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Abstract Magnetite (Fe;0,4) is an important biomineral, e.g.,
used by magnetotactic bacteria. The connection between the
inorganic magnetite-(111)-surface and the organic parts of the
bacteria is the magnetosome membrane. The membrane is built
by different magnetosome membrane proteins (MMPs), which
are dominated by the four amino acids glycine (Gly), aspartic
acid (Asp), leucine (Leu) and glutamic acid (Glu). Force field
simulations of the interaction of the magnetite-(111)-surface and
the main amino acid compounds offer the possibility to inves-
tigate if and how the membrane proteins could interact with the
mineral surface thus providing an atomistic view on the respec-
tive binding sites. In a force field simulation the four amino
acids were docked on the Fe-terminated magnetite-(111)-sur-
face. The results show that it is energetically favorable for the
amino acids to adsorb on the surface with Fe-O-distances be-
tween 2.6 A and 4.1 A. The involved O-atoms belong to the
carboxyl-group (Asp and Glu) or to the carboxylate-group (Gly,
Leu and Glu). Electrostatic interactions dominate the physisorp-
tion of the amino acids. During the simulations, according to the
frequency of the best results, the global minimum for the dock-
ing interaction could be attained for all amino acids analyzed.

Keywords Adsorption - Amino acids - Force field
simulations - Magnetite - Surface
Introduction

Magnetite (Fe30,) is a well known oxide mineral of the spinel
group which crystallizes in the inverse spinel structure. Its
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crystal and magnetic structure has been investigated many
times by different methods such as X-ray diffraction [1] and
neutron diffraction [2]. The structure of the magnetite-surface
has been investigated with different experimental and numer-
ical methods, e.g., LEED [3], STM [4], density functional
studies [4] and spin-density functional theory [5] showing a
good agreement in the atomic arrangement of the surface
structure.

Because of its physical and chemical properties, magnetite is
used for different applications such as, e.g., pigment,
spintronic-components or as catalytic material [6]. In nature
magnetite plays a very important role as a biomineral [7], e.g.,
bees, many birds and fishes use its permanent magnetic prop-
erty in order to orientate themselves in the earth magnetic field.

In particular the reactivity and the atomic structure of the
magnetite surface are very important for surface processes.
They mainly influence the interaction between the inorganic
magnetite surface and the organic parts of the cell called
magnetosome membrane. Griinberg et al. [8] and Schiiler [9]
investigated the magnetosome membrane of the magnetotac-
tic bacteria (MTB) Magnetospirillum gryphiswaldense. The
membrane in Magnetospirillum gryphiswaldense is com-
posed of many different magnetosome membrane proteins
(MMPs). Two of these MMPs are the proteins MamJ and
MamG. The structure of MamlJ is dominated by the amino
acids aspartic acid (Asp) and glutamic acid (Glu) [8], whereas
in the structure of MamG glycine (Gly) and leucine (Leu) are
dominating [9].

Repetitive motifs of amino acids with acidic groups are
common in proteins involved in the crystal nucleation process
of other biomineralization systems, e.g., mollusk shells and
coccolithophorids [10, 11]. Their strong affinity for metal ions
makes them probable binding partners for the interaction
between membrane proteins and the growing crystal. There-
fore Griinberg et al. speculate that MamJ and other acidic
proteins are directly involved in the biomineralization process
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by providing iron binding sites through their acidic amino acid
patterns [8]. The complex atomic structure of the proteins and
their assembly in the magnetosome membrane is not known
yet and it is both experimentally and theoretically difficult to
obtain information about structure and function of the MMPs.
To find out if the four acidic main constituents of the proteins
MamJ and MamG provide a suitable binding site for magne-
tite crystals, molecular dynamic force field simulations of the
interaction of the single amino acid molecules Asp, Glu,
Gly and Leu with the magnetite-(111)-surface were car-
ried out. By comparing the relative energies of the amino acids
docked on the surface and analyzing the binding sites and
bond distances, information about the physisorption process,
the involved atoms, their binding modes and binding strengths
are obtained.

