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Abstract

We have used density-functional theory calculations to investigate how the hydrogen-
bond strength is modified when a ligand is bound to a metal, using over 60 model systems
involving six metals and eight ligands frequently encountered in metalloproteins. We study
how the hydrogen-bond geometry and energy vary with the nature of metal, the oxidation
state, the coordination number, the ligand involved in the hydrogen bond, other first-sphere
ligands, and different hydrogen-bond probe molecules. The results show that in general, the
hydrogen-bond strength is increased for neutral ligands and decreased for negatively charged
ligands. The size of the effect is mainly determined by the net charge of the metal complex
and all effects are typically decreased when the model is solvated. In water solution, the
hydrogen-bond strength can increase by up to 37 kJ/mol for neutral ligands, and that of
negatively charged ligands can both increase (for complexes with a negative net charge) or
decrease (for positively charged complexes). If the net charge of the complex does not
change, there is normally little difference between different metals or different types of
complexes. The only exception is observed for sulphur-containing ligands (Met and Cys) and
if the ligand is redox active (e.g. high-valent Fe—O complexes).

Key Words: hydrogen bonds, metalloproteins, quantum-mechanical calculations, density-
functional theory, dispersion correction, solvation.



Introduction

Hydrogen bonds play an important role in all types of biochemical systems, strongly
affecting catalysis, ligand binding, and enzyme function, for example [1]. They have been
thoroughly studied by a variety of experimental and theoretical methods [2,3,4,5,6,7,8,9,10,
11,12,13,14,15] so that the strengths of the common hydrogen bonds in biological systems are
accurately known.

However, it is well-known that metal sites affect the properties of bound ligands. For
example, the pK, value of water in aqueous metal complexes is reduced from 15.7 for bulk
water, to 12.8 for Ca*" and to 2.2 for Fe**[16]. Therefore, it is also likely that metal ions also
change the strength and structure of hydrogen bonds involving their first-sphere ligands. This
is of fundamental interest in biological systems, because a great portion of the enzymes
contains metal ions in their active sites [17]. Most typical metal ligands in proteins frequently
form hydrogen bonds, either directly to the ligating atoms (e.g. Cys, Asp, Glu, Met, and Tyr)
or to a neighbouring polar atom in the ligand (e.g. His, Asp, Glu). Non-protein ligands, e.g.
from the solvent, can also form hydrogen bonds to the surroundings. These, second-sphere
interactions often neutralise the positive charge of the metal ion, e.g. by metal-His—Asp/Glu
interactions, or solvate the metal site, e.g. by metal-Cys—HN(backbone) interactions [ 17,18,
19]. The second-sphere interactions also often modify and tune the properties of the first-
sphere ligand. The probably most well-known example of this is push and pull mechanism of
haem enzymes, in which the reactivity is changed by varying Fe ligand from His in globins,
His—Asp in peroxidases, Cys—HN(backbone) in cytochrome P450, and Tyr—Arg in catalases
[20,21,22].

Several studies have shown significant effects of metals. For example, it has been shown
that metals in certain cases can be hydrogen-bond acceptors [23,24]. Moreover, the effect of
metal ions on water structure has been thoroughly studied by both experimental and
theoretical methods [25,26,27,28,29,30]. In particular, there have been several theoretical
studies of solvated metal ions, noting that second-sphere water molecules have an increased
hydrogen-bond strength [31,32]. Similar studies have also been performed on some models of
enzyme catalytic sites [33]. Zari¢ and coworkers have made a statistical survey of small-
molecule crystal structures, which showed that water—water hydrogen bonds become ~0.2 A
shorter and more linear if the donor is coordinated to a metal ion [34]. Moreover, they studied
hydrogen bonds between water and a Zn** complex and showed that the hydrogen-bond
strength increased from 20 kJ/mol for free water, via 23 kJ/mol for the neutral ZnCl,(H,O),
complex to 92 kJ/mol for the doubly charged [Zn(H,O)s]** complex. Schmiedekamp and
Nanda have shown that both NH-OH, and CH-OH, hydrogen bonds from His residues
become much stronger if the His residue coordinates to Zn** or Fe*** [35]. For example, the
NH-OH,; bond strength increased from 28 kJ/mol for free imidazole to 69 and 105 kJ/mol for
Fe(NH;)s(imidazole) in the Fe*" and Fe*" states, respectively. A similar increase in the
hydrogen-bond strength of iron-coordinated His residues has also been observed for the active
site of haemerythrin [36]. The hydrogen-bond strength of O, and CO to a histidine residue has
also been shown to increase when they bind to Fe in haem proteins [37].

All these studies have been restricted to only a few metals and ligands. In this paper, we
make a more systematic study of how metal ions affect the strength and structure of hydrogen
bonds to their first-sphere ligands. The study employs accurate dispersion-corrected density-
functional theory (DFT) calculations. We study how the hydrogen-bond strength depends on
the type of metal and its oxidation state, the coordination number, the type of the ligand, other
ligands of the metal, and on the nature of the second-sphere hydrogen-bond partner. We study
over 60 different complexes, taken mainly from our previous theoretical studies of various
metalloproteins [18,19,22,38,39,40,41,42,43,44,45,46,47]. The results provide much insight
into how metal coordination affects the geometry and energy of hydrogen bonds to ligating



amino-acid residues.

Methods

All geometry optimisations were performed with the Becke-1988—Perdew-1986 DFT
functional (BP86) [48,49]. They employed the DZP basis set for the metal ions and 6-31G*
for all other atoms, but we included diffuse functions (6-31+G*) on the hydrogen-bond donor
and acceptor atoms, and a polarising function for the hydrogen-bond hydrogen atom (6-
31G**) [50,51,52]. The calculations were sped up by expansion of the Coulomb interactions
in auxiliary basis sets, the resolution-of-identity approximation[53,54].

For each optimised structure, a frequency calculation was performed at the same level of
theory to ensure that a proper stationary structure or saddle point was obtained. These
frequency calculations also permitted calculation of zero-point vibrational energies and
thermal corrections to the enthalpy, obtained by a rigid-rotor harmonic-oscillator ideal-gas
approximation at 298 K and 1 atm pressure. More accurate single-point energies were also
calculated on these structures using the hybrid B3LYP functional [55,56] and the
6-311+G(3d,2p) basis set on all atoms [52].

Environmental effects were incorporated by single-point calculations in a continuum
solvent with different dielectric constants, € =4 or 80, using the Cosmo approach with
optimised radii and 2.0 A for the metals [57,58,59]. These calculations were performed with
the same method as for the geometry optimisations. Together with the vacuum results (¢ = 1),
they should include possible effects in a protein, for which the dielectric constant is usually
assumed to be between 2 and 20 [60,61]. The QM calculations were performed with the
Turbomole software [62].

Dispersion effects were calculated by single-point calculations using the DFT-D3 method
[63], as calculated with the dftd3 program for the B3LYP level with default parameters [ 64].
In addition, continuum estimates of the cavitation, dispersion, and repulsion energies for all
complexes with the surroundings were estimated with the polarised continuum method (PCM)
[65,66], as implemented in the Gaussian03 software [67]. These calculations used the UAKS
radii (united atom topological model for Kohn—Sham theory). The non-polar solvation
energies are needed to obtain a balance in the solvation and dispersion energy terms for these
reactions involving the formation of a new hydrogen bond from two isolated molecules [ 68].

Finally, corrections to the basis-set superposition error were estimated using the counter-
poise method [69] at the B3LYP/6-311+G(2d,2p) level of theory. To simplify comparison with
previous studies of hydrogen bonds [10,11,12,13,14] and to obtain the most stable results, we
present in the main article pure hydrogen-bond energies at the B3LYP/6-311+G(2d,2p) level
of theory (the energy of the complex minus the energy of the two monomers, all at optimised
geometries) and they include counter-poise corrections (the energy difference of each
monomer calculated with the complex and monomer basis set at the complex geometry) and
DFT-D3 dispersion, but no other corrections. Results are given for three values of the
dielectric constant (1, 4, and 80). These energies are close to reference coupled-cluster results
(CCSD(T)) with complete basis-set extrapolations [10,11,12,13,14]. For example, we obtain
in vacuum a hydrogen-bond energy of 19 kJ/mol for the water dimer, which is only 2 kJ/mol
lower than the reference value of 21 kJ/mol [13]. Likewise, our hydrogen-bond energy for the
CH3;CONHCH;-HOH complex, 34 kJ/mol is identical to the S66 reference value [13]. The
raw BP86 results, counter-poise corrections, geometry relaxation energies, DFT-D3 dispersion
energies, PCM solvation effects, the zero-point energy and thermal corrections to the enthalpy
and entropy are listed in Tables S1-S9 in the supporting information. For convenience, we
will throughout this paper discuss hydrogen-bond energies as positive entities, i.e. the
negative of the energy of formation of the hydrogen bond.



