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We discuss the coordination mechanism of FeIII and methyl-R-mannopyranoside in aqueous solution using a
recently presented integrated approach comprising ab initio electronic structure calculations, molecular dynamics
simulations, and mass spectrometric measurements. First principles Car-Parrinello molecular dynamics
(CPMD) simulations find that a single FeIII ion interacts with specific hydroxyl groups of the saccharide in
aqueous solution. Specifically, we find that one FeIII ion complexed to methyl-R-mannopyranoside also
associates with two water molecules. These simulations are in accord with electrospray ionization mass
spectrometry measurements involving guided ion beam hydration measurements, which reveal an optimal
coordination number of four about the FeIII ion. CPMD simulations identified specific intramolecular and
intermolecular hydrogen bonding interactions that have an impact on the conformation of the saccharide and
on the coordination with FeIII; in contrast, classical molecular dynamics simulations were insensitive to these
effects. This study illustrates the strength of ab initio molecular dynamics simulations, chemical reactivity
calculations, and natural partial charge analysis coupled with mass spectrometric measurements in identifying
the active sites of biomolecules toward ligands and for studying the complexation and coordination chemistry
associated with substrate and ligand interactions relevant to the design of biochemical syntheses, drugs, and
biomarkers in medicine.

I. Introduction

The development of biological inorganic chemistry that
studies complexes of metal ions and biomolecules is driven by
several factors, including attempts to reveal the interplay
between metal ions and biomolecules, efforts to understand the
metabolism and transport of metal-organic complexes, devel-
opment of biometallic drugs and biomarkers, the utilization of
powerful spectrometric tools allowing studies of metal-organic
structures, and the use of macromolecular engineering tech-
niques to develop novel structures relevant in biochemistry,
medicine, and nanobiotechnology. Furthermore, the relevance
of metal ions in the functions and health of living organisms is
well documented. In spite of all the progress made, we are still
only on the brink of understanding biometallic systems and their
coordination chemistry in solution.

Solvent effects present further difficulties in studying bio-
metallic compounds. However, these effects must be accounted,
given that a significant fraction of the human body is composed
of water and most relevant biomolecular and biometallic
reactions of physiological and technological relevance are to
some extent solvent mediated. Water gives rise to hydrophobic
interactions1,2 that stabilize the core of globular proteins,3 is
thought to weaken and diminish electrostatic interactions in
many biomolecules, and has the role of filling internal cavities

of proteins,4 oligosaccharides,5-7 and nucleic acids.8 Moreover,
water molecules can be tightly associated with the surfaces of
biomolecules, occupying certain more or less well-defined
positions and interacting with surrounding water molecules
through hydrogen bonds.9 Even though much effort has been
expended on studies of liquid water and aqueous-phase bio-
molecules, the role of water in the coordination chemistry of
biometallic compounds remains poorly understood.

Experimental measurements utilizing extended X-ray absorp-
tion fine structure, X-ray, and neutron diffraction are useful to
obtain structural information, and nuclear magnetic resonance,
infrared (IR), and Raman spectroscopies are used for investigat-
ing the structure and dynamical properties of biomolecules in
aqueous solution.10 Interpreting the results from these experi-
mental techniques can be immensely challenging, and in
particular, it is difficult to produce direct measurements of the
local electronic structure of the reaction medium associated with
the fast dynamics of biometallic systems. Limited information
can be found in X-ray analysis, which has been used to
determine pair correlation functions.10-12 However, these func-
tions are usually spherically averaged, and thus, details of
structuring in aqueous biomolecule solutions are difficult to
predict accurately since important information linked to aniso-
tropic and asymmetric characters of the system are lost.11,12

Challenges to computational studies of biometallic systems
are associated with relatively large molecular sizes, long time-
scales, and a large number of degrees of freedom. Static first
principles calculations in the gas phase and in aqueous solution
using continuum models for water have been applied extensively
for predicting the structure and function of aqueous biomolecules
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and biometallic compounds.13-16 Even though these ab initio
calculations are relatively efficient in terms of computational
time, static gas phase calculations cannot capture the impact of
the dynamics nor the effect of water on the predicted structures
of the compounds of interest. Continuum water calculations
ignore intermolecular hydrogen bonding interactions, which can
have a large impact on the predicted structure and conformation
of most biomolecules and biometallic compounds. Classical
molecular dynamics (CMD) and Monte Carlo (MC) simulations
are the most widely used computational tools to study biomol-
ecules and biometallic systems in aqueous solution.17-21 Even
though classical simulations have been useful to a great extent,
the accuracy of these simulations depends on the quality of the
chosen force field parameters, and these simulations ignore the
impact of quantum effects in predicting the structure and
function of biomolecules and biometallic systems.