Force field simulations provide a suitable tool for the
investigation of adsorption processes between crystalline sur-
faces and amino acids, as shown, e.g., by Magdans et al. [12]
and Pareek et al. [13, 14], since long range Coulomb inter-
actions play a dominant role. In contrast to density functional
studies [15—17] force field simulations also allow to calculate
systems with a large number of atoms. Force field simulations
carried out in this study consist of two phases. In the dynam-
ical simulation phase, the most probable conformations of the
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Fig. 1 Topview (upper part) and sideview (lower part) of the relaxed

magnetite-(111)-surface slab build from the relaxed surface structure of

Ritter and Weiss [3]. All distances in A. Green: Fe-atoms of the
topmost Fe-layer, blue: Fe-atoms and red: O-atoms
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entire system will be found and saved to a trajectory file. The
second phase is the energy minimization. In this phase the
energy of the conformations in the trajectory file is minimized,
resulting in a local or the global minimum structures of the
system. The energy minimization uses Newtonian mechanics
to simulate molecular systems and to calculate interactions
between the two systems. All atoms, bondings, torsions,
movements around bondings or axes, van-der-Waals interac-
tions and electrostatic interactions are defined as potentials.
These potentials are saved in force fields. In order to describe
the processes of docking and interaction with high enough
precision it is very crucial for the system to use the appropriate
force field for every simulation problem.

Methods

For the simulation studies, the morphologically most domi-
nant (111)-surface of magnetite has been chosen. As study
cases four isolated amino acids were selected which are most
abundant in the magnetosome membrane proteins: glycine

Fig. 2 Conformations of the amino acid molecules before and after the
docking on the magnetite-(111)-surface. Left column: before simulation,
right column: after simulation. a,b Asp ¢,d Glu e,f Gly and g,h Leu
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Table 1 Distances, electrostatic
interactions, van-der-Waals Amino  Eumino Eroral Electrostatic ~ vdW AE Fe-O Binding
(vdW) interactions, calculated acids [kcal/mol]  [kcal/mol]  interaction interaction  [kcal/mol]  distance [A]  mode
energies and resulting binding [kcal/mol] [kcal/mol]
modes of the simulations of the
amino acids on the magnetite- Gly 63.5 -216.5 -231.8 1.1 -280.1 2.7% bridging
(111)-surface. All energies in 4.1%
this table are relative energies Asp 12.6 -316.3 -343.8 2.4 -328.9 2.7° bidentate
3.9°
Leu 373 -350.7 -367.2 0.8 -387.9 2.6% bridging
4.1*
Glu 43.8 -448.2 -505.6 39 -492.0 2.6° bidentate
3.6%
* O-atoms of ﬂll)e carboxylate 370 bridging
(COO)-group ~ O-atoms of the 3.8

carboxyl (COOH)-group

(Gly), leucine (Leu), glutamic acid (Glu) and aspartic acid
(Asp). Since their functional groups most likely determine the
interaction with the mineral surface the case study should
mimic the membrane-mineral surface interactions.

Amino acids in aqueous solution undergo protonation
and deprotonation reactions dependent on the pH. This
also varies the charge distribution in the molecule and
influences the conformation state. In order to have a
common basis for comparison, in this study the confor-
mation of the amino acids at their isoelectric points
were used, where the molecules are charge-neutral. The iso-
electric point of Gly is ata pH of 5.97, for Asp at 2.77, for Leu
at 5.98 and for Glu at 3.22 [18]. The single amino acid
molecules were geometry optimized with Forcite [19], using
the COMPASS force field. Here also the partial charges were
determined.

The magnetite-(111)-surface is a polar surface when cut
from the bulk structure and will stabilize through relaxation.
In this study the relaxed surface structure of the magnetite-
(111)-surface was built using the magnetite atom positions
from the LEED analysis of the relaxed surface structure of
magnetite from Ritter and Weiss [3]. During the simulation the
surface structure was constrained. The docking box consisted
of a47.49 A x 47.77 A x 7.72 A magnetite-(111)-surface slab
with a vacuum slab of 19.28 A high on top.