Results

In this article, we have studied how metal ions affect the hydrogen-bond strength of their
first-sphere ligands. We have studied over 60 different metal complexes of nine different
types, as well as the corresponding hydrogen bonds in the absence of the metal ion. We study
the hydrogen bond by adding a probe molecule to the metal complex, typically water, but
sometimes instead imidazole or acetate. In this section, we will describe the results for each
type of complex in separate sections. In the next section, we will discuss general results and
trends over all types of complexes.

Protonated compound Il models with different axial ligands

We first studied a series of five models of protonated compound II with different axial
ligands [22]. All models contained a Fe ion in the formal +IV oxidation state, in the centre of
a porphine ring (i.e. a haem group without any peripheral ligands). One axial ligand was OH",
whereas the other axial ligand was varied, CH3S™ as a model of Cys in cytochrome P450,
imidazole as a model of His in globins, imidazole hydrogen-bonded to an acetate group as a
model of His+Asp in peroxidases, and phenolate with or without a hydrogen-bonded
guanidine group, as a model of the Tyr(+Arg) ligand in catalases. To all models, a water probe
molecule was hydrogen bonded to the OH™ group with the water molecule as the donor (i.e.
with a HO-HOH pattern). The five models are shown in Figure 1. Following previous
theoretical and experimental experience [22], all models were studied in the intermediate-spin
triplet state. The His and Tyr+Arg complexes had a +1 net charge, whereas the other three
models were neutral. This protonated compound II state (formally Fe'Y—-OH") has been
suggested in the reaction mechanism of many haem oxidases, although the current consensus
is that it is only involved in the reaction mechanisms when the axial ligand is Cys (the
intermediate between the hydrogen-atom transfer and the rebound steps of cytochrome P450)
[70,71].

In the absence of the metal ion, a "'HO-HOH hydrogen bond is strong, owing to the
negative charge of the hydroxide ion, with a hydrogen-bond O—-H distance (the distance
between the O atom of the OH- ligand and one of the H atoms of the water probe) of 1.23 A
and a hydrogen-bond strength of 117 kJ/mol in vacuum, which is strongly reduced to 31
kJ/mol in continuum water solution.

This strength is strongly reduced when OH™ is bound to the metal. The O—H hydrogen-
bond distance increases to 1.79-1.85 A for all axial ligands and the bond strength decreases to
26-38 kJ/mol in vacuum as can be seen in Table 1. The bond is shortest and strongest for the
three neutral complexes and weaker for the two positively charged complexes. The hydrogen
bond is also 4-8 kJ/mol weaker for complexes with His than for the other complexes with the
same net charge. The hydrogen bond to water always makes the Fe—OH™ bond length longer
by ~0.02 A and shortens the bond length to the axial ligand by 0.01-0.07 A (most for His).

The protonated compound II is formally a Fe'V'—OH" state and the electronic structure is
close to this description with 1.6-2.1 unpaired electrons on Fe (most for Tyr+Arg and least for
Tyr) and 0.1-0.2 unpaired electrons on OH ", 0.2 electrons in the porphine ring (0-0.1 e for
His), 0-0.5 spins on the axial ligands (the least for His and Tyr+Arg, and most for Tyr), but no
spin on the second-sphere ligand or the water probe. The water hydrogen bond consistently
increases the spin density on OH™, but only by ~0.04 e.

Cytochrome models
The second set of calculations was performed on six cytochrome models with three
different metal ions (Fe, Co, and Ni) in two oxidation states (+1I and +III). The models



contained the metal ion in the centre of a porphine ring and with two imidazole groups as
axial ligands. A water probe was bound to the non-coordinating N atom of one of the
imidazole groups by a NH-OH, hydrogen bond as can be seen in Figure 2. Following our
previous studies [45,46], all complexes were studied in the low-spin states, except Ni'', which
was studied in the triplet state.

Without the metal, the imidazole—water NH-OH, hydrogen bond is rather weak, with a
H-O bond length of 1.97 A and a strength that goes from 23 kJ/mol in vacuum to 8 kJ/mol in
water solvent, as can be seen in Table 2.

The +2 metal ions, which give rise to neutral complexes (the porphine ring has a double
negative charge), barely change the hydrogen-bond strength: The H-O bond length decreases
to 1.90-1.95 A and the hydrogen-bond energy increases by 0—3 kJ/mol. With the +3 metal
ions, the hydrogen bond is shortened to 1.84-1.86 A. The strength increases to 39—41 kJ/mol
in vacuum, but in water solution all complexes give hydrogen bonds that are not more than 2
kJ/mol stronger than that of free imidazole. This indicates that the increased bond strength is
mainly caused by the extra positive charge of the complexes with the trivalent metal ions. The
hydrogen-bond energies show the trends Fe** > Ni** > Co*" and Fe*" > Co** > Ni*', but the
differences are small (3 kJ/mol) and the trends are blurred when solvation effects are
included.

Peroxidase models

In the third set of models, we kept iron as the metal and imidazole as one of the axial
ligands (and porphine as the haem model). Then we varied the oxidation state of the metal ion
and the protonation state of the other, water-derived, axial ligand. In addition, we used two
different hydrogen-bond probe molecules, water or imidazole (as a model of the distal His
residue in globins or peroxidases).

With imidazole as the probe, we kept the metal at the formal Fe'" state and studied the
three possible protonation states of the water ligand, H,O, OH, and O*". H,O must be a donor
and therefore forms HOH—N hydrogen bonds. In the globins, this corresponds to a state with
the distal His protonated on the ND1 atom, and we will call such a state HID in the following
[41]. Likewise, O* is always an acceptor, forming O—HN hydrogen bonds, but we tested both
neutral imidazole and the positive imidazolium ion as the donor. We will call these two states
HIE and HIP in the following. OH™ can be both a hydrogen-bond donor and an acceptor (to
both imidazole and imidazolium) and we tested all three possibilities, giving a total of six
different states.

With water as the hydrogen-bond probe, we studied the same Fe'" states, with water both
as the donor and acceptor for with the OH™ ligand. In addition, we studied with the OH™ ligand
as the acceptor also three additional formal oxidation states of the metal, Fe", Fe", and Fe".
Finally, we studied for the Fe'Y—H,O state also a hydrogen bond to the non-coordinating N
atom of the imidazole ligand. This gave a total of eleven types of complexes, which are
shown in Figure 3. Following previous calculations [22,40,41,42], all Fe" complexes were
studied in the intermediate-spin triplet state, whereas the other three oxidation states were
studied in the low-spin state (singlet for Fe" and doublet for Fe" and Fe'").

We start to discuss the four complexes with OH™ as the axial ligand, water as the probe,
and the Fe ion in different oxidation states. All four complexes form the same HO-HOH
hydrogen bond, which also was studied in the protonated compound II series. We saw above
that the isolated OH ion gave a very strong hydrogen bond with an O—H distance of 1.23 A
and a bond energy of 117 kJ/mol. All the metal complexes give appreciably weaker hydrogen
bonds, following the oxidation state (Fe" > Fe'" > Fe'¥ > Fe"): 1.63, 1.76, 1.85, and 1.94 A for
the O—H distance, and 84, 44, 26, and 35 for the binding energy, respectively, as can be seen



in Table 3. This trend follows also the net charge of the complex (-1 to +2), showing that the
effect comes mainly from neutralisation of the negative charge of the OH™ ion. The trend
remains in water solution, in which the hydrogen-bond energies are 50, 25, 3, and 2 kJ/mol.

For the Fe'"-OH' state we tested also OH™ as the hydrogen-bond donor, i.e. an OH-OH,
pattern. Interestingly, this gave a stronger complex than the one with the opposite (HO-HOH)
pattern, with a H-O distance of 1.71 A and an energy of 44 kJ/mol, 18 kJ/mol stronger than
the other pattern. This is quite surprising considering that the isolated OH™ ion is a poor
hydrogen-bond donor and no "OH—OH, complex can be found for the isolated system.
Apparently, metal coordination changes this pattern completely.

Next, we compare the three protonation states of the water-derived ligand, keeping the
metal ion in the formal Fe' oxidation state, still with the water probe. The Fe"Y“-H,O complex
forms a strong hydrogen bond to water with a H-O distance of 1.60 A and a hydrogen-bond
energy of 76 kJ/mol. This is appreciably stronger than for the isolated HOH-OH, complex,
which has a H-O distance of 1.91 A and an energy of 19 kJ/mol. In water solution, the
difference has been reduced to 20 kJ/mol.