In a recent study, we presented a novel strategy that employed
theoretical calculations, molecular dynamics simulations, and
mass spectrometric experiments to identify the active sites of
methyl-R-mannopyranoside (M) toward a transition metal ion
in the gas phase.22 Our density functional theory (DFT) chemical
reactivity index calculations and Car-Parrinello molecular
dynamics (CPMD) simulations showed that FeIII interacts with
specific hydroxyl oxygen atoms of the carbohydrate, and these
predictions were shown to be in accord with our mass
spectrometric measurements.22 Furthermore, our CPMD simula-
tions indicated that the specific conformational preference of
the glycosidic linkage of M in the gas phase is influenced by
intramolecular hydrogen bonding interactions. In contrast, our
classical molecular dynamics (CMD) simulations using OPLS-
AA and UFF parameters for the carbohydrate and the metal
ion, respectively,36,37 converged to structures that are discordant
with the mass spectrometry data, evidence that these CMD
simulations are insensitive to these effects. This comparison
demonstrates the importance of chemical reactivity calculations
and CPMD simulations for predicting the active sites of the
biomolecule toward metal ions.22

In the present work, we apply DFT chemical reactivity index
calculations and CPMD simulations to identify the active sites
of M toward FeIII in water. We examine the coordination
mechanism and the impact of both FeIII and solvent on the
predicted conformation of the carbohydrate. Results are then
compared to those obtained via CMD simulations. We find that
a single FeIII ion, to which two water molecules are bound
(Fe(H2O)2

3+), coordinates to specific hydroxyl oxygen atoms
of the carbohydrate, and a second FeIII ion forms an octahedral
Fe(H2O)6

3+ complex in the second solvation shell. Specifically,
our ab initio studies suggest that intra- and intermolecular
hydrogen bonding interactions stabilize the g+ (clockwise)
orientation of the glycosidic linkage of the metal-carbohydrate
complex over its t (trans) and g (anticlockwise) orientations and
that hydrogen bonding interactions affect the coordination of
the carbohydrate to the metal ion. In contrast, CMD simulations
converged to structures that do not indicate coordination between
the metal ion and the biomolecule.

Predictions of our theoretical studies are supported by ion
beam hydration experiments conducted within a triple-quadru-
pole mass spectrometer. The use of mass spectrometric tech-
niques to investigate hydration behavior is well-documented,
and past studies have enabled the observation of magic number
distributions (so that specific hydration shell cut-offs could be
established), and even precise determinations of enthalpies of
hydration for selected ionic analytes.23-29 Many early studies
involved hydration at molecular or metal centers,23-26 but

electrospray ionization (ESI) techniques have made possible the
interrogationofbiomoleculesandmetal-biomoleculesystems.27-29

The studies presented here treat the first two water molecule
additions to the [MFeClx]+ (x ) 1,2) complexes, and we identify
the threshold between chemical bond formation and hydrogen
bond formation. This determination sheds light on the details
of coordination in the complexes. The accord between the
CPMD simulations and these experimental data is striking. We
suggest that the integrated experimental and computational
approach described herein and in ref 22 may be useful in the
chemical description of a broad range of important biometallic
systems in solution.

II. Methods

A. Car-Parrinello Molecular Dynamics Simulations. All
CPMD simulations were performed with the NWCHEM
program.30,31 The Becke-Lee-Yang-Parr (BLYP) gradient
corrected DFT functional was used along with Troullier-Martins
pseudopotentials.32,33a The molecular orbitals were expanded in
a plane wave basis set with a kinetic energy cutoff of 114 Ry.
The time step for the simulation was set to 0.1 fs and the
electronic mass was set to 900 au.

Hydrogen atoms were replaced by deuterium atoms as per
standard procedures33b-e to allow larger time steps via CPMD
simulations. A recent study by Chen et al. shows that the
difference in water structure for H2O and D2O is very small at
room temperature, proposing the difference to be within the
noise of neutron scattering experiments.33f,g In addition, Hart et
al. performed high energy X-ray measurements and computa-
tional simulations between 279 and 318 K, proposing that the
quantum isotope effect is inversely proportional to increasing
temperature.33h These findings indicate that the isotope effect
is small around room temperature. Nevertheless, we would like
to point out that this study does not include the isotope effect
on aqueous carbohydrates around room temperature.

Simulations of M were performed with 58 water molecules
in a cubic cell of lattice parameters of 16.6 Å. A homogeneous
background charge was applied to compensate for ionic charge.
Simulations for 80 ps were performed for M, MFeIII, and MFeIII

2

in aqueous solution (58 water molecules), and statistics were
collected for the last 70 ps, respectively. To assess the effects
of chosen number of water molecules on the simulated
structures, a second set of simulations were performed using
92 water molecules (corresponding to a density of 0.998 g cm-3

for water). The structures obtained by these simulations differ
from each other by 1.6%, indicating that the effects of additional
water is small. Canonical ensemble simulations were performed
with periodic boundary conditions at 300 K and at a pressure
of 0.1 MPa using the Nose-Hover thermostat for controlling
the temperature. Long-range interactions were treated with the
Ewald sum method.29

B. Classical Molecular Dynamics Simulations. All classical
MD simulations were performed using the NAMD program.35

The OPLS-AA and UFF parameters were chosen for the
carbohydrate and metal ion, respectively.36,37 Our recent studies
on methyl-R-mannopyranoside and methyl-�-mannopyranoside
in aqueous solution using TIP3P, TIP4P, and TIP5P models
for water showed that simulation results with the TIP5P model
for water are closer to the results obtained via CPMD
simulations.6,7 Thus, we use the TIP5P potential function for
water in this work to study the impact of water on the predicted
conformation of the biometallic system.1,2 Simulations for 50
ns were performed for M, MFeIII, and MFeIII

2 in aqueous
solution and statistics were collected for the last 40 ns. For these
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simulations, M was solvated in a cubic box containing 470 water
molecules with a box length of 24.4 Å using periodic boundary
conditions. A cutoff distance of 12 Å was used for solute and
solvent long-range interactions and long-range electrostatic
interactions were treated with the Ewald sum method.34 These
canonical ensemble simulations were coupled to an external bath
at 300 K by Langevin dynamics.

