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Abstract

Neuroglobin (Ngb) is a recently identified hexa-coordinated globin, expressed in the nervous
system of humans. Its physiological role is still debated: one hypothesis is that Ngb serves as an
electron transfer (ET) species, possibly by reducing cytochrome ¢ and preventing it to initiate the
apoptotic cascade. Here, we use the Perturbed Matrix Method (PMM), a mixed quantum
mechanics/molecular dynamics approach, to investigate the redox thermodynamics of two
neuroglobins, namely the human Ngb and GLB-6 from invertebrate Caenorhabditis elegans. In
particular, we calculate the reduction potential of the two globins, resulting in an excellent
agreement with the experimental values, and we predict the reorganization energies, A, which have

not been determined experimentally yet. The calculated A values match well those reported for



known ET proteins and thereby support a potential involvement in vivo of the two globins in ET

Processces.

Introduction

The investigation of the thermodynamics and kinetics of electron transfer (ET) processes in biology
is crucial to both a thorough understanding of the role played by a protein in vivo [1, 2], but also to
facilitate the design of constantly increasing bio-inspired applications in fields like artificial
photosynthesis, biofuel cells or bioelectronics [3—5] .

Electrochemistry and spectroscopy are among the experimental methods of choice for monitoring
changes in ET efficiency of a protein under different environmental conditions. Nevertheless, these
methods, despite being highly informative on the functional properties of the investigated species,
cannot provide a direct link between activity and structure with atomistic detail. Yet, it is becoming
now widely accepted that the functionality of a biomolecule is ultimately defined not strictly by its
structure but rather by how the latter changes along time, i.e. by its dynamics [6, 7]. Therefore, the
possibility to combine functional investigations with time-dependent information at the
atomic/molecular level represents an ideal strategy to disentangle the complex dynamics/function
relationship in biological systems.

Experimental techniques to sample protein dynamics still suffer of insufficient spatial or temporal
resolution [8]; a solid alternative is represented by computational methods, that can provide an
extensive conformational sampling coupled to atomistic spatial resolution.

Among computational methods to investigate ET reactions [1, 9-11] a recently developed hybrid
method based on molecular dynamics (MD) simulations and the Perturbed Matrix Method (PMM),
the MD-PMM approach, has been successfully employed to elucidate the redox properties of
different ET species proteins: c-type cytochromes (both in solution and immobilised on a surface),

blue copper proteins and multiheme cytochromes ¢ [12-16].



In this paper, the focus is on a different family of proteins, called globins. Globins are relatively
small heme proteins, characterised by a common fold formed by 5 to 8 a-helices and containing a
single heme b [17, 18]. The two most representative members of the globins family, Myoglobin
(Mb) and Hemoglobin (Hb), feature a pentacoordinate heme iron, and the sixth, vacant position can
reversibly bind an exogenous ligand: Mb and Hb use it for the transport and storage of O,. About
fifteen years ago, new globin proteins, different from the known Hb and Mb were discovered and
found to be present in very diverse organisms [19, 20], from vertebrate to plants and bacteria.
Among these new proteins, of particular interest is a class of globins containing a six-coordinate
heme group [19, 21]. Neuroglobin (Ngb), which is mostly localized in the nervous tissues [19, 22],
is one of the most interesting members of this class. Ngb has been gaining increasing attention in
the last ten years, but its physiological role is far from being unambiguously understood. Various
functions for this protein have been proposed so far [23-25]: some studies assign to Ngb a
myoglobin-like role, suggesting that it could act to supply O to the nervous cells, where Mb is not
present, protecting them in case of hypoxia and ischemia [18, 26]. Other potential physiological
roles suggested for Ngb include the tuning of NO regulation in tissues [25], by detoxification of
damaging surplus of NO to NOs™ or, conversely, by the production of NO from NO, for signalling
functions [27-29]. Moreover, Ngb may be involved in scavenging dangerous reactive oxygen or
nitrogen species (ROS and RNS, respectively) [30], or can participate to redox processes,
interacting with cytochrome ¢ (cyt ¢) to limit apoptosis in cytosol [31-33]. The latter proposed
function is one of the most intriguing, and it is supported by the experimental evidence that ferrous
Ngb can reduce ferric cyt ¢, which is involved in the apoptotic process, while the ferrous cyt ¢ is
apparently inactive in the initiation of apoptosis [34].