For this complex, we also tested the strength of a hydrogen bond the axial imidazole
group. This imidazole NH-OHj interaction is slightly weaker, 1.73 A and 60 kJ/mol. Still, this
is appreciably stronger than the corresponding complex without the metal, 1.97 A and 23
kJ/mol. However, in water solution, the isolated complex is only 1 kJ/mol weaker, showing
that the effect comes mainly from the +2 net charge of the Fe""—H,O complex. It is notable
that metal coordination changes the relative stabilities of the water—imidazole and water—
water hydrogen bonds, most likely because the water oxygen atom is the metal ligand,
whereas in imidazole, the hydrogen bond is not to the coordinating atom, reducing the effect
of metal coordination.

Next, we studied also the Fe'Y-O? complex. It gave a rather weak O—HOH bond of 1.82
A and 34 kJ/mol. This is much weaker than the isolated 20-HOH complex, with an O-H
distance of 1.51 A and an energy of 177 kJ/mol (this complex can be obtained only with fixed
water H-O bonds). The difference is mainly caused by the difference in net charge between
the two systems (0 and —2) and it is inverted in water solution.

Finally, we studied the same three protonation states of the water-derived ligand bound to
Fe', but using instead imidazole or the imidazolium cation as the probe. For the Fe""—H,O
complex, a strong HOH-N hydrogen bond of 1.59 A was obtained (but only with a fixed O-H
bond; otherwise the proton is transferred, giving rise to the Fe""'~HO—imidazolium complex,
discussed below). This distance is similar to the one found for with the water probe, but the
energy is much larger, 142 kJ/mol, compared to 76 kJ/mol. The difference is still 29 kJ/mol in
water solution. This complex is also much stronger than the isolated imidazole-HOH
complex, which has a N-H distance of 1.87 A and an energy of 32 kJ/mol.

For the Fe'Y-OH model, we studied three different hydrogen-bonded complexes, two
with imidazole, either as acceptor (HID) or donor (HIE), and one with the imidazolium cation
as a donor (HIP). The HID state gave a very strong OH-N bond of 1.39 A and with an energy
of 85 kJ/mol. Again, no such complex with OH™ as the hydrogen-bond donor could be found
in isolation.

The HIE complex with the opposite HO-HN pattern was 28 kJ/mol less stable than the
HID state, as is also illustrated by the much longer O—H distance, 1.75 A. The hydrogen-bond
energy, 58 kJ/mol, is much smaller than for the corresponding isolated imidazole-OH™
complex, 171 kJ/mol, which has an O—H distance of 1.48 A (obtained with a N-H distance
constraint). However, in water solution, the difference is only 11 kJ/mol.

Interestingly, the HIP complex, shows an unfavourable binding energy of 55 kJ/mol,
although the O—H hydrogen-bond distance is short, 1.52 A. The reason for this is that it is
obtained from two moieties with the same +1 net charge, leading to a strong Coulombic



repulsion. This is overcome in water solution, where a favourable binding energy of 34 kJ/mol
is obtained. However, the corresponding free "HO—-imidazolium" complex, formed from two
oppositely charged moieties, is much stronger even in water solution (65 kJ/mol; 1.26 A
distance, obtained with N—H fixed).

Finally, we studied also two Fe"—O* complexes, one with imidazole (HIE) and the other
with imidazolium (HIP) as the hydrogen-bond donor. The former complex forms a rather
weak hydrogen bond with an O—H distance of 1.80 A an energy of 53 kJ/mol. This is much
weaker than the free imidazole—-O% complex (1.34 A and 189 kJ/mol), but this trend is
reversed already with a dielectric constant of 4 (because the metal complex is neutral and
therefore little affected by solvation).

The Fe'Y-O HIP complex is tautomeric to the Fe'"—~OH HID state and the two states are
close in energy (the latter state is 2 kJ/mol more stable in vacuum, but 2 kJ/mol less stable in
water solution). The Fe'V—O HIP state has a strong hydrogen bond with an O-H distance of
1.26 A and a bond energy of 187 kJ/mol, which is reduced to 28 kJ/mol in water solution. As
expected, this is weaker than for the free imidazolium*—O?* complex in vacuum (1.07 A and
1103 kJ/mol), but it is stronger in water solution.

Superoxide dismutase models

Next, we studied twelve models of Fe and Mn superoxide dismutase. We studied three
types of models with an increasing number of ligand. The first was a five-coordinate structure
in which the metal binds to three imidazole groups (models of His ligands) and one bidentate
acetate group (as a model of the Asp ligand). In the second type, a water ligand was added,
which replaced one of the acetate oxygen atoms as the fifth ligand of the metal. In the third
type, we added a superoxide molecule as a sixth ligand of the metal. In all cases, we used a
water probe, forming a hydrogen bond to the imidazole group that was not trans to another
imidazole group, with a NH—OH, pattern. The three types of complexes are shown in Figure
4. All three types of complexes were studied for both Fe and Mn, and with these two metals in
the formal oxidation states of +II and +II1, giving twelve complexes in total.

With four and five ligands, the complexes were studied in the high-spin state [47]. The
electronic structure was also close to the expected +II and +III metal states, with only minor
spin on the imidazole, acetate, and water ligands (less than 0.1 e) and no spin on the
hydrogen-bonding water probe, as can be seen in Table 4. The only exception was Fe**, which
showed a larger spin delocalisation onto the ligands, up to 0.3 e on the acetate group.
However, for the complexes with superoxide, the unpaired spin on the latter ligand mixes with
the spins on the metals. Following our previous studies [47], the Fe complexes had one extra
unpaired electron. For the two M*" complexes, the electronic structures were similar to those
of the five-coordinate complexes, but with an extra aligned spin on superoxide. For Fe*', the
superoxide had instead 1.65 unpaired electrons, i.e. closer to a peroxide ion, and this electron
was taken mainly form the iron ion. For the Mn** complexes, the spin on superoxide was
instead antiferromagnetically coupled to that on Mn, which gave a mixed electronic structure
with 1.4 unpaired electrons on O..

The geometries of the optimised complexes are described in Table 4. The structures are
similar to those found in our previous study [47], so they will not be further discussed. The
NH-OH, hydrogen-bond distance is 1.67-1.94 A, i.e. somewhat shorter than for the free
imidazole—water complex (1.97 A). It is always shorter for the +3 ions (1.67—1.84 A) than for
the +2 ions (1.82—1.94 A) and also shorter in the five-coordinate complexes than in the six-
coordinate complexes, mainly because of the extra positive charge in the former (+1 or +2),
compensated by the single negative charge on the superoxide ligand in the latter. The bond is
also shorter for Mn than for Fe, but the difference is less than 0.03 A and often minimal.



The hydrogen-bond strength shows similar trends: In vacuum, it is always stronger than
for free imidazole (26—70 kJ/mol compared to 19 kJ/mol). It is always stronger for the +3 ions
(42-70 kJ/mol) than for the +2 ions (26—44 kJ/mol) and it is stronger for the five-coordinate
complexes than for the six-coordinate complexes. Mn has often a slightly stronger bond than
Fe, but not always. In continuum-water solution, most of these differences have disappeared,
and all complexes have the same hydrogen-bond strength within 6 kJ/mol (7-13 kJ/mol), i.e.
slightly stronger than that of free imidazole (4 kJ/mol).

MS; clusters

Next, we studied two models with a metal ion surrounded with four Cys ligands,
modelled as [M(CH;S)4]* with either Fe** or Zn*" as the central metal. These are models of
the iron—sulphur cluster in rubredoxin or a structural zinc ion, e.g. in zinc fingers or in alcohol
dehydrogenase [17,19,21]. In variance to sites with many His ligands, the net charge of these
metal sites is not compensated by second-sphere charged groups, but instead by an extensive
solvation by neutral backbone groups or water molecules. We therefore probed the strength of
hydrogen bonds from a water molecule to the ligating Cys atoms. Fe*" was studied in the
high-spin quintet state, whereas Zn*" was a closed-shell singlet.

For Fe** we studied complexes with the water molecule forming hydrogen bonds to either
one or two sulphur ligands (cf. Figure 5). The results in Table 5 shows that for the former, the
S—H distance was 2.19 A and the hydrogen-bond energy was 68 kJ/mol, which decreased to 9
kJ/mol in water solution.

Interestingly, if the water molecule forms two hydrogen bonds, both bonds become quite
weak with S—H distances of 2.35 and 2.44 A. Moreover, the bond energy increases by only 4
kJ/mol compared to the complex with a single hydrogen bond, i.e. to 72 kJ/mol. However, the
energy is less affected by solvation and the difference increases to 10 kJ/mol in water
solution.

For Zn*', we only studied the complex with two hydrogen bonds. It turned out that water
formed somewhat stronger hydrogen bonds to the Zn*" complex than to the Fe** complex,
with S—H distances of 2.32 and 2.41 A and a 12 kJ/mol larger hydrogen-bond energy of 84
kJ/mol in vacuum. The difference decreased to 5 kJ/mol in water solution. The reason for the
stronger hydrogen bonds of the Zn** complex may be that significant spin is delocalised on
each of the Cys ligands (~0.1 e) in the Fe*', although the Mulliken charges are larger on the
sulphur atoms in the Fe* complex (0.9 e compared to —0.8 ¢e). All hydrogen bonds were
longer than that of the isolated "CH;S—-HOH complex (2.15 A), but the hydrogen-bond
energies were similar (66 kJ/mol in vacuum and 15 kJ/mol in water solution).