C. Determination of the Conformational Preference of the
Glycosidic Linkage. Figure 1 shows the structure of M with
the numbering of specific heavy atoms. The glycosidic linkage,
defined by the torsional angle � ) O5-C1-O1-C7, was varied
from -180° to 180° to study the relative torsional energies.
Encouraged by the success of our recent applications of the
potential of mean force (PMF) method on carbohydrates and
biometalliccompoundsusingCPMDandCMDsimulations,6,16,17,22,38

we determined the PMF of the glycosidic linkage of M in
aqueous solution and in the vicinity of FeIII ions using eq 1.

∆G)-kTln Z (1)

where Z is the probability of the torsional angle of the glycosidic
linkage between -180° and 180° obtained via CPMD and classical

MD simulations. For the CPMD simulations (λ ) 0 f λ ) 1,
where λ ) 0 and λ ) 1 are the initial and final state coupling
parameters for the 20 windows defined in this work), the system
was simulated for 60 ps for each window. To establish the adequacy
and the convergence of PMF, calculated values were compared to
those obtained for λ ) 1f λ ) 0. In addition, PMF values were
compared with those obtained from 30, 40, and 50 ps simulations
for each window. The standard deviation in PMF was computed
utilizing results obtained from these different CPMD simulation
times. For the classical MD simulations, each system was simulated
for 600 ps for each window and the convergence was tested by
comparing PMF values obtained for λ ) 0 f λ ) 1 to those
computed for λ ) 1 f λ ) 0. PMFs were also compared with
results obtained from 300, 400, and 500 ps classical simulations
for each window. The standard deviation was calculated utilizing
different classical MD simulation times. The standard deviations
do not exhibit any definite trends and indicate that the systems are
equilibrated and exhibit statistical fluctuations around the average
PMF profile determined by CPMD and classical MD simulations,
respectively.

Figure 1. Methyl-R-D-mannopyranoside molecule in water (A) obtained from CPMD simulations, (B) obtained from CMD simulations, and its
complexes with one and two FeIII ions (C, D), obtained from CPMD simulations, with conventional numbering of specific atoms.
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D. Chemical Reactivity Index. As in our previous work,22

we employed chemical reactivity indices to identify chemically
active sites on the substrate, M. The application of Fukui
functions (FF) within the DFT formalism has been previously
enumerated,39-43 and we follow here the procedures outlined
in this paper’s prequel.22 The methodology was implemented
in the Gaussian 03 package,44 and specific FF’s were computed
via single-point calculations on the geometries obtained from
CPMD simulations; we employed the gradient corrected DFT
PBE exchange-correlation functional,45 using the 6-31G** basis
(PBE/631G**//CPMD). The index, fi

HOMO is a quantitative
measure of the susceptibility of an atom, i, to electrophilic attack.
We examined the relevant indices for the reactions: M + nFe3+

(with n ) 0 and 1) in water.
E. Experimental Method. Iron (III) chloride and methyl-

R-D-mannopyrannoside were dissolved in methanol in a 1:5
ratio. Dilute solutions ([FeCl3] ≈ 50 µmol L-1) were introduced
to a Micromass Quattro Micro-triple quadrupole instrument31

via direct infusion at 10 µL min-1. The electrospray ion source
conditions were tuned to maximize signal intensity for the
complex of interest and were similar to those employed during
our recent collision induced dissociation (CID) studies.22 To
probe the interaction of [MFeClx]+ complexes with water, we
mass selected the complex of interest with the first quadrupole,
reacted the complex with water in the second quadrupole, and
mass analyzed the products with the third quadrupole. To ensure
consistent experimental conditions, the Ar gas was bubbled
through water at room temperature, and a constant pressure of
0.1 Pa was maintained in the collision cell (second quadrupole)
over the course of the experiments. [MFeCl]+ and [MFeCl2]+

were each mass selected for reaction, and the water uptake was
monitored. The best uptake was observed when collision
energies were set to 0-2 V.

III. Results and Discussion

A. Active Sites of the Biomolecule. Chemical reactivity
calculations using the condensed FFs (Table 1) on a particular
geometry of M in water, extracted from CPMD simulations,
indicate that the O2 atom (see Figure 1C) with a fHOMO value
of 0.18 possesses a strong nucleophilic character. Our natural
partial charge (NPA) analysis shows that this hydroxyl group
oxygen (O2) has a larger partial negative charge than the ring
oxygen (O5) and methoxy oxygen (O1) in aqueous solution (see
Table 2). This analysis indicates that the hydroxyl group oxygen
atoms of the carbohydrate have a better Lewis base reactivity
than the ring oxygen and the methoxy oxygen atoms. This result
is in agreement with our previous findings for M in the gas
phase,22 which showed hydroxyl O2, O3, and O4 atoms being
reactive atoms toward FeIII.

Our CPMD simulations of the carbohydrate in water (Figure
1C) show that a water molecule is coordinated to the O2 atom
after 14 ps and stays coordinated for the rest of simulation (56

ps), in agreement with the Fukui analyses that predict this
oxygen as the most reactive site of the carbohydrate toward a
Lewis acid (see Table 1). These results show the significant
impact of solvation in the interactions between FeIII and M and
suggest that theoretical models based on gas phase calculations
might be suitable to properly describe the coordination of ligands
to biomolecules in solution.