In this paper, we apply the MD-PMM approach to investigate the redox properties of two members
of the neuroglobin family, namely human Ngb and a neural globin (GLB-6) from the nematode
Caenorhabditis elegans. The latter was chosen because it poses interesting questions to the study of

the structure/function relationship in globins, thanks to its peculiar properties in terms of affinity
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towards exogenous ligands and redox reactivity [35]. In fact, unlike other hexa-coordinated globins,
GLB-6 does not bind NO, CN™ nor CO, and is rapidly oxidized by O,. Our goal is to gain new
insights into the possible physiological role(s) played by Ngb in vivo, by using a PMM-based
approach to the investigation of biomolecules featuring a Bis-His iron ligation, which is rather

common in ET metalloproteins [36].

Theory and Methods

Quantum chemical calculations

A QC to be explicitly treated at the electronic level is necessary for the MD-PMM procedure to be
applied (see above). In the present case, the atoms of the prosthetic group and of the side chains of
the axial ligands, i.e., the side chains of the two histidines, were selected as QC. Quantum chemical
calculations were previously performed on the isolated QC for both redox states (i.e., with Fe™ and
Fe™) [14] and are here briefly summarized. To obtain the unperturbed ground-state geometry,
energy, and related properties of the QC for both of its redox states quantum chemical calculations
were performed on the isolated QC at the time dependent density functional theory (TD-DFT) level
with Becke’s three-parameter exchange and Lee, Yang, and Parr correlation functionals (B3LYP).
The atomic basis sets were as follows: (i) for the iron atom, we used the LANL2DZ effective core
potential for the inner electrons and a double Gaussian basis set of (5S,5P,5D)/[3S,3P,2D] quality
for the valence electrons [37]; (ii) for the hydrogen, carbon, nitrogen, and oxygen atoms, we used a
standard 6-31+G(d) [38]Gaussian basis set. The first 12 unperturbed excited electronic (vertical)
states were obtained on the ground state geometry using TD-DFT calculations for both redox states.
Although in general this level of theory might not provide a fully correct description of electronic
excited states, in the case of the heme group, it has already proved to represent a good compromise
between computational costs and chemical accuracy [12]. All quantum chemical calculations were

carried out using the Gaussian 03 package (see also Electronic Supplementary Material).



The Perturbed Matrix Method

In MD-PMM calculations, similarly to quantum mechanics/molecular mechanics (QM/MM)
procedures [9, 39], a portion of the system to be treated at electronic level is pre-defined (the
quantum centre, QC), with the rest of the system described at a classical atomistic level exerting an
electrostatic effect on the QC. With a relatively low computational cost, the MD-PMM can be
applied to a very large set of molecular configurations, hence providing the dynamical coupling of
electronic properties with classical degrees of freedom. Indeed, the phase space sampling is
provided by classical molecular dynamics and thus a statistically relevant sampling of the
QC/environment configurations can be achieved, which is necessary for a proper description of
functional properties in dynamical, complex systems.

At variance with other QM/MM approaches, here the effect of the environment is not obtained by
selecting a limited number of snapshots from the MD sampling, but rather by calculating, for each
configuration generated by the explicit solvent MD simulation, the electrostatic effect of the
instantaneous atomistic configurations of the environment as perturbing term to the electronic
properties of the isolated QC. Therefore, one first evaluates an orthonormal set of unperturbed (i.e.,
isolated in vacuo) electronic Hamiltonian eigenfunctions on the QC of interest, and then calculates
the perturbed Hamiltonian matrix, whose diagonalization leads to perturbed electronic energies. If
the considered QC is rigid (or quasi-rigid), as in the present case, the quantum calculations are
performed only once on the optimized geometry of the QC in vacuum. If the QC is not rigid, a
number of quantum calculations are performed on the relevant conformations of the QC.

More details on this method can be found in Electronic Supplementary Materials and in previous
works [12, 13, 15, 16, 40, 41].

