the molecular structure and binding energy of the metal—
DOPA coordination are largely unknown. The metal-DOPA
binding energy is one of the molecular origins underlying the
mechanical strength of the cross-linked mussel adhesive
proteins. In this vein, a DFT study was performed to investigate
various transition-metal ions forming tris complexes with a
DOPA-modified polymer that mimics a mussel adhesive
protein. The present system is similar to the cross-linked
structures synthesized and analyzed by Holten-Andersen et al."°
The present ONIOM calculation simulated the IR, Raman, and
UV—vis spectra of the tris(DOPA-PEG) Fe(Ill) complex,
which were all consistent with the previous measurements and
calculations. The binding energies of various transition-metal
ions coordinating to the DOPA-PEG ligands were calculated.
The metal-ligand binding energies were at least 1 order of
magnitude larger than that of the metal—surface physisorption.
The binding of Fe(III) to the ligand was not particularly strong
compared to other metal ions. Therefore, the extra ability of
Fe(III) to oxidize the catacholic groups of DOPA and induce
the covalent DOPA—DOPA linkage appears to be essential in
the strong cross-linking of MAP found in the presence of
Fe(1Il). Future studies will examine the dynamics of the cross-
linking, which has not been examined either experimentally or
theoretically. The present metal—ligand binding energies,
structures, and atomic charges of the metal-DOPA-PEG
complexes will serve as a cornerstone for such modeling
using molecular dynamics or Monte Carlo simulations.
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