The coordination of the single water molecule to the O2 atom,
electronic, and steric effects seem to decrease the reactivity of
the O2 atom toward FeIII in aqueous solution. CPMD simulations
of the carbohydrate and one FeIII in water (Figure 1B) show
that the FeIII, initially coordinated octahedrally to six water
molecules, coordinates to the O3 and O4 hydroxyl atoms within
27 ps and stays coordinated to these two hydroxyl oxygen atoms
for the rest of the simulation (43 ps). According to our CPMD
simulations, two water molecules bind to the carbohydrate-
coordinated FeIII within 31 ps, with the carbohydrate and water
oxygens forming a square planar-like arrangement about the
FeIII ion. This shows that a single FeIII ion interacts with two
types of ligands; carbohydrate hydroxyl groups (O3 and O4)
and water molecules. Furthermore, the partial negative charge
(according to our NPA analysis) of the O3 atom is slightly
smaller when FeIII is present (see Table 2). The distances
between FeIII and O3 and O4 atoms are 3.1 ( 0.1 Å and 4.0 (
0.1 Å, respectively, indicating that the metal ion is closer to
the O3 atom than the O4 atom. Our NPA results support this
finding and indicate a smaller negative charge for O3 than for
O4 (Table 2). This effect is a result of FeIII coordination. A
comparison to our previously reported results for the gas phase22

shows that the FeIII and O3 and O4 distances are slightly larger
(about 10%) in water than in the gas phase, which may be due
to coordination of additional water molecules to FeIII. The
calculated binding energy22 for FeIII coordination to the bio-
molecule is -98.7 kJ mol-1, indicating that the complexation
with a single FeIII is favorable.

In comparison to our recent study of MFeIII in the gas phase,22

we find that the presence of water impacts the coordination of
the FeIII. Our gas phase studies showed a coordination of the
metal ion to O2, O3, and O4 atoms, but our present solution
phase CPMD simulations show that the metal ion is coordinated
to O3 and O4, but not to O2. In addition, it is found that a
water molecule is coordinated to O2 instead, with an intermo-
lecular hydrogen bond distance of 2.8 ( 0.2 Å (Figure 1C and
Table 2). Results regarding inter- and intramolecular hydrogen

TABLE 1: Calculated Chemical Reactivity Indices Based on
Condensed Fukui Functions (fi

HOMO):
Methyl-r-D-mannopyranoside and FeIII and
Methyl-r-D-mannopyranoside in Water

atom M M:FeIII

O2 0.18068 0.01602
O3 0.00107 0.00125
O6 0.00004 0.00022
O4 0.00412 0.00309
O5 0.00036 0.00092
O1 0.00165 0.00002

TABLE 2: Calculated Natural Partial Charges (NPA) for
the Metal Ion and the Specific Carbohydrate Atoms Using
the BLYP Method and 6-311+G(2d,p) Basis Seta

atom M M:FeIII M:FeIII
2

O1 -0.58 ( 0.04 -0.57 ( 0.03 -0.59 ( 0.02
O2 -0.79 ( 0.02 -0.78 ( 0.02 -0.81 ( 0.03
O3 -0.77 ( 0.02 -0.73 ( 0.01 -0.71 ( 0.03
O4 -0.75 ( 0.04 -0.79 ( 0.02 -0.80 ( 0.02
O5 -0.56 ( 0.02 -0.62 ( 0.05 -0.61 ( 0.04
O6 -0.79 ( 0.03 -0.79 ( 0.02 -0.83 ( 0.02
FeI

III 0.72 ( 0.03 1.37 ( 0.04
FeII

III 1.11 ( 0.05

a Trajectories used in NPA calculations belong to the minimum
energy configurations of the glycosidic linkage of the carbohydrate
in water (including water molecules) obtained from CPMD
simulations for aqueous methyl-R-D-mannopyranoside,
methyl-R-D-mannopyranoside and FeIII ion in water, and
methyl-R-D-mannopyranoside and two FeIII in water. Note that the
( are not uncertainties but give a range for the fluctuations around
the equilibrium values. These fluctuations were determined via the
time-dependent standard deviation method.

2494 J. Phys. Chem. A, Vol. 113, No. 11, 2009 Coskuner et al.



bonding interactions are discussed below. Our CMD simulations
(Figure 1B) do not seem to detect coordination between M and
FeIII.

Our guided ion beam hydration experiments provide details
of the coordination about the metal ion. Figure 2A,B offers a
comparison of the water uptake for [MFeCl2]+ and [MFeCl]+,
respectively. [MFeCl]+ readily picks up one water molecule,
so that a strong peak at 303 m/z follows the parent peak at 285
m/z. Upon magnification (Figure 2B inset), a weak peak at 321
m/z can be seen, indicating the addition of a second water
molecule. When [MFeCl2]+ is selected, the weak peak at 337
m/z (following the parent at 319 m/z) can only be seen with
significant (x400) magnification. The m/z 337 peak, correspond-
ing to the addition of a second water molecule (355 m/z), is
barely distinguishable above the noise level. The data show that
under the same conditions [MFeCl]+ readily picks up one water
molecule and [MFeCl2]+ does not.