Carboxypeptidase models

We also studied three models of the active site in carboxypeptidase, i.e. a Zn** ion with
one water, one Glu (modelled by an acetate ion), and two His ligands (modelled by
imidazole). With a water molecule, we probed the hydrogen-bond strength to each of the three
types of ligands as is shown in Figure 6.

First, we studied a HOH-OH; hydrogen bond to the water ligand. As can be seen in Table
6, it was quite short, 1.74 A and rather strong, 46 kJ/mol. This is appreciably shorter and
stronger than the free HOH-OH, complex (1.91 A and 19 kJ/mol). The difference remained in
water solution, but it was decreased to 12 kJ/mol.

A hydrogen bond to the non-coordinating nitrogen atom of the imidazole model was
somewhat longer (1.80 A H-O distance), but slightly stronger 47 kJ/mol, although the
difference was reversed in water solution. This is appreciably stronger than for a free



imidazole~OH, complex (1.97 A and 23 kJ/mol), but the difference almost disappears in
water solution.

Interestingly, a hydrogen bond to the carboxylate ligand is slightly longer, with an O-H
distance of 1.81 A, although the hydrogen-bond energy was slightly larger, 50 kJ/mol. This is
appreciably weaker than for the free acetate—HOH complex, even in this less stable anti
configuration, with a 1.57 A O—H distance and bond energy of 70 kJ/mol. The difference
remains in water solution.

Azurin models

Next, we studied a series of ten models of the active site in the blue-copper protein azurin.
It contains a copper ion, coordinated to three strong ligands from one Cys and two His
residues (modelled by CH;S™ and imidazole). In addition, there are two weaker ligands from a
backbone carbonyl group (covalently connected to one of the His ligands and therefore
modelled by CH;CONHCH,CH,—-imidazole) and the side chain of a Met residue (modelled by
CH;SCH3), forming a trigonal bipyramidal geometry. The bond distances to the latter two
ligands are strongly affected by the surrounding protein [38], so we constrained them to the
distance found in crystal structures [72,73]. We have studied this site in both the reduced Cu”
(closed-shell singlets) and the oxidised Cu** states (doublet), and we have measured the
strength of hydrogen bonds between a probe water molecule and each of the five ligands, i.e.
to the coordinating S atoms of the Cys and Met ligands (S-HOH bonds), the coordinating O
atom of the backbone model (O—-HOH), and to the non-coordinating N atoms of imidazole
models (NH-OH, bonds). The five different types of hydrogen bonds are shown in Figure 7.

The results of these calculations are collected in Table 7. For the reduced complex, the
hydrogen bonds to the His ligands are rather weak with H-O bond lengths of 1.93—1.94 A and
bond energies of 2627 kJ/mol. The bond length is slightly shorter than for the free
imidazole~OH, complex (1.97 A) and the bond energy is slightly larger (23 kJ/mol). For the
oxidised models, the hydrogen bonds are stronger with a NH-O distance of 1.85 A and bond
energies of 40—41 kJ/mol. In water solution, the bond energy is ~9 kJ/mol for both the
reduced and oxidised complexes, which is 1 kJ/mol stronger than for the free complex.

The reduced complex shows a quite strong hydrogen bond to the Cys ligand with a S—-H
distance of 2.14 A, which is almost the same as for the free ‘CH;S-HOH complex (2.15 A).
However, the hydrogen-bond energy is appreciably lower, 46 kJ/mol, compared to 66 kJ/mol
for the free complex, reflecting that the azurin complex is neutral, whereas the free complex is
negatively charged. Consequently, the difference disappears in solution and in water solvent,
the azurin model has the stronger bond by 10 kJ/mol.

Interestingly, the hydrogen bond to the Cys ligand in the oxidised complex becomes
appreciably weaker, in spite of the change of the net charge to +1: the S—H distance increases
to 2.44 A and the bond energy decreases to 25 kJ/mol. The reason for this is that the unpaired
electron is shared between the copper ion and the Cys ligand in the oxidised state: The spin
densities of these two groups are 0.39 and 0.48 e (0.33 and 0.57 e without the water probe or
with the probe binding to the other ligands), showing that the ligand is partly a neutral CH5S*
radical.

The Met ligand forms an unexpectedly strong hydrogen bond in the reduced complex
with a S—H distance of 2.23 A and a bond energy of 35 kJ/mol. This is much stronger than for
the free (CH;),S—-HOH complex, which has a S—H distance of 2.43 A and a bond energy of 18
kJ/mol. However, the difference is reversed in water solution. In the oxidised complex, the S—
H bond becomes longer, 2.37 A and the hydrogen-bond energy decreases by 1 kJ/mol.

The hydrogen bond to the backbone carbonyl group is rather strong in the oxidised
complex. The O-H distance is 1.74 A, slightly shorter than in the free CH;CONHCH;-HOH
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complex (1.80 A). The hydrogen-bond energy is 4 kJ/mol larger in the complex. For the
reduced model, we have not been able to obtain a pure hydrogen bond to the carbonyl group,
but instead it also forms a hydrogen bond to the Cys ligand (even if started from the structure
of the oxidised state), making the structure (a H-S distance of 2.36 A and a H-O distance of
2.01 A) and the hydrogen-bond energy (54 kJ/mol) harder to interpret.

Nitrite reductase models

We have also studied five models of the active Cu** site of nitrite reductase. In the resting
form, the copper ion is in the oxidised state with three His ligands and a solvent molecule.
Previous calculations have shown that the solvent molecule can be either water or OH™ [20].
Therefore, we have studied complexes with these two ligands, hydrogen-bonded to a water
probe (for OH™ with the probe either as a donor and an acceptor). In the enzyme, this group
instead forms a hydrogen bond to a carboxylate group. Therefore, we have also used acetate
(Ac") as a probe. The calculation was started with a H,O ligand, but during the geometry
optimisation, a proton moved from the ligand to the acetate group, forming a HO-HAc
pattern. In the enzyme, another carboxylate group forms a hydrogen bond to one of the His
ligands. Therefore, we have also studied such an interaction. Structures of all five complexes
studied are shown in Figure 8. All complexes were studied in the doublet Cu** state.

The results are collected in Table 8. The Cu—ligand distances strongly depend on the
nature of the fourth ligand. If it is water, the Cu—O distance is long and flexible (2.07-2.36 A),
and the distances to the imidazole ligands are short, ~1.98 A on average. If the ligand instead
is OH", the Cu—O distance is short, 1.89—1.91 A, and the distances to the imidazole ligands
are somewhat longer, ~2.03 A on average. Hydrogen bonding to the water ligand makes the
Cu-O bond appreciably shorter (2.07 compared to 2.18 A), whereas it becomes slightly
longer for the OH™ ligand (by up to 0.02 A). Binding of acetate to one of the His ligands
makes the corresponding Cu-N bond 0.01 A shorter, but at the same time the Cu-N bond to
the cis His and water ligands became 0.10 and 0.16 A longer.

Water forms a quite strong hydrogen bond to the water ligand, with a H-O distance of
1.60 A and a hydrogen-bond energy of 76 kJ/mol. This is appreciably stronger than for the
corresponding free HOH-OH, complex (1.91 A and 19 kJ/mol). This difference decreases to
4 kJ/mol in water solution.

Interestingly, hydrogen bonds to the OH™ ligand are weaker. For this nitrite-reductase
model, OH™ forms stronger hydrogen bonds as an acceptor than as a donor: The O—H distance
is 1.70 A compared to 1.80 A, and the hydrogen-bond energy is 40 compared to 15 kJ/mol.
However, the acceptor complex is still much weaker than the free ' HO-HOH complex (1.23
A and 117 kJ/mol), a difference that remains also in water solution.

The acetic-acid group gives a rather strong hydrogen bond to the OH™ complex, with an
O-H distance of 1.57 A and an energy of 69 kJ/mol. However, both the distance and the
energy are more similar to that of a free "Ac-HOH complex (1.57 A and 70 kJ/mol) than to
the HAc—OH™ complex (1.36 A and 171 kJ/mol).