The simulations were carried out in Forcite [19], which is
integrated in the software package Materials Studio 5.0 [20].
The COMPASS force field [21] was found to provide all
necessary parameters for the potentials of the amino acids
and of the magnetite surface. This force field has been used
in many different simulations [22—24]. Initially the parameters
of the COMPASS force field have been obtained from ab
initio quantum mechanics calculations [21]. To obtain the
global energy minimum conformation of the surface and
amino acid system the quenching method was used with a
pressure of 0.1 GPa working at a temperature of 298 K during
the energy minimization step. During the dynamical phase of
the quenching process the temperature was increased to
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Fig. 3 Topview (upper part) and sideview (lower part) of the amino
acid Gly docked on the magnetite-(111)-surface. Gly adsorbs above a
Fe-atom of the topmost Fe-layer in bridging binding mode. The dis-
tance between the topmost Fe-atom and the O-atom of the carboxylate
(COO)-group of Gly is 2.7 A. Cloudy white: electrostatic potential,
green: Fe-atoms of the topmost Fe-layer, blue: N-atoms, purple: other
Fe-atoms, red: O-atoms, white: H-atoms and gray: C-atoms
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2658 K and later cooled down to 298 K. The simulations were
carried out in vacuum conditions without a solvent. The whole
system was treated as NVE ensemble with constant N (num-
ber of atoms), V (volume) and E (energy). A cutoff radius of
10 A, a time step of 1 fs, a total simulation time of 100 ps and
100,000 steps were chosen as simulation parameters. This
resulted in 1000 system conformations (frames) per simula-
tion. For each amino acid the simulations were repeated ten
times resulting in 10,000 frames per amino acid for obtaining
the energetically most favorable adsorption conformation of
each amino acid on the (111)-magnetite surface.

For a better comparison between the results of all simu-
lations the relative specific adsorption energy AE and the
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Fig. 4 Topview (upper part) and sideview (lower part) of the amino
acid Asp docked on the magnetite-(111)-surface. Asp adsorbs above a
Fe-atom of the topmost Fe-layer in bidentate binding mode. The
distance between the topmost Fe-atom and the O-atom of the carboxyl
(COOH)-group of Asp is 2.7 A. Cloudy white: electrostatic potential,
green: Fe-atoms of the topmost Fe-layer, blue: N-atoms, purple: other
Fe-atoms, red: O-atoms, white: H-atoms and gray: C-atoms
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absolute value |AE| were calculated according to the follow-
ing equation:

AE = Erotal — Eamino — Esurface (1)

E, . is the relative energy of the whole system and was
calculated after finishing the simulation. E,,,;,, is the relative
energy of the free amino acid molecule geometry optimized
before it was docked on the surface. Due to the selection of the
relaxed surface as a constraint (the relative energy of the
magnetite-(111)-surface Eg,,c. remains constant for all of the
four amino acids) the equation reduces to:

AE = Etotal - Eamino (2)

n;:::1;:::1L:::1;
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Fig. 5 Topview (upper part) and sideview (lower part) of the amino
acid Leu docked on the magnetite-(111)-surface. Leu adsorbs between
two Fe-atom of the topmost Fe-layer in bridging binding mode. The
distance between the topmost Fe-atom and the O-atom of the carbox-
ylate (COO")-group of Leu is 2.6 A. Cloudy white: electrostatic poten-
tial, green: Fe-atoms of the topmost Fe-layer, blue: N-atoms, purple:
other Fe-atoms, red: O-atoms, white: H-atoms and gray: C-atoms
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with the already explained parameters. AE provides informa-
tion about the relative physisorption strength of the amino
acid-(111)-magnetite interaction. AE and |AE| have been
calculated for the energetically most favorable amino acid
conformation only.

Results and discussion

The surface structure of the magnetite-(111)-surface is de-
scribed in detail with all coordinates of the atoms and with
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Fig. 6 Topview (upper part) and sideview (lower part) of the amino acid
Glu docked on the magnetite-(111)-surface. Glu adsorbs between four Fe-
atom of the topmost Fe-layer in bidentate binding mode. The distance
between the topmost Fe-atom and the O-atom of the carboxylate (COO)-
group of Glu is 2.6 A. Cloudy white: electrostatic potential, green: Fe-
atoms of the topmost Fe-layer, blue: N-atoms, purple: other Fe-atoms,
red: O-atoms, white: H-atoms and gray: C-atoms

their differences to the magnetite bulk structure by Ritter
and Weiss [3]. The relaxation process of the magnetite-
(111)-surface itself is described in detail by Zhu et al. [25].
The surface consists of Fe*-atoms protruding from a hex-
agonal close-packed oxygen layer underneath [3]. Immedi-
ately below the topmost Fe-layer the first O-atom layer
follows. The topmost Fe-atoms have almost equal distances
to their next Fe-neighbors of 5.94 A and 5.97 A (see Fig. 1).