The spectra obtained when [MFeCl2]+ is selected show
evidence for appreciable contributions from [(MFeCl2)2]2+.
Specifically, peaks corresponding to two CH3OH losses with
two and three HCl losses from the dimer dication were
identified. In addition, a peak corresponding to FeCl3 and HCl
loss was observed; we previously identified this species as a
prominent fragment from [M2FeCl]+.22 Interestingly, Zhan et
al. similarly found that peaks initially attributed to singly charged
monomers were discovered upon adduction with water to
include significant contributions from doubly charged dimers.46

Despite the presence of the heavier complexes, we are
confident in our assignment of water pick-up on the monomers.
As the collision gas line was purged of water (with Ar), the
contribution from the peaks assigned to water pick-up dimin-
ished in intensity. This was particularly obvious when monitor-
ing the intense peak at 303 m/z ([MFeCl]+ + H2O). When
[MFeCl2]+ was selected, the spectrum changed less dramatically
with drier collision gas, which we explain in terms of weak
initial pick-up of water. In summary, we are confident in
attributing the peak at 303 m/z to [MFeCl]+ + H2O because
the intensity of the peak is strongly correlated to the seeding of
water in the collision gas.

Because these experiments find that [MFeCl]+ picks up one
water molecule easily and [MFeCl2]+ does not, the data indicate
that both monomer ions are tetracoordinate iron complexes
comprising Cl and oxygen atoms. These data, which apply to
liquid-phase structures, and the literature describing iron

coordination compounds in the solid state do not support
alternate conclusions.

The mass accuracy of the instrumentation and simple peak
profiles observed of the reactant and product molecular ions
indicate that the ionization mechanism does not involve proton
transfer; for example, the m/z 337 peak does not arise from
[MFeIICl2] + H+. Therefore, our experiments have studied
[MFeIICl]+ and [MFeIIICl2]+, which manifest iron in +2 and
+3 oxidation states, respectively (Melnik, M.; Ondrejkovicova,
I.; Vancova, V.; Holloway, C.E. ReV. Inorg. Chem. 1997, 17,
55-286), have reviewed the crystallographic structures and
optical spectra of nearly 900 monomeric iron coordination
compounds of which ∼100 are examples of FeII and FeIII

compounds coordinated with one of more organic oxygen-
containing ligands or water. Where necessary, chloride anions
complete the coordination shell. The FeII complexes exhibit
coordination numbers, n, of four and six. The FeIII complexes
exhibit coordination numbers with oxygen-containing ligands
of n ) 4, 5, 6, 7, and 8; structures with n ) 4 and n ) 6 are the
most prevalent. On the basis of these solid state structures, we
may expect [MFeCl]+ to uptake one H2O molecule to complete
its tetracoordinate shell; uptake of two or more H2O molecules
would provide evidence for octahedral coordination. We may
expect [MFeIIICl2]+ to uptake two H2O molecules during guided
ion beam experiments if it forms an octahedrally coordinated
molecular ion. Alternately, if [MFeIIICl2]+ maintains a tetraco-
ordinate structure, no water uptake would be observed.

Turning our attention to the liquid phase results, the tendency
of [MFeCl]+ to pick up water more efficiently than [MFeCl2]+

may be understood by considering the tetra-coordination motif
suggested by our CPMD simulations. The simulations suggest
that an ionic iron atom coordinates to two sites on M and two
water molecules. Assuming that this motif applies, [MFeCl2]+

has a fully coordinated iron center, while [MFeCl]+ requires
one additional ligand to completely saturate the iron center.
Therefore, [MFeCl]+ can form a chemical bond with one water
molecule, while [MFeCl2]+ cannot. The less intense peaks
([MFeCl2]+ with one or two water molecules and [MFeCl]+

with two water molecules) require water addition via hydrogen
bonding, and so the interaction, and therefore the peak intensity,
is weaker.

The interpretations of previous CID results regarding tetra-
coordination at the FeIII center are also consistent with our
CPMD simulations. Carlesso et al.,47 when discussing [MnFe]2+

complexes (where their M is mannose, whereas we considered22

both mannose and methyl-R-D-mannopyrannoside), considered
hexacoordinate iron centers. Their CID results show that M loss
is common from complexes with n g 3, whereas sequential
H2O losses were observed with n e 2.47 Our previous CID
results also found that M loss occurred from [M2FeCl]+, but
not from [MFeCl]+.22 In terms of the bonding motif indicated
by our simulations, it seems that M loss does not occur when
the coordination number around Fe is e4, suggesting that the
Fe-M bonds are stronger when a tetracoordinate (or less)
configuration is attained.

To study the coordination of more than one FeIII to M, we
performed chemical reactivity index calculations in the vicinity
of FeIII and water molecules and simulated M in water with
two FeIII ions (Figure 1D). The chemical reactivity calculations
on a trajectory of MFeIII with the first shell of water molecules
obtained from CPMD simulations show that the carbohydrate
heavy atoms are not reactive toward a second FeIII ion (Table
1). This finding is consistent with current and previous
experimental results.22,47 CPMD simulations show that the first