The binding of an acetate group to an imidazole ligand of the water complex gives a
rather short hydrogen bond of 1.62 A. However, the bond energy is very high (667 kJ/mol)
owing to the binding of a negatively charged ligand to a copper complex with a double
positive charge. Consequently, the energy is much reduced by solvation and becomes strongly
unfavourable (by 64 kJ/mol) in water solution. The corresponding free imidazole—Ac™
complex has a slightly shorter H-O bond (1.54 A), but a much smaller bond energy (121
kJ/mol; because the imidazole group is neutral), although it is still favourable in water
solution.
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Hydrogen bonds to the propionate side chain in haem

Finally, we studied how hydrogen bonds to the propionate side chains of the haem group
are affected by metal binding in the centre of the porphyrin ring, using a water molecule as
the probe. We compared a doubly protonated free porphyrin ring to haem groups with a Fe*
or Fe*" ion and coordinated by one axial imidazole ligand (as a models of the resting desoxy
state of globins), both studied in the high-spin state. All side-chains of the porphyrin ring were
included as can be seen in Figure 9.

From the results in Table 9, it can be seen that the hydrogen-bond strength is not much
affected when a Fe*" ion binds in the porphyrin ring. The water probe forms an O-HO
hydrogen bond to each of the two carboxylate oxygen atom. In the free porphyrin, the two O—
H distances are quite different, 1.76 and 2.23 A, whereas in the Fe** complex, they are more
similar, 1.85 and 2.02 A. Nevertheless, the two complexes have almost the same hydrogen-
bond energy, both in vacuum (79-80 kJ/mol) and in water solution (19 kJ/mol).

However, with Fe** in the ring, the two bonds become even more dissimilar than in the
free porphyrin with O-H distances of 1.76 and 2.59 A. Moreover, the hydrogen bonds become
appreciably weaker: The hydrogen-bond strength goes down by over 22 kJ/mol to 57 kJ/mol.
The reason for this is the reduced net charge of the complex: With free porphyrin and Fe**, the
net charge is -2, but with Fe*', it is decreased to —1. This is confirmed by the decreased
solvent effects, which ensure that in water solution, the Fe*" complex actually has a slightly
stronger hydrogen-bond energy by 4 kJ/mol.

All complexes give weaker hydrogen bonds than the free acetate-H,O complex with the
same type of double hydrogen bonds: It has two nearly symmetric hydrogen bonds with O-H
distances of 1.93 and 1.97 A, and a hydrogen-bond energy of 83 kJ/mol. However, the
strength is reversed in water solution. This type of double hydrogen bond is stronger than the
single anti bond found in the carboxypeptidase model and the corresponding free complex.
However, in water solution, the free anti complex has a stronger hydrogen bond, 18 kJ/mol.

Discussion

We have investigated how metal coordination changes the hydrogen-bond properties of
the ligands by studying over 60 complexes of nine different types. So far we have mainly
discussed the hydrogen bonds within each type of complex and compared them to the
corresponding free ligand. The test cases were designed to study how the hydrogen bonds are
affected by at least five different properties, viz. the metal, the oxidation state, the ligand
involved in the hydrogen bond, other first-sphere ligands, and different probe molecules. In
this section, we will discuss the results of these comparisons over the various types of
complexes.

Different metals

We have studied complexes with the six common first-row transition metals in biology,
Mn, Fe, Co, Ni, Cu, and Zn. In three test cases (cytochrome, superoxide dismutase, and
MCys.) we compare different metals. These calculations quite clearly show that the strength
of the hydrogen bonds is little affected by the type of metal, provided that the oxidation state
(and therefore the net charge) is the same. The cytochrome models show differences in the
NH-OH, distances of less than 0.05 A between Fe, Co, and Ni, and differences of less than 3
kJ/mol in hydrogen-bond energies. Likewise, the superoxide-dismutase models show
differences up to 0.03 A for the NH-OH, distances and differences in the hydrogen-bond
energies of up to 4 kJ/mol between Fe and Mn. For the MCyss models, the differences in the
S-HOH distances are also up to 0.03 A, but the difference in the hydrogen-bond energies is
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12 kJ/mol between Fe and Zn. Thus, we can conclude that the nature of the metal has a minor
effect on the hydrogen-bond strength, except for interactions involving Cys, which forms
partly covalent Fe—S bonds, weakening hydrogen bonds to this ligand.

Different oxidation states

In five of the cases (cytochrome, peroxidase, superoxide dismutase, azurin, and
porphyrin), we have studied how the oxidation state of the metal affects the hydrogen bonds.
The results show that the oxidation state has a strong effect on the hydrogen-bond strength.
For example, the hydrogen-bond energy increases by 14—17 kJ/mol when going from the +II
to the +I1II oxidation state in the cytochrome models and the corresponding increase is 22-27
and 14-16 kJ/mol for the five- and six-coordinate superoxide dismutase models, respectively.
However, the higher oxidation state does not always give the stronger hydrogen bond. For
example, the hydrogen-bond strength to the porphyrin propionate group decreases when going
from Fe** to Fe’* by 24 kJ/mol, although the nearly identical hydrogen-bond energies with
2H" or Fe* shows that the metal has little influence on this hydrogen bond (owing to the large
distance). Instead, this decrease in hydrogen-bond energy simply reflects the decrease in the
net charge of model from -2 to —1.

For the peroxidase Fe—OH models, the trends are even more complicated with hydrogen-
bond energies of 84, 44, 26, and 35 kJ/mol for the formal Fe", Fe", Fe', and Fe" oxidation
states and net charges of —1, 0, 1, and 2, respectively. In this case, the hydrogen-bond strength
seems to be determined by a combination of the net charge and the electronic structure of the
complexes. The first two complexes have the ion in the formal oxidation states with an OH"
ligand, and therefore, the hydrogen-bond strength reflects the decrease in the net charge of the
complex. However, for the latter two complexes, the OH ligand acquires significant radical
character and therefore also a lower charge, resulting in weaker hydrogen bonds. The
difference between the Fe' and Fe" complexes again reflects the net charge.

Finally, the azurin complexes show some interestingly trends when going from Cu" to
Cu®": The two His ligands, show an expected 15-kJ/mol increase in the hydrogen-bond
strength, owing to the increase in the net charge from 0 to +1. However, for the Met ligand,
the Cu” complex actually gives a 1 kJ/mol stronger hydrogen bond, and for the Cys ligand, the
hydrogen bond is 21 kJ/mol stronger for the reduced state, because the electron is removed
both from Cys and from Cu. Therefore, we can conclude that the main effect on the oxidation
state comes from the change in the net charge of the complex, the higher charge giving the
stronger hydrogen bond. However, if the change in oxidation state affects also the ligand, this
may alter the general trend. Again, sulphur-containing ligands give diverging trends.

Different ligands

For four of the test cases (the peroxidase, carboxypeptidase, azurin, and nitrite-reductase
models), we have compared the hydrogen-bond strength of different ligands for the same type
of complex. As discussed above for each test case, metal coordination almost always
significantly affect the hydrogen-bond strength compared to the free ligand. Again, the net
charge of the complex gives the largest effect. In general, the hydrogen-bond strength of
neutral ligands is increased and that of the negatively charged ligands is decreased.

For the peroxidase models, we compared the hydrogen-bond strength of H,O, OH™ and
O*. When coordinated to Fe', these ligands gave the opposite trend compared to the free
ligands, with hydrogen-bond energies of 76, 44, and 34 kJ/mol, respectively. This is caused by
the decreasing net charge of the three complexes, +2, +1, and 0. For the Fe"™"-OH™ model, we
also compared states with OH™ as the donor and acceptor of the hydrogen bond. Again, the
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result was opposite to that of the free ligand: The complex with an “"OH—OH, hydrogen bond
(which does not exist in gas phase) was 18 kJ/mol stronger than the 'HO-HOH state. We also
compared the hydrogen-bond strength of the water and the imidazole ligands for the Fe'V—H,O
complex and showed that the former was 16 kJ/mol stronger, in variance to free complexes,
for which the imidazole—OH, hydrogen bond is 5 kJ/mol stronger than the HOH-OH,
hydrogen bond. Similar results were obtained for the nitrite-reductase models, for which we
also compared H,O and OH™ and again found the former to give the stronger hydrogen bond
(76 compared to 40 kJ/mol), owing to the larger net charge of the water complex (+2
compared to +1). We also compared OH™ as a hydrogen-bond acceptor and donor, but this
time it was 25 kJ/mol more favourable as an acceptor (HO-HOH).

For carboxypeptidase, we compared hydrogen bonds to Asp, His, and water ligands for
the same complex (with a net charge of +1). It turned out that all three ligands gave quite
similar energies, Asp being strongest (50 kJ/mol), and water weakest (46 kJ/mol). This again
illustrates that the hydrogen bonds of charged ligands are strongly reduced, whereas those of
neutral ligands are enhanced. In this case, water gives a weaker hydrogen bond than His, in
contrast to what was found for the peroxidase models, showing that the relative strength
depends on type of complexes.