For the more specific task of calculating E° in redox-active proteins, the perturbed electronic
ground-state energies are calculated for the QC reduced and oxidised chemical states, providing the
perturbed electronic ground-state energy shift. Also, the perturbing environment configurations are

obtained by classical MD simulations performed in both the reduced and oxidised ensemble, i.e.



with the QC in the reduced and oxidised chemical state, respectively. The (Helmholtz) free energy
change AA” upon reduction (related to the redox potential E” via E’= -AA’F, with F the Faraday

constant) can be calculated using the following equation [42]:

_Bau
BAAY) = —InLEgrle (1)
(€’ 2 )red

In the above equation, AU is the electron transfer transition energy AU = Uyeq — Uox, Where Ureq and
Uox are the perturbed electronic ground-state energies of the quantum centre for the reduced and
oxidized state, respectively [12—-14] and B = 1/kT. The associated standard error for the calculated
E’is 0.015 V, obtained by averaging the estimated standard errors of the reduction potentials for all
the investigated reduction processes.

To achieve a more solid estimate of the reduction free energy, the values calculated by using Eq. 1
were also compared with the ones obtained by using other free energy estimation methods: the
arithmetic average (AA) of the values obtained in the reduced and oxidized ensemble [12], the
Bennet’s method [43] and the Third Power Fitting (TPF) thermodynamic integration [44, 45]. More
details on these methods can be found in the Electronic Supplementary Materials.

For the calculation of reorganization energies, we followed our recently published procedure [14,
46] to calculate A as the average of A..q and Ao, corresponding to the relaxation free energy for the
oxidized to reduced or reduced to oxidized state transitions, respectively. The two distinct

reorganization free energies can be calculated as [46]:

Aeg = < AU >, — AA® — kT InZ22 (2)

Oox

Aoy = —< AU >,pq+ AA® + kT ln‘;—d (3)

with Orq and Oox the standard deviations of the corresponding transition energy distributions. Areq

and A.x are then used to calculate the mean values A= (Awq + Aox) /2 for both species.

Molecular dynamics simulations



The crystal structure of human neuroglobin (PDB ID code: 4MPM [47], chain B) and GLB-6 from
C. elegans (PDB ID code: 3MVC [35], chain A) were used as the starting point for the MD
simulations. The crystal structure of human neuroglobin lacks the first and the last two residues,
while the crystal structure of GLB-6 lacks residues from 124 to 127. Both proteins are then
modelled using the EasyModeller software (version 4.0) [48], using as input the corresponding
FASTA sequence and as template the corresponding PDB structure, in order to obtain the two
complete proteins. The GROMACS software package [49], version 4.5.5, was used for all the MD
simulations. The proteins were put at the centre of a 109 nm’ dodecahedral box filled with single
point charge (SPC) water molecules [50] at the typical liquid water density (55.32 mol/l) and six
Na" ions for neuroglobin and three CI ions for GLB-6. The volume of the simulation box was
chosen in order to achieve a distance between the QC and the wall of the box of =3 nm, large
enough in order to avoid artifacts resulting from computing the free-energy difference of a full
charge change, from a finite system [51]. A test previously performed on a similar system showed
that such a distance assures the independence of the calculated reduction potential upon the
dimensions of the box [15]: in that case a test simulation with a bigger box showed that the
calculated perturbed ground state energies are not affected by the dimension of the box. The
parameters for the proteins and the hemes in their reduced form were taken from the Gromos96
(53a6 version) force field, whereas the atomic partial charges and the missing parameters for the
heme group and its axial ligands in their oxidised form were taken from ref. [12]. For all the
simulations, a standard protocol was used: firstly, the systems energy was minimised in vacuum,
using the steepest descent method; then, after the addition of the solvent and counter-ions, a two-
step minimisation protocol was performed with the conjugate gradient method. The first
minimisation held fixed the coordinates of the proteins, allowing only the water and counter-ions to
move. The second minimisation involves both the protein and solvent molecules. Then the
temperature of the systems was gradually increased from 50 to 300 K in a 100 ps MD run, and was

kept constant for all the simulation time by the isokinetic temperature coupling [52]. The simulation



runs were performed in the NVT ensemble. The bond lengths were constrained with the LINCS
algorithm [53] and an integration step of 2.0 fs was used for the integration of the equation of
motion. The Particle Mesh Ewald (PME) method [54] was used to compute the long-range
electrostatics, with a grid spacing of 0.12 nm, a fourth-order cubic interpolation and a real space

cut-off of 0.9 nm.