Figure 2. ESI mass spectra obtained by selecting (a) [MFeCl2]+ and
(b) [MFeCl]+ and colliding with water seeded in Ar. The spectra were
collected with identical seeding and collision conditions, and the
collision voltage was set to 1 V. The magnified portion of (a) reveals
some contributions from the dimer dication. See text for details.
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FeIII is still coordinated to O3 and O4 atoms in the presence of
a second FeIII; however, the distance between FeIII and O3 and
O4 atoms is slightly larger in the presence of a second FeIII,
with values of 3.4 ( 0.1 Å and 4.3 ( 0.2 Å, respectively (Figure
1D and Table 2). Furthermore, the simulations with only one
FeIII show the metal ion almost symmetrically placed between
the O3 and the O4 atoms with an angle of 54.4 ( 12°. With a
second FeIII, this angle becomes 44.2 ( 9.7°, and the FeIII

attached to M is coordinated to three water molecules instead
of two. The second FeIII prefers to be arranged with six water
molecules in an octahedral symmetry in the second solvation
shell. The closest distance between the first and the second FeIII

ions is 10.2 Å. We also note that the intermolecular hydrogen
bond distance between the O2 and the coordinated water
molecule increases to 3.25 ( 0.24 Å in the presence of the
second FeIII ion. In agreement with our studies in the gas phase,22

we find that the presence of a second FeIII ion increases the
distances between the coordinated FeIII ions and the O3 and
O4 atoms of the carbohydrate. The coordination of the second
FeIII to the biomolecule in the gas phase is possible,22 whereas
the inclusion of explicit solvent molecules shows that the
presence of water impacts the coordination chemistry since the
second FeIII ion bonds to water molecules rather than to the
carbohydrate (see above).

Our NPA analysis (including all solute and solvent molecules)
indicates that the partial positive charge on the first FeIII increases
from 0.7 to 1.4 in the presence of the second FeIII (Table 2).
This finding is consistent with our simulations, since the
distances of the coordinated ligands to the carbohydrate-
coordinated FeIII are larger when a second FeIII is present in the
system, indicating less electron donation capability for the
carbohydrate-coordinated FeIII.

The present first principles results are in agreement with
experiments, which show only one FeIII coordinated to the
carbohydrate in solution.22,47 In contrast to experiment and ab
initio simulations, our CMD simulations show that both FeIII

ions form complexes only with water molecules and do not
coordinate to the biomolecule. These discrepancies can be
attributed to the quality of the force field parameters for the
metal ion, usage of fixed partial charge parameters for the
different hydroxyl oxygens in the carbohydrate (neglecting of
charge polarization), failure to distinguish between equatorial
and axial orientations of the carbohydrate hydroxyl groups, and
ignoring the conformation dependence of steric effects in our
CMD simulations.

B. Glycosidic Linkage Flexibility. The relative torsional
energies of the glycosidic linkage (�) of M (see Figure 1A and
Methods) were studied using CPMD and CMD simulations in
water. Changes arising in PMF as a function of torsional angle
derived from these calculations are presented in Figure 3. Figure
3A shows the calculated PMF values of the glycosidic linkage
for M, MFeIII, and MFeIII

2 based on CPMD simulations (see
Methods and refs 6, 7, and 22 for details). Different trends for
the conformational preference of the glycosidic linkage of M
are observed by CPMD simulations: the g+ > t > g- trend
observed in the free M becomes g+> g-> t and the minimum
shifts from 60° to 70° upon coordination of one FeIII to M in
water (Figure 2A). The presence of the second FeIII does not
influence the calculated thermodynamic trend for the glycosidic
linkage conformation in the vicinity of a single FeIII ion (Figure
3A), consistent with the fact that a second FeIII does not
coordinate to the MFeIII complex.

According to our CMD simulations, the trend obtained for
the glycosidic linkage conformation g+ > g- > t for the free

carbohydrate is retained in aqueous solution in the presence of
the FeIII ions, which are coordinated to water molecules rather
than to the biomolecule (see Figure 3B). Furthermore, in stark
contrast to the CPMD results, our CMD simulations do not
indicate a significant shift of the minimum energy torsional angle
of the glycosidic linkage and predict +60° as the minimum for
M, MFeIII, and MFeIII

2 in water. For the gas phase, this trend is
g+ > t ≈ g- as reported previously22 and indicates that water
stabilizes the g- orientation of the glycosidic linkage over its
t orientation upon coordination of FeIII.

C. Hydrogen Bonding Properties. According to our CPMD
simulations, the average intramolecular hydrogen bonding
distances between O2-O3, O3-O4, and O4-O6 (Figure 1) of
M in water vary between 2.1 and 4.5 Å. In contrast, CMD
simulations predict that these intramolecular distances are
between 2.4 and 3.7 Å. The intramolecular hydrogen bonds
between the O2 and the H attached to O3 are shorter than those
for O3-O4 and O4-O6 according to our CPMD simulations
(Table 3). Furthermore, the predicted intermolecular hydrogen
bonds between O2-water, O3-water, and O4-water indicate
a stronger coordination of the O2 atom to a water molecule (as
compared to the O3-water and O4-water hydrogen bonds) via
the shorter O2-water distance (see Table 3). This finding is in

Figure 3. Calculated torsional energy change of the glycosidic linkage
of methyl-R-D-mannopyranoside (solid line) and its energy change in
the vicinity of one (dashed line) and two FeIII ions (dotted line), with
the potential of mean force method: (A) CPMD simulations, (B) CMD
simulations. The inset plot (B) presents the calculated energy differences
of the glycosidic linkage of methyl-R-D-mannopyranoside with the
perturbation and potential of mean force methods by CMD simulations.
Errors were calculated using the time-dependent standard deviation
method.
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agreement with our chemical reactivity calculations, which
identify the O2 atom as the most reactive carbohydrate hydroxyl
oxygen toward ligands. Our CPMD simulations show that the
water ligand tends to coordinate to O2 rather than to O3 or O4.
Our CMD simulations do not show a significant difference in
intermolecular hydrogen bond distances for these hydroxyl
oxygen atoms in water. In addition, a comparison to results
obtained for the gas phase,22 indicates that intermolecular
hydrogen bonds between the biomolecule and solvent molecules
increases the intramolecular hydrogen bond distances between
O2-O3, O3-O4, and O4-O6 (Figure 1) by values varying
between 0.4 and 1.7 Å.