The start conformation of the amino acid molecules were
energy minimized in vacuum. Due to the interactions between
the amino acids and the magnetite-(111)-surface the amino
acids alter their conformation (see Fig. 2) which is particularly
obvious in the reorientation of the -COOH and CH, groups
which move away from the -COO" groups building the sur-
face connecting anchors of the molecules.

For all amino acids the global minimum energy docking
sites on the magnetite-(111)-surface were determined. The
resulting energies and the calculated relative values of AE
are displayed in Table 1. The exothermic values of AE show
that it is energetically favorable for the amino acid molecules
to dock onto the magnetite surface. The molecule-surface
interaction is dominated by electrostatic forces between the
topmost Fe*"-atoms and the negatively charged O-atoms of
the carboxyl- and carboxylate-groups. Only very small propor-
tions of the overall interaction can be attributed to the van-der-
Waals interaction (see Table 1).

Comparing the absolute values |AE| reveals differences in
the strength of adsorption for the amino acids studied. The

Glu

Gly Leu

2.7

4.1

41

Fig. 7 Binding modes and Fe-O distances of the amino acids and the
topmost Fe-layer of the magnetite-(111)-surface. All distances in A.
Green: Fe-atoms of the topmost Fe-layer, blue: N-atoms, red: O-atoms,
white: H-atoms and gray: C-atoms
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absolute values range from 280.1 kcal/mol for Gly to
492.0 kcal/mol for Glu, respectively. The absolute values of
Asp (328.9 kcal/mol) and Leu (387.9 kcal/mol) are in be-
tween. Thus, in vacuum conditions, Glu with the four docking
O-atoms adsorbs most strongly on the surface, followed by
Leu and Asp, both have two docking O-atoms. Gly shows the
least strong binding energy with two docking O-atoms.

The distances between the amino acids and the surface are
in the range from 2.6 A to 4.1 A (see Table 1). The relevant
distances building up the strongest interactions in all samples
are the Fe-O-distances between the topmost Fe-layer of the
mineral and the nearest O-atom of the carboxyl-group (Asp
and Glu) or the carboxylate-group (Gly, Leu and Glu) (see
Figs. 3,4, 5 and 6).

Differences between the four amino acids can be found in
the adsorption position on the surface. Each O-atom of the
carboxylate (COO")-group of Gly and Leu adsorbs above
one of the Fe-atoms of the topmost Fe-layer in bridging
binding mode, whereas the O-atoms of the carboxyl
(COOH)-group of Asp adsorb above one Fe-atom of the
topmost Fe-layer in bidentate binding mode (see Fig. 7). For
Glu the carboxylate-group adsorbs in bidentate binding
mode and the carboxyl-group adsorbs in bridging binding
mode above the topmost Fe-layer (see Fig. 7).

All measured distances between the topmost Fe-layer of
the surface and the nearest O-atom of the amino acids are in
good agreement with typical values of bonds dominated by
electrostatic interactions. To the best of our knowledge there
are no other studies of the interaction between the four amino
acids and the relaxed magnetite-(111)-surface. Due to that we
can only compare our results with results including the amino
acids or the relaxed magnetite-(111)-surface on the one hand
and results of other adsorption simulations or experiments on
the other hand, e.g., Nyberg et al. describe the adsorption
distances between the O-atom of the carboxylate-group of
Gly and the Cu-(111)-surface simulated by DFT studies [26].
Their results are 2.02 A, 2.07 A and 2.11 A surface distances
for the different conformations of Gly. In addition to these
results Guo et al. [27] report some adsorption distances of Asp
on the pure rutile-(110)-surface of 2.648 A between Ti- and O-
atoms. Their results are based on DFT studies, too.

An experimental model of the adsorption of an aqueous
film of Gly on the fluorapatite-(001)-surface is given by
Pareek et al. [13]. They report a distance of 2.44 A and 2.47
A between the Ca-surface atoms and the nearest Gly O-atoms,
measured with grazing incidence X-ray diffraction (GIXRD).

Another experimental and simulation model of the adsorp-
tion of aqueous Gly solution on the calcite-(104)-surface is
given by Magdans et al. [12]. In their surface diffraction
experiment they measured distances of 3.5 A—4.9A between
the Ca-surface and the nearest O-atoms of Gly, in agreement
with distances between 3.2 A and 4.5 A obtained from force
field simulations. Information about the energy values were
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not given by the authors. The higher binding distances are due
to the water environment, consisting of a water layer directly
above and around the Gly molecules (Ca-Oyo distances
of 2.45 A).