Results and discussion

Despite a rather low sequence identity (less than 30%), the structure of Ngb closely resembles that
of a typical Mb [18]. Ngb is a monomer of about 150 residues, depending on the species, with a
molecular mass of 17 kDa [19]. It features the typical globin fold [19, 20], with 8 a-helices
arranged in a "three-over-three" a-helical sandwich [17, 18] (see Fig.la, left panel). The three-
dimensional structure of GLB-6 is very similar to that of Ngb (see Fig.1a, right panel), with seven
helices arranged in the typical globin fold and featuring a heme iron axially coordinated by two His

residues.



Figure 1. a) Cartoon representation of the three-dimensional structure of human neuroglobin, PBD ID code:
4MPM [47], (left) and of GLB-6 from C. elegans, PDB ID code: 3MVC [35]. The heme site is represented
as licorice. b) Cartoon representation of both proteins, rotated with respect to top view, with a-helices in
different colours and labelled A to H. Please note that the short D helix is missing in GLB-6. The image was

prepared using the VMD software [55].

The calculation of the reduction potential E® for Ngb and GLB-6 was performed using the MD-
PMM approach, following the same strategy that had been successfully employed to investigate the
redox thermodynamics of other ET proteins. We first performed 100 ns-long molecular dynamics
(MD) simulations of both globins at infinite dilution in both their reduced and oxidized ensemble.
We then applied the PMM approach to evaluate the (Helmholtz) free-energy change upon

reduction, using equation 1.



The calculated E° values are reported in Table 1, where they are compared to the corresponding
experimental values. Moreover, we benchmarked our approach against other theoretical methods
for the calculation of reduction free energy: two of them are based on Free Energy Perturbation
(FEP), and they involve Bennet’s method [43] and the arithmetic average (AA) of the values
obtained in the reduced and oxidized ensemble [12], respectively. The third method is the Third

Power Fitting (TPF) thermodynamic integration [44].

Elate (Lu) | E'exy” E’ic (Bennet) | Elcarc (AA) Ectc (TPF)
GLB-6 4.148 4.227 4.080 4.132 4.108
Ngb 4.241 4.305 4.192 4.236 4.201

Table 1. Comparison between calculated and experimental E° values. All values are expressed in Volts.

Experimental values are taken from ref. [35]

Please note that, in order to allow for a direct comparison, absolute experimental values were
obtained by adding the [UPAC recommended 4.420 V value for the hydrogen semi-reaction to the
E’ vs. SHE [56]. All estimates provided by the tested computational approaches are within 7 kJ/mol
(approximately 70 mV). In particular, the Lu and AA methods give very similar estimates with a
smaller difference from the experimental values with respect to the Bennet and TPF methods. Since
the Lu approach yields the calculated EO closest to experimental values we consider it the best
choice for calculating the reduction free energy (see the Electronic Supplementary Materials for
more details).

The comparison shows a very good agreement between the calculated and experimental values,
with Eocalc-EOeXp being 89 mV and 64 mV for GLB-6 and Ngb, respectively. This difference is =2%
of the absolute redox potential for both proteins, is likely to mostly depend on the level of the
quantum chemical calculations of the QC and on the approximations of the classical force field
used. Moreover, since the PMM method is based on first-principles and does not involve fitting to

experiment, it may not always reproduce the exact absolute experimental values. Most importantly,.
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our calculations reproduce very well the difference, both in terms of sign and magnitude, between
the reduction potential for the two species, within the associated error: the observed AE’., is 78
mV, and AE’...c = 93 mV. This is also due to the fact that the AE’.,. is independent of the choice of
the value for the hydrogen semi-reaction. The more negative reduction potential of GLB-6 might be
explained based on comparison of its tertiary structure with that of Ngb. The F helix is shorter in
GLB-6 than in Ngb, and GLB-6 also features a longer F-G loop. As a consequence, in GLB-6 the
proximal iron axial ligand His92, located at the end of the F helix, is more exposed to the solvent
than in Ngb, resulting in the ferric state being thermodynamically favoured over the reduced
ferrous one [57].