Finally, we compared the five ligands of the azurin models, Cys, His (two different), Met,
and a backbone carbonyl group. For the reduced state, we obtained the following trend for the
hydrogen-bond strength: Cys > Met > His (no pure hydrogen bond to the back bond was
obtained), whereas for the oxidised state, the trend was His > backbone > Met > Cys (the
weak bond to Cys was discussed above). The most important conclusion from these trends is
that the weak hydrogen bond to Met is more affected by the metal coordination than the
stronger hydrogen bond to His, most likely reflecting the larger polarisability of the S atom.

Effect of the other ligands

For two model systems, we examined how variations in the other first- or second-sphere
ligands affect the strength of hydrogen bonds to first-sphere metal ligands. For the protonated
compound IT models (Fe"V-OH"), we studied how the other axial ligand affected the HO—
HOH hydrogen-bond strength. Again, we showed that the results depend primarily on the net
charge of the complex (the hydrogen-bond strength was 30-38 kJ/mol for the neutral
complexes and 2630 kJ/mol for the complexes with a +1 net charge), but this time the
complexes with the higher charge gave the lower hydrogen-bond strength. Moreover, models
with His gave 4-8 kJ/mol lower hydrogen-bond energies than the other complexes with the
same net charge.

For the superoxide-dismutase models, we compared five-coordinate models with either a
bidentate Asp ligand or a monodentate Asp ligand and a water ligand. The result showed that
the hydrogen-bond strengths changed by less than 4 kJ/mol for these models with the same
net charge. However, if a superoxide ligand was added to the complex with both Asp and
water, all hydrogen-bond strengths decreased by 16 kJ/mol for the M*" models and by 24
kJ/mol for the M*" models. Again, this reflects a decrease in the net charge of the complex by
one unit.

We can also compare the hydrogen-bond strength of the same ligand in different types of
complexes. For example, the imidazole—OH, interaction has been studied in five different
types of complexes. In the cytochrome models, the hydrogen-bond strength was 24-27 kJ/mol
for the neutral (M?") models and 39-41 kJ/mol for the +1 charged (M*") models. For the
FeV(H,0) peroxidase model, with a +2 net charge, it was even larger, 60 kJ/mol. In the
superoxide dismutase models, it was 26—28 kJ/mol for the neutral models, 42—44 kJ/mol for
the +1 models, and 65—70 kJ/mol for the +2 models. For the carboxypeptidase model (with a
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+1 charge) it was 47 kJ/mol, and for the azurin it was 2627 kJ/mol for the neutral reduced
models and 40—41 kJ/mol for the oxidised (+1) models. Thus, we can conclude that the
hydrogen-bond strength closely follows the net charge of the complex with variations of less
than 10 kJ/mol between the different models that contain both different ligands and different
metals.

The HOH-OH,; interaction has been studied in three different complexes. In the
Fe'(H,0) peroxidase model with its +2 net charge, the hydrogen-bond strength was 76
kJ/mol. In the carboxypeptidase model (with a +1 net charge) it was 47 kJ/mol, whereas in the
nitrite-reductase model (with a +2 net charge) is was again 76 kJ/mol.

The "OH-HOH hydrogen bond has been studied in three types of complexes. In the
protonated compound II models, it had a hydrogen-bond strength of 2630 kJ/mol for the
complexes with a +1 net charge and 30-38 kJ/mol for the neutral complexes. For the
peroxidase models, it is 84, 44, 26, and 35 kJ/mol for complexes with a net charge of -1, 0, 1,
and 2, respectively, and for the nitrite-reductase models, it is 40 kJ/mol for a +1 model. In this
case, it is clear that there is little correlation between the net charge of the complex and the
hydrogen-bond strength, owing to the fact that the OH™ ligand often is partly oxidised in the
complexes, which reduces its net charge and therefore its hydrogen-bond strength.

Finally, the CH;S—HOH interaction has been studied in two types of complexes. In the
[Fe(SCH;)4]* model with a single hydrogen bond, the energy was 68 kJ/mol, whereas it was
46 and 25 kJ/mol in the azurin models with a net charge of 0 and +1. However, also for these
models, the Cys ligand is partly oxidised.

Different probe molecules

Finally, we have used three different molecules to probe the hydrogen-bond strengths. In
all test cases, we used water as the probe molecule, but for several peroxidase models, we
tested also an imidazole group (as a model of the distal His residue) and in some nitrite-
reductase models, we used also an acetate group as the probe (as a model of second-sphere
Asp/Glu residues). Owing to the net charge of the latter group and also proton transfers, the
latter results were varying.

However, the peroxidase models gave many interesting results. Like water, imidazole can
both be a hydrogen-bond acceptor and donor. The results in Table 3 shows that imidazole
always give appreciably stronger (65—19 kJ/mol) hydrogen bonds than water: With imidazole
the strength of the hydrogen bonds to HO, OH™ (as donor), HO™ (as acceptor), and O* are
141, 85, 58, and 53 kJ/mol, respectively, compared to 76, 44, 26, and 34 kJ/mol for water.
However, the order of the four complexes is the same with the two probe molecules, showing
that the qualitative results are independent of the probe. The results are also in accordance
with the isolated systems, for which imidazole also forms stronger hydrogen bonds to all three
molecules.

Conclusions

In this paper we have studied how metal-coordination changes the hydrogen-bond
strength of a ligand, based on state-of-the-art dispersion-corrected DFT calculations. We have
studied over 60 complexes involving Mn, Fe, Co, Ni, Cu, Zn in various oxidation states and
models of typical ligands found in biochemical systems, His, Asp, Glu, Cys, Met, as well as
water molecules in three protonation states. To measure the hydrogen-bond strength, we have
employed three types of probe molecules, water, imidazole (as a model of His), and acetate
(as a model of Asp/Glu). The study has yielded much useful information.

In general, the hydrogen-bond strength is increased when neutral ligands coordinate to a
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metal ion. The size of the increase depend on the net charge of the metal complex, as is shown
in Figure 10a. For neutral complexes, the increase is modest, 0—17 kJ/mol in vacuum, which
is reduced to up to 7 kJ/mol in water solution. For complexes with a +1 charge, the increase is
4-27 klJ/mol, which is reduced to less than 12 kJ/mol in water. For complexes with a double
positive charge, the increase is much higher, 37-109 kJ/mol, but it is reduced to 1-37 kJ/mol
in water. In only two cases, viz. for the hydrogen bonds to Met in the reduced and oxidised
models of azurin, is the hydrogen-bond strength decreased and only in water solution (in both
cases by 5 kJ/mol).

For negatively charged ligands, the hydrogen-bond strength is always decreased in
vacuum by 2—-143 kJ/mol. However, this is strongly modified by solvation effects and in water
solution, the hydrogen-bond strength can increase by up to 19 kJ/mol (and even 144 kJ/mol
for Fe'V—O* complex) or decrease by up to 35 kJ/mol. From Figure 10b, it can be seen that
again, the effect is mainly dictated by the net charge of the complex: For complexes with a net
positive charge, the hydrogen-bond strength is decreased, whereas for negatively charged
complexes, the hydrogen-bond strength is always increased, at least in water solution.

The importance of the net charge of the complex has been seen throughout this
investigation. If the net charge does not change, there is little difference between different
metals or other ligands. The only exception is when the ligand is involved in the redox
chemistry, i.e. when there is significant spin density on the ligand. This happens primarily for
Cys and OH".

Finally, metal-bonding often change trends observed for free ligands. For example, it
strongly improves the hydrogen-bond donating ability of OH™ and inverts the relative
hydrogen-bond strength of water and imidazole. Moreover, different types of complexes can
show different trends: For example, in the peroxidase models, hydrogen bonds with OH™ as
the donor were stronger than with it as the acceptor, whereas in the nitrite-reductase models,
the opposite is observed. Thus, we have seen that metal-coordination has an important impact
on hydrogen bonds of the ligand and such effects need to be considered in the understanding
of metal sites in proteins or in the design of biomimetic inorganic models.
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Table 1. Results for the protonated compound 1T models (Fe'VPor(OH)Ax) with different axial
ligands (Ax). The table shows the net charge (Ch) and number of unpaired spins (Spin) on the
various complexes, as well as the average Fe—N distances to the four N atoms in the porphine
ring (Nav), the Fe—O distance to OH", the Fe distance to the axial ligand, the O—H distance of
the HO-HOH hydrogen bond (i.e. the distance between the O atom of the OH- ligand and one
of the H atoms of the water probe; all distances are in A), the Mulliken spin densities on the
Fe ion, the porphyrin ring (Por), the OH group, and the axial ligand (the spin on the second-
sphere ligand and the water probe was always <0.01 e). Finally, the energy of the HO-HOH
hydrogen bond is given in kJ/mol for three values of the dielectric constant (1, 4, and 80) in
the COSMO continuum-solvation calculations.