The distances, measured in this study, are in good agree-
ment with those given by the literature resulting from dif-
ferent simulation methods and experiments.

Conclusions

The molecular dynamics simulations of the interaction of single
amino acids with the magnetite-(111)-surface prove the metal
ion binding function of the acidic amino groups to the iron
determined magnetite surface. The results of the study indicate
that the membrane proteins MamJ and MamG are indeed
involved in the biomineralization process by providing iron
binding sites through their acidic amino patterns. As expected,
the interaction is dominated by electrostatic forces between the
Fe*"-surface atoms and the O-atoms of the carboxyl- and
carboxylate-groups of the molecules, respectively.

This study provides evidence for the affinity of acidic
amino acid patterns mainly present in the membrane pro-
teins MamJ and MamG, to bind on the Fe** ion determined
magnetite surface, but as long as the atomic structure, posi-
tion and orientation of the proteins in the magnetosome
membrane are not yet determined, detailed information about
the interactions and binding sites and function of the complex
membrane proteins will remain a topic of investigation.

References

1. Fleet ME (1981) Acta Crystallogr B 37:917-920
2. Wright JP, Attfield JP, Radaelli PG (2001) Phys Rev Lett
87:266401
3. Ritter M, Weiss W (1999) Surf Sci 432:81-94
4. Martin GJ, Cutting RS, Vaughan DJ, Warren MC (2009) Am
Mineral 94:1341-1350
5. Grillo ME, Finnis MW, Ranke W (2008) Phys Rev B 77:075407
6. Suzuki Y, Hu G (2002) Phys Rev Lett 89:276601
7. Lowenstam HA, Weiner S (1989) On biomineralization. Oxford
University Press, New York
8. Griinberg K, Miiller EC, Otto A, Reszka R, Lindner D, Kube M,
Reinhardt R, Schiiler D (2004) Appl Environ Micro 70:1040—1050
9. Schiiler D (2004) Arch Microbiol 181:1-7
10. Bauerlein E (2003) Angew Chem Int Ed Engl 42:614—641
11. Gotliv BA, Addadi L, Weiner S (2003) Chem Biochem 4:522-529
12. Magdans U, Torrelles X, Angermund K, Gies H, Rius J (2007)
Langmuir 23:4999-5004
13. Pareek A, Torrelles X, Angermund K, Rius J, Magdans U, Gies H
(2009) Langmuir 25:1453-1458
14. Pareek A, Torrelles X, Angermund K, Rius J, Magdans U, Gies H
(2009) Langmuir 24:2459-2464
15. Sauer J, Ugliengo P, Garrone E, Saunders VR (1994) Chem Rev
94:2095-2160



J Mol Model (2013) 19:851-857

857

16.
17.
18.
19.

20.
21.

Nair NN, Schreiner E, Marx DJ (2006) J Am Chem Soc 128:13815—
13826

Pollet R, Boehme C, Marx D (2006) Orig Life Evol B
36:363-379

Lide DR (1997) Handbook of chemistry and physics, 78th edn.
CRC, New York
http://accelrys.com/products/datasheets/forcite.pdf
http://accelrys.com/products/marterials-studio/

Sun HJ (1998) J Phys Chem B 102:7338-7364

22.
23.
24.

25.
26.

217.

Cao G, Chen X (2006) Nanotechnology 17:3844-3855

Wang Q, Liew KM, Duan WH (2008) Carbon 46:285-290
Kulathunga DDTK, Ang KK, Reddy NN (2010) J Phys-Condens
Mat 22:345301

Zhu L, Yao KL, Liu ZL (2006) Phys Rev B 74:035409

Nyberg M, Hasselstrom O, Karis O, Wassdahl N, Weinelt M,
Nilsson A, Pettersson LGM (2000) J Chem Phys 112:5420

Guo Y, Lu X, Zhang H, Weng J, Watari F, Leng Y (2011) J Phys
Chem C 115:18572-18581

@ Springer


http://accelrys.com/products/datasheets/forcite.pdf
http://accelrys.com/products/marterials-studio/

	Adsorption of amino acids on the magnetite-(111)-surface: a force field study
	Abstract
	Introduction
	Methods
	Results and discussion
	Conclusions
	References