The good agreement between theoretical and experimental reduction potentials proves the reliability
of the MD-PMM approach in the investigation of the redox thermodynamic properties of hexa-
coordinated globins. Therefore, we could further proceed in using our sampling to predict other
physical quantities, which have not been determined experimentally yet.

We hence used the MD-PMM approach to calculate the reorganization free energy A, a crucial
quantity in the description of ET processes: A can be defined as the energy needed for the reactants
to move from the equilibrium reactant geometry to the equilibrium product geometry, without
transferring electrons [58].

It is worth highlighting that the experimental determination of reorganization energy is far from
straightforward, and the reliability of some of the most widely used approaches to obtain A (e.g.
measuring the temperature dependence of ET rate constants and fitting to the Marcus classical
equation) is debated [59]. Moreover, reported A values for the same species may differ significantly,
depending on the experimental conditions under which the reorganization free energy were
obtained; for surface-immobilised proteins, for example, A values might lack the entropic
contribution of the solvent reorganization [60], which is instead significant in experiments

performed for freely diffusing species [2, 61], and therefore in vivo. In general, electrochemical
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measurements at varying temperatures yield the direct determination of the activation enthalpy AH¥,
which is equivalent to an activation free energy AG* (the thermodynamic quantity directly related to
A via AG* = (AG” + A)? /4)) only under the assumption that AS* = 0, which is not always valid [62,
63]. Therefore, a theoretical approach allowing for the calculation of A represents an invaluable tool
in the framework of the elucidation of biological ET, also offering the possibility to relate this
observable to the structure and dynamics of the biomolecule.

The reorganization energies Awq and Ao calculated with equations 2 and 3 for both Ngb and GLB-6

are shown in Table 2, together with their mean value A.

Ared (€V) hox (eV) A (eV)
GLB-6 0.84 1.01 0.92
Ngb 0.62 0.80 0.71

Table 2. Reorganization energies obtained with the MD-PMM method for the two investigated systems. The
standard errors for A are 0.02 eV, obtained by averaging the associated standard errors from all the

simulations.

The estimated A values for both globins lie in the range of the typical calculated A values for
electron transfer proteins. The reported reorganization free energy for biological systems
approximately span 1 eV, ranging from very low A (approx. 0.25-0.5 eV) for deeply buried redox
couples in the bacterial reaction centre [64] to A as large as 1.5 eV for redox couples with at least
one partner fully exposed to solvent [65]. The majority of reorganization energy for tunnelling
within ET proteins typically range between 0.6 and 0.9 eV, when the redox cofactors are shielded
from direct contact with water or only partly solvent exposed. This is the case of the two

paradigmatic ET proteins cyt ¢ (for which reorganization free energy values ranging from 0.5 to 1.5

eV have been reported [58, 66, 67]) and azurin (0.6 to 0.8 eV [61, 68]).
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The molecular determinants to the predicted A values might be sought in the analysis of the
structural and dynamical features of the systems sampled with the MD simulations, and in particular
on how the dynamics of the reduced form of each globin differs from that of its oxidized
counterpart. Fig. 2 shows the comparison of the Root Mean Square Fluctuation (RMSF) per Ca
atom in the reduced and oxidized species: for both Ngb and GLB-6, the RMSF profiles for the two
redox states are almost superimposable, suggesting that the flexibility is not significantly affected

by the redox state of the active site.
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Figure 2. Calculated RMSF for a) GLB-6 from C. elegans and b) Ngb, respectively, in both reduced (black)