Axial Probe Ch Spin Distance to Fe Spin on Energy

ligand Now O Ax O-H Fe Por OH Ax 1 4 80

Cys HO 0 2 202 1.86 226 1.81 1.81 -0.21 0.13 0.24 38.1 28.1 21.6
no 0 2 202 1.84 227 1.82 -0.23 0.17 0.21

His HO 1 2 201 1.81 2.01 1.85 1.87 -0.02 0.12 -0.01 25.7 140 3.2
no 1 2 201 1.79 2.05 1.92 -0.09 0.17 -0.02

HistAsp HLO 0 2 2.01 1.84 1.95 1.80 1.88 -0.18 0.13 0.14 30.4 204 143
no 0 2 199 1.82 2.02 1.91 -0.24 0.17 0.10

Tyr HO 0 2 201 1.83 1.85 1.79 1.62 -0.20 0.08 0.51 35.2 24.1 169
no 0 2 201 1.82 1.86 1.66 -0.21 0.11 0.45

Tyr+Arg HLO 1 2 2.01 1.82 1.94 1.83 2.08 -0.27 0.11 0.03 29.6 19.8 13.8
no 1 2 201 1.80 1.95 2.05 -0.27 0.15 0.03

HO+HOH -1 0 1.23 117.4 59.6 30.8
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Table 2. Results for the cytochrome models (MPorlm,) with different metals. The entries are
the same as in Table 1 and the spin on the water probe was always <0.01 e.

Metal Probe Ch Spin Distance to Fe Spin on Energy
Nov Nimi Nz O-H  Fe Por Im; Ims 1 4 80

Fe’* H,O 0 0 2.01 1.99 1.99 1.90 26.8 154 8.6
no 0 0 2.01 1.99 1.99

Co* H,O 0 1 2.00 2.28 2.25 1.95 1.20 -0.26 0.03 0.05 23.7 13.6 7.6
no 0 1 2.00 2.26 2.27 1.23 -0.29 0.04 0.04

Ni**  H,O 0 2 2.06 2.15 2.16 1.94 2.61 -0.43 -0.07 -0.09 24.9 14.3 8.0
no 0 2 2.06 2.15 2.16 2.62 -0.43 -0.08 -0.08

Fe’* H,O 1 1 2.01 1.99 2.00 1.85 0.95 0.06 0.00 0.00 41.4 19.7 7.7
no 1 1 2.01 1.99 1.99 0.75 0.12 0.03 0.03

Co”" H,0O 1 0 2.01 1.96 1.95 1.84 41.0 204 9.1
no 1 0 2.01 1.95 1.95

Ni**  H,O 1 1 2.01 2.14 2.17 1.86 1.59 -0.59 0.03 0.00 38.7 19.0 8.3
no 1 1 2.01 2.16 2.16 1.66 -0.63 0.00 0.00

Im+OH, 0 0 1.97 234 138 7.8
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Table 3. Results for the peroxidase models (FePorImAx) with Fe in different oxidation states
(Ox), with either H,O, OH, or O* as the second axial ligand (Ax), and either water,

imidazole (either acceptor, HID, or donor, HIE), or imidazolium (HIP) as the hydrogen-

bonding probe. The entries are the same as in Table 1.

Ox Ax Probe Ch Spin Distance to Fe Spin on Energy
Noe Nm O O-H Fe Por Im Ax Probe 1 4 80

I OH HOH -1 0 2.01 1.94 2.02 1.63 84.3 634 49.7
no -1 0 2.01 1.91 2.04

I OH HOH 0 1 202 1.84 2.04 1.76 1.12 -0.14 -0.02 -0.01 0.00 43.8 32.6 2438
no 0 1 2.02 1.82 2.06 097 -0.14 -0.01 0.12 0.00

IV OH HOH 1 2 201 1.81 2.01 1.85 1.87 -0.02 -0.01 0.12 0.00 25.7 14.0 32
no 1 2 201 1.79 2.05 1.92 -0.09 -0.02 0.17 0.00

V OH HOH 2 1 200 1.81 2.03 194 1.00 -0.07 -0.02 0.12 -0.01 34.8 13.1 2.0
no 2 1 2.00 1.79 2.04 1.95 -1.14 -0.02 0.19 0.00

IV H,O OH,® 2 2 198 2.05 193 1.73 1.01 099 -0.02 0.00 0.00 602 26.5 8.8
no 2 2 198 2.04 194 1.00 0.99 -0.01 0.00 0.00

IV H,O OH, 2 2 198 2.00 198 1.60 098 1.00 -0.01 0.00 0.00 76.5 448 27.9
no 2 2 197 2.05 1.98 0.99 1.03 -0.02 0.00 0.00

IV OH OH; 1 2 202 176 2.02 1.71 191 -0.16 -0.02 0.25 0.00 43.7 264 17.8
no 1 2 2.01 1.79 2.02 1.92 -0.10 -0.01 0.17 0.00

IV.O HOH 0 2 206 1.66 2.02 1.82 143 -0.21 -0.02 0.78 0.00 34.0 239 164
no 0 2 2.06 1.65 2.02 1.37 -0.22 -0.03 0.87 0.00

IV . H,O HID 2 2 198 196 196 159 097 1.00 0.00 0.02 0.00 141.5 86.7 57.2
no 2 2 198 2.05 1.94 096 1.03 -0.01 0.00 0.00

IV OH HID 1 2 204 1.71 2.01 139 1.79 -0.22 0.01 041 -0.02 854 592 443
no 1 2 201 1.79 2.02 1.92 -0.10 -0.01 0.17 0.00

IV OH HIE 1 2 201 1.83 2.00 1.75 098 0.61 034 0.10 0.00 57.7 384 285
no 1 2 2.01 1.79 2.05 1.92 -0.08 -0.02 0.17 0.00

IV OH HIP 2 2 201 1.87 195 152 1.00 090 0.00 0.07 000 -546 7.5 345
no 1 2 2.00 1.79 2.05 1.92 -0.10 -0.02 0.17 0.00

IV O HIE 0 2 206 1.66 2.02 180 148 -0.24 -0.02 0.76 0.00 525 369 244
no 0 2 2.06 1.65 2.02 1.37 -0.22 -0.03 0.87 0.00

IV O HIP 1 2 205 1.69 2.02 126 1.70 -0.21 0.01 0.51 -0.02 186.6 823 27.7
no 0 2 2.06 1.65 2.02 1.37 -0.22 -0.03 0.87 0.00

HOH+OH, 0 0 1.91 18.9 121 8.4

HO+HOH -1 0 1.23 1174 59.6 30.8

O*+HOH -2 0 1.51 176.8 58.1 3.8

Im+OH, 0 0 1.97 234 138 7.8

Im+HOH 0 0 1.87 322 247 19.8

Im+OH~ -1 0 1.48 170.7 833  40.0

Im+0O* 2 0 1.34 188.6 -23.6 -119.5

ImH*+OH~ 0 0 1.26 584.4 2295 65.1

ImH™~+0* -1 0 1.07 1103.1 311.0 -51.0

* The probe binds to the imidazole ligand, rather than to water.
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Table 4. Results for the superoxide-dismutase models with Fe and Mn in the +2 and +3
oxidation states and four (MIm;Ac), five (also H,0), or six (also O,") ligands. The entries are
the same as in Table 1. The spin on the water ligand and the water probe were always <0.01 e.

Metal  Probe Ch Spin Distance to Fe Spin on Energy
Nav Oaci Oac N-H M Imy, Ac O, 1 4 80
Four-coordinate models 3.89 0.00 0.10 41.8 204 9.1
Fe* HO 1 4 2.08 2.04 2.30 1.84 3.88 0.00 0.11
no 1 4 2.09 2.04 2.29 497 -0.02 0.07 425 211 9.7
Mn** H,O 1 5216 2.13 2.28 1.83 4.83 0.02 0.09
no 1 5216 2.13 2.27 435 0.10 0.33 652 282 93
Fe'* HO 2 5 2.04 2.06 2.10 1.70 434 0.09 0.34
no 2 5 2.04 2.06 2.09 4.10 -0.04 0.01 69.7 319 12.6
Mn** H,O 2 4 2.02 1.94 2.10 1.67 4.09 -0.04 0.00
no 2 4 2.02 193 2.10
Five-coordinate models Nav  Oac Owat
Fe* HO 1 4 212 198 2.22 1.82 3.89 0.01 0.08 422 199 8.0
no 1 4 2.13 198 221 3.88 0.01 0.08
Mn* H,O 1 5220 2.05 2.23 1.82 497 -0.01 0.02 442 21.6 94
no 1 5220 2.05 2.22 497 -0.01 0.02
Fe** H,O 2 5 2.08 1.90 2.11 1.69 436 0.09 0.32 66.0 28.6 94
no 2 5 2.08 1.90 2.09 436 0.09 0.33
Mn** H,O 2 4 2.04 2.07 1.86 1.69 4.11 -0.05 0.02 66.1 28.8 9.6
no 2 4 2.05 2.08 1.85 4.11 -0.05 0.02
Six-coordinate models Naov Oac Owa Ooz
Fe* H,O 0 5221 2,19 221 1.86 1.94 3.84 0.02 0.05 1.00 259 145 7.0
no 0 5222 2.19 220 1.86 3.83 0.03 0.05 1.00
Mn* H,O 0 6 227 222 231 2.17 191 494 -0.01 0.01 1.05 28.1 173 10.6
no 0 6 227 2.30 2.30 2.17 493 0.00 0.01 1.04
Fe* H,O 1 6 2.16 2.05 2.12 2.17 1.84 410 0.03 0.10 1.65 423 21.5 10.0
no 1 6 2.16 2.04 2.11 2.16 4.09 0.04 0.10 1.65
Mn?** H,O 1 3 2,19 198 223 191 1.84 437 -0.02 -0.01 -1.36 419 20.5 8.8
no 1 3 2,19 198 2.23 191 4.37 -0.02 -0.01 -1.36
Im+OH, 0 0 1.97 1.97 192 9.6 3.5
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Table 5. Results for the MCys, models with either Fe** or Zn*" and water binding either to one
or two of the ligands. The entries are the same as in Table 1. The spin on the water probe was
always <0.01 e.