Figure 4 shows the average number of hydrogen bonds
between the carbohydrate and surrounding water molecules
obtained from three distinct CPMD simulations for the g+, g-,
and t orientations of the glycosidic linkage (each simulation
was performed for 60 ps). For these analyses, following the
work of Parrinello and Molteni48 and our previous studies,6,7,22

the criteria for the existence of a hydrogen bond were defined
as OD-H e 1.5 Å and H-OA e 2.4 Å, where OD and OA

represent donor and acceptor oxygen atoms, respectively. The
angular criterion was set to values larger than 120°. According
to our analyses, the total number of intermolecular hydrogen

bonds is highest for the g+ conformation, while the t conforma-
tion exhibits a slightly larger number than for the g- orientation.
In agreement with our previous studies, the hydrogen bond
capacity of the carbohydrate atoms in water is not satisfied since
each hydroxyl group may participate in three hydrogen bonds
(one donor and two acceptors), while O5 (Figure 1C) may
participate in two hydrogen bonds as an acceptor.

CPMD simulations and a comparison to our previous results
in the gas phase22 indicate that the presence of a single FeIII ion
weakens the intramolecular hydrogen bonds between the O3
and the O4 atoms since these hydroxyl group oxygens are
coordinated to the metal ion (see Table 3). The average O4-O6
intramolecular hydrogen bond distance becomes shorter in
comparison with those obtained for the aqueous carbohydrate
without a metal ion (Table 3). This result indicates that the
intramolecular hydrogen bonds between these hydroxyl groups
become stronger, due to the coordination of FeIII to O3 and O4.
In addition, we find that two water molecules are coordinated
to the carbohydrate-coordinated FeIII ion with average Fe-water
oxygen distances of 2.1 ( 0.2 Å and 2.2 ( 0.1 Å. In contrast,
our CMD simulations predict intramolecular H bonds between
O2 and O3, and O3 and O4 in the presence of FeIII (Table 3).
The hydroxyl oxygen atoms are also coordinated to water
molecules with average intermolecular H-bond distances varying
between 2.7 Å and 3.5 Å.

According to our CPMD simulations, the presence of the
second FeIII ion does not impact the number of intramolecular
and intermolecular H bonds of the carbohydrate. However, we
find that both intramolecular and intermolecular H-bond dis-
tances are slightly larger in comparison with those calculated
for the H bonds in the vicinity of a single FeIII ion (Table 3).
Instead of only two water molecules, three water molecules are
coordinated to the carbohydrate-coordinated FeIII ion (Figure
1D). This arrangement might be due to the larger distances
between the FeIII and the O3 and O4 atoms of the carbohydrate
(see above); since it may allow electron donation from more
than two water ligands, as shown by our NPA results (Table
2). Furthermore, a comparison to our recent studies in the gas
phase shows that the presence of intermolecular hydrogen bonds
between solvent molecules and the carbohydrate affects the
number of intramolecular hydrogen bonds in the gas phase upon
FeIII coordination; no intramolecular hydrogen bonds were
obtained between O2-O3 upon FeIII coordination in the gas

TABLE 3: Specific Bond Lengths and Bond Angles of Methyl-r-D-mannopyranoside and Its Complexes with FeIII Ions in
Water Calculated via CPMD and CMD Simulationsa

M M:FeIII M:FeIII
2

CPMD CMD CPMD CMD CPMD CMD

O3-H2/Å 2.1 ( 0.3 2.4 ( 0.5 2.1 ( 0.2 2.4 ( 0.4 2.2 ( 0.1 2.5 ( 0.4
O4-H3/Å 2.5 ( 0.4 2.6 ( 0.6 3.0 ( 0.3 2.7 ( 0.5 3.1 ( 0.3 2.8 ( 0.4
O2-Owater/Å 2.8 ( 0.3 3.1 ( 0.3 2.9 ( 0.2 2.9 ( 0.5 3.2 ( 0.2 2.9 ( 0.3
O3-Owater/Å 3.4 ( 0.2 2.9 ( 0.5 4.8 ( 0.3 3.0 ( 0.4 5.1 ( 0.4 3.1 ( 0.4
O4-Owater/Å 3.8 ( 0.3 3.2 ( 0.4 5.0 ( 0.5 3.1 ( 0.5 5.2 ( 0.4 3.2 ( 0.4
O6-H4/Å 4.5 ( 0.4 3.6 ( 0.9 2.5 ( 0.4 3.3 ( 0.6 2.6 ( 0.3 3.5 ( 0.7
θ(O2H2O3)/Degrees 127.9 ( 8.0 105.2 ( 22.8 130.7 ( 4.5 107.7 ( 19.8 128.8 ( 5.3 109.9 ( 13.5
θ(O3H3O4)/Degrees 115.3 ( 11.4 103.7 ( 25.4 117.7 ( 5.6 105.2 ( 20.2 113.6 ( 4.9 113.3 ( 18.4
θ(O4H4O6)/Degrees 123.5 ( 12.3 107.8 ( 22.5 124.6 ( 7.3 106.9 ( 19.9 122.1 ( 8.2 108.0 ( 16.2
FeI-O3/Å 3.1 ( 0.2 >5.5 3.4 ( 0.1 >5.5
FeI-O4/Å 4.0 ( 0.2 >6.1 4.4 ( 0.2 >6.3
FeI-Owater1/Å 2.1 ( 0.2 2.0 ( 0.3
FeI-Owater2/Å 2.2 ( 0.1 2.3 ( 0.1
θ(O3FeO4)/Degrees 54.4 ( 12.0 44.2 ( 9.7
FeII-Owater/Å 2.2 ( 0.3