and oxidized (red) ensembles.
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The Essential Dynamics analysis [69] on the Co atoms was used as a tool to further analyse, and
visualize, the fluctuations in the simulations. The trace of the covariance matrix, which accounts for
the overall amount of motion, is similar for the reduced and oxidized protein for both Ngb and
GLB-6 (the difference between the trace of the covariance matrix for the reduced and oxidized
protein is lower than 0.1 nm”). Moreover, for both Ngb and GLB-6 the essential subspace spanned
by the first three eigenvectors, and describing 50% of the total fluctuations, is similar in the
oxidized and reduced state. As an example, in Fig. 3, the eigenvalues of the first 40 eigenvectors for
Ngb in the reduced and oxidized states are displayed, together with, the superimposition of 10
configurations obtained projecting the Ca motion along the first eigenvector. In Fig. S1, the first
eigenvector components per residue are displayed in both oxidation states. It is apparent that, for
both species, the dominant motions are very similar in the two redox states, with approximately the

same residues contributing to the highest amplitude motion.
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Figure 3. a) Eigenvalues of the first 40 eigenvectors for reduced (top) and oxidized (bottom) Ngb. b)
Superimposition of 10 configurations obtained projecting the Ca motion along the first eigenvector for

reduced (top) and oxidized (bottom) Ngb.
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The estimated A values are in line with those of widely investigated redox metalloproteins, and in
qualitative agreement with the experimental values trend of rates of ET processes between different
globins and cyt ¢ [70]. Spectroscopic investigations [70] show that human Ngb and GLB-26 from
C. elegans display ET rate values that are three to four orders of magnitude higher than those
exhibited by another hexa-coordinated globin, cytoglobin (Cygb) and horse myoglobin,
respectively. GLB-26 is analogous to GLB-6, especially in terms of inability to bind O, reversibly
[70]; for both GLB-26 and Ngb, an electron transfer role physiological has been suggested, while
such hypothesis was never put forward for Cygb. The strong hexacoordination featured by Ngb and
GLB-26 most likely lowers the reorganization energy for these two species, resulting in higher
values of ET rates to cyt c. The presence of a bis-histidyl, tightly six-coordinated heme iron for both
ferric and ferrous states is known to impact significantly on the rate of reduction of globins, most
likely by lowering the degree of heme-pocket reorganization upon switching between Fe’" and Fe*',
at variance with most pentacoordinate globins [71, 72] that feature a water molecule as sixth axial
ligand in the ferric state.

Our findings therefore seem to back up the hypothesis that hexa-coordinated globin might fulfil ET
roles in vivo. In particular, as anticipated in the Introduction, Ngb was assigned a role as potential
reducing agent for cyt c. This possible pathway is supported by the sign and magnitude of the
difference between the reduction potential of the two species (with cyt ¢ featuring a more positive
E° than Ngb), by the experimentally determined electron transfer rate constant of the ET process
between Ngb and cyt ¢ is equal to 2.0 x 10’ M™' s™' [31] (a value very close to the one of the
reaction between cyt ¢ and cyt ¢ oxidase [73]) and eventually by the putative structures of the

Ngb/cyt ¢ predicted computationally [32, 74] .

Conclusions
Based on the combined use of the classical sampling provided by the MD and the calculation of

electronic properties via the PMM, we have been able to reliably predict the hexa-coordinated free
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energy for the two globins Ngb and GLB-6. The estimated values are reasonably low and fall within
the range of A for electron transfer proteins; they can be ascribed to minimal structural
rearrangements and only minor differences in the dynamic signature between the reduced and
oxidized form. The findings support the hypothesis of neuroglobin featuring, among others, a
potential role as an electron transfer species. Our results contribute to portraying hexa-coordinated
globins as versatile proteins, fulfilling different tasks, according to cellular compartmentalisation
and environmental changes [70]. The idea of hexacoordinated globins potentially fulfilling different
functions has been already hypothesized [21, 70, 75]: in the case of Ngb, multiple functionality
might be provided by its displaceable hexacoordination [21], which would not be necessary if Ngb
was meant to work solely as ligand transporter or purely ET species. Future experiments will tell
whether human Ngb can be considered as a moonlighting protein, i.e. a multifunctional biomolecule
performing distinct physiological functions using the same protein domain [76, 77], in response to

changes in cell type and localization or concentration of biomolecules such as ligands or cofactors.
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