Metal Probe Ch Spin Distances (A) Spin on Energy
Fe-S. Si-Hi S>-H, Fe Cysa 1 4 80

Fe®* H.O -2 4 236 2.19 3.53 0.11 67.5 29.5 9.5
H,O -2 4 236 235 244 355 0.10 71.9 37.8 19.3
no -2 4 236 3.52 0.12

Zn* H.O0 -2 0 242 232 241 84.0 44.7 23.8
no -2 0 242

CH;S+HOH -1 0 2.15 66.1 33.2 154
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Table 6. Results for the carboxypeptidase models ([Znlm,Ac(H.O)]") with the water probe
molecule binding to different ligands. The entries are the same as in Table 1. The spin on the
water probe was always <0.01 e.

Acceptor Probe Distance to Fe Energy
Ch Spin N. Nim N O-H 1 4 80
no 1 0 2.01 1.96 2.02

water H,O 1 0 2.02 1.96 2.01 1.74 45.8 29.4 20.6

imidazole H,O 1 0 2.01 1.96 2.02 1.80 46.9 23.4 10.8

acetate  H,O 1 0 2.00 1.98 2.03 1.81 50.4 25.7 12.6

HOH+OH, 0 0 1.91 18.9 12.1 84

Im+OH, 0 0 1.97 234 13.8 7.8
0

Ac+HOH anti -1 1.57 70.2 34.8 17.7
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Table 7. Results for the azurin models (Cu(SCHj3)(imidazole)(imidazole—~CH,CH,NHCOCHj3)
(CH;SCH3)) in the Cu™ and Cu*" states with the water probe binding to different ligands (BB =
backbone). The entries are the same as in Table 1. The distances to the Met ligand and the
backbone carbonyl group were fixed to distances found in crystal structures of reduced (3.21
and 3.25 A) and oxidised azurin (3.16 and 3.12 A) [72,73]. The spin on the water probe and
the Met ligand was always <0.01 e.

Acceptor Probe Ch Spin Distance (A) Spin on Energy
Cu—N, Cu-S¢ys O-H Cu Cys His; His-BB 1 4 80
Cu” models
no 0 0 2.03 2.20
Hisl HO 0 0 2.03 220 1.94 258 157 9.6
His2 HO 0 0 2.03 220 1.93 26.6 157 9.0
Cys HO 0 0 2.02 221 2.14 45.6 325 25.1
Met HO 0 0 2.05 2.19 2.23 349 155 4.6
BB+Cys H.O 0 0 2.04 2.19 2.02 54.1 46.6 42.1
Cu? models
no 1 1 2.00 2.16 0.32 0.58 0.05 0.05
Hisl HO 1 1 2.00 2.16 1.85 0.33 0.57 0.05 0.05 399 200 9.2
His2 HO 1 1 2.00 2.16 1.85 0.33 0.57 0.05 0.05 412 20.6 9.1
Cys HO 1 1 2.00 2.18 2.44 0.39 0.48 0.09 002 246 79 -1.3
Met HO 1 1 2.00 2.16 2.37 0.33 0.56 0.05 0.05 33.6 148 43
BB HO 1 1 2.01 2.16 1.74 0.32 0.57 0.05 0.02 38.8 24.0 159
Im+OH, 0 0 1.97 234 138 7.8
CH;S +HOH -1 0 2.15 66.1 332 154
(CH;).S+HOH 0 0 243 17.6 124 95
CH;CONHCH;+ 0 0 1.80 344 232 163

HOH
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Table 8. Results for the nitrite-reductase models (Cu* Im;X) with X = H,O or OH", and
different probe molecules (H,O, Ac, or HAc) binding to the X ligand. The entries are the same
as in Table 1. The spin on the probe molecule was always <0.01 e.

X Probe Ch Spin Distance (A) Spin on Energy
Cu—Ngy Cu-O O-H Cu Im,, X 1 4 80
H.O no 2 1 1.97 2.18 0.66 0.10 0.02
OH no 1 1 203 1.89 0.58 0.06 0.23
H.O OH, 2 1 1.98 2.07 1.60 0.65 0.10 0.04 759 29.8 119
OH OH, 1 1 203 1.89 1.80 0.56 0.05 0.29 153 -13.8 -21.8
OH HOH 1 1 202 191 1.70 0.59 0.07 0.18 398 140 7.6
OH HAc 1 1 202 191 1.57 0.62 0.06 0.19 68.8 359 295
H.O Ac 1 1 1.99 236 1.62 0.60 0.05 0.23 666.6 157.1 -64.5
HOH+OH, 0 0 1.91 18.9 12.1 84
HO+HOH -1 0 1.23 117.4 59.6 30.8
HAc+OH™ -1 0 1.36 170.7 98.5 64.9
Ac+HOH -1 0 1.57 70.2 348 17.7
Im+Ac™ -1 0 1.54 120.7 56.2 228
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Table 9. Results for the porphyrin ring with all side chains and different metal ions in the
centre (or two protons). The entries are the same as in Table 1. The spin on the water probe
was always <0.01 e.

Metal Probe Distance (A) Spin on Energy
Ch Spin Fe-N,, Fe-Ni, O—H; O—H, Fe Por Im 1 4 80

H, HOH -2 0 1.76  2.23 78.8 41.8 19.4
no -2 0

Fe** HOH -2 4 208 216 1.85 2.02 3.92 0.07 0.00 80.3 41.8 19.1
no -2 4 208 216 3.92 0.05 0.00

Fe’* HOH -1 5 208 214 176 2.59 4.10 0.83 0.04 56.7 40.7 23.3
no -1 5 208 214 4.06 0.88 0.03

Ac+HOH -1 0 1.93 197 82.6 38.3 14.5
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Figure 1. The five protonated compound II models with different axial ligands, His (a),
His+Asp (b), Cys (¢), Tyr (d), and Tyr+Arg (e).
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Figure 2. The cytochrome model, using the Fe** complex as an example.

-
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Figure 3. Eleven different types of peroxidase models studied: Fe"V—H,O with water hydrogen
bonded to either imidazole (a) or the water ligand (b), Fe""~OH both as the donor (c¢) and
acceptor (d), Fe"-O0* (e), Fe""-H,O+HID (f), Fe""-OH +HID (g), Fe""-OH +HIE (h), Fe"'—
OH +HIP (i), Fe"-O*+HIE(j), and Fe""-O*+HIP (k).
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Figure 4. The three types of models of superoxide dismutase with (a) four, (b) five, and (c)
six ligands, as exemplified by the Fe*" complexes.
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Figure 5. Iron—sulphur complexes with the water molecule forming one (a) or two (b)
hydrogen bonds to the sulphur ligands.
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Figure 6. The three carboxypeptidase models with water hydrogen bonding to the water (a),
His (b), and Asp ligands (c).
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Figure 7. The five azurin models (here illustrated for the Cu?* state) with a water molecule
hydrogen-bonding to the two His ligands (a and b), the Cys ligand (c), the Met ligand (d), and
the backbone carbonyl group (e).
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Figure 8. The five nitrite-reductase models with a water probe forming a hydrogen bond to
the water (a) or OH- ligand as an acceptor (b) or donor (c), or with an acetate probe forming a
hydrogen bond to the OH- ligand (d) or one of the imidazole ligands (e).

d e
Figure 9. Hydrogen bonds to the propionate side chains of free porphyrin (a) and a desoxy
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Figure 10. Difference in hydrogen-bond energy between metal-bound and free ligands for
systems involving a neutral (a) or negatively charged (b) ligand and a neutral probe molecule,
calculated at three values of the dielectric constant and as a function of the net charge of the

metal complex. A positive difference means that the metal complex has the stronger hydrogen
bond.
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