a Atom numbers listed here are illustrated in Figures 1C and 1D: methyl-R-D-mannopyranoside, methyl-R-D-mannopyranoside and one FeIII

ion, and methyl-R-D-mannopyranoside and two FeIII ions in water.

Figure 4. Average numbers of hydrogen bonds between specific
methyl-R-mannopyranoside oxygens and water molecules for the (s)
g+, (- - -) t, and ( · · · ) g- orientations of the glycosidic linkage of
methyl-R-mannopyranoside via CPMD simulations at room temperature.
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phase. In contrast, intramolecular hydrogen bonds between
O2-O3 do exist in water upon coordination of FeIII.

The average distance between the second FeIII and its six
coordinated water oxygen atoms is 2.2 ( 0.3 Å, in accord with
our recent studies22 and with diffraction spectroscopy measure-
ments for hydrated FeIII ion.38 The first shell coordination
number was found to be six in all cases for the second FeIII

ion, indicating that the interaction between the FeIII and the
biomolecule does impact the coordination number of water
molecules reported for a hydrated FeIII ion. In contrast, the CMD
simulations suggest that both FeIII ions are coordinated to water
molecules and not to the biomolecule.

Overall, the treatment of quantum effects by CPMD simula-
tions provides a different picture of the interaction between FeIII

and the saccharide methyl-R-mannopyranoside when compared
to the results of our CMD simulations. Differences obtained
between CPMD and CMD simulations may indicate that better
force field parameters for aqueous FeIII and carbohydrates are
needed. Differences in determined structures might have an
impact on the determined chemical reactivity of the biomolecule
toward metal ions. We also note that simulated intra- and
intermolecular H bonds differ from each other via CPMD and
CMD simulations. This result is in agreement with our recent
theoretical studies.6,7,22 We find that the presence of water
molecules affects the chemical reactivity, coordination chem-
istry, structural and thermodynamic properties of biometallic
complexes and thus, calls for care when one attempts to predict
the chemical properties of biometallic complexes in solution
from the results of gas-phase calculations.

IV. Conclusion

We have used an integrated approach based on theoretical
calculations, molecular simulations, and mass spectrometric
measurements to study the active sites of a biomolecule toward
metal ions in aqueous solution. Results were compared to those
obtained via classical MD simulations. The insights obtained
from CPMD simulations are consistent with the chemical
reactivity calculations, natural partial charge analysis, and mass
spectrometric measurements.

Our first principles studies indicate, in agreement with
experiment, that only one FeIII ion coordinates to M in water.
Theoretical calculations and CPMD simulations show that a
water molecule coordinates to one of the hydroxyl groups (O2
atom) of M. Our CPMD simulations further indicate that two
hydroxyl oxygen atoms of the saccharide and two water
molecules are coordinated to a single FeIII ion in a square planar-
like arrangement, whereas a second FeIII ion resides in the
second solvation shell and coordinates to six water molecules
in octahedral geometry. These findings are in accord with our
mass spectrometric results, and our structural parameters for
the second FeIII agree with neutron diffraction data and recent
theoretical calculations38 for Fe(H2O)6

3+. Our CMD simulations
provide no clear coordination of FeIII to the carbohydrate, instead
indicating that both FeIII ions interact only with surrounding
water molecules.

According to our CPMD simulations, coordination of a metal
ion affects the preferred glycosidic linkage orientation of the
carbohydrate. The glycosidic linkage preference changes from
g+ > t >g- to g+ > g- > t upon coordination to FeIII in
aqueous solution. CPMD simulations clearly indicate that the
preference of the conformation of the carbohydrate and coor-
dination of the metal ion is influenced by intra- and intermo-
lecular hydrogen bonds. Our results further demonstrate that
CMD simulations are insensitive to these effects and suggest a

need for better force field parameters for aqueous FeIII and
carbohydrate.

This study illustrates that chemical reactivity calculations,
CPMD simulations, and mass spectrometric measurements can
provide important insights into the structure and function of
biometallic complexes in solution and supports our studies for
biometallic compounds in the gas phase. Furthermore, we show
that the solution environment impacts the active sites of a
biomolecule toward ligands. Currently, we are studying the
coordination of divalent and trivalent metal ions to amino acids,
peptides, and proteins in the gas phase and in aqueous solution.
We are confident that validated first principles approaches in
different phases (gas and solution) will help to predict unknown
reaction mechanisms of important physiological processes-such
as receptor and ligand interactions and protein mis-folding in
the presence of metal ions-that are crucial to drug design,
medicine, biochemistry, and nanobiotechnology.
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