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Abstract: The effect of structural disorder on the X-ray absorption near-edge structure (XANES) spectrum
of a heme protein has been investigated using the dynamical description of the system derived from
molecular dynamics (MD) simulations. The XANES spectra of neuroglobin (Ngb) and carbonmonoxy-
neuroglobin (NgbCO) have been quantitatively reproduced, starting from the MD geometrical configurations,
without carrying out any optimization in the structural parameter space. These results provide an important
experimental validation of the reliability of the potentials used in the MD simulations and accordingly
corroborate the consistency of the structural dynamic information on the metal center, related to its biological
function. This analysis allowed us to demonstrate that the configurational disorder associated with the
distortion of the heme plane and with the different orientations of the axial ligands can affect the XANES
features at very low energy. Neglecting configurational disorder in the XANES quantitative analysis of heme
proteins is a source of systematic errors in the determination of Fe coordination geometry. The combined
use of XANES and MD is a novel strategy to enhance the resolution and reliability of the structural information
obtained on metalloproteins, making the combination of these techniques powerful for metalloprotein

investigations.

Introduction

X-ray absorption fine structure (XAFS) spectroscopy is a
powerful tool to investigate both local structure and dynamics
on awide class of metal-containing proteins.>® This technique
is very sensitive to the coordination geometry of an absorbing
atom and therefore allows bond distances and angles of the
surrounding atomic cluster to be measured with atomic resolu-
tion. XAFS focuses on either the extended X-ray absorption
fine structure (EXAFS)® or the X-ray absorption near-edge
structure (XANES).*® While several EXAFS investigations on
metalloproteins are present in the literature, the quantitative
analysis of XANES spectrawas rather restricted in earlier works
because of the difficult theoretical treatment of the XANES
features. Quantitative analysis of XAFS spectra requires know!-
edge of the Debye—Waller factors arising from thermal vibra-
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tions and structural disorder.® One of the major challenges at
present is to develop a reliable theoretical scheme to include
configurational disorder in the XANES calculations. In fact,
while the effect of vibrations can be properly estimated using
advanced theoretical approaches,® and becomes negligible at
very low energies, the effect of structural disorder can extend
down to the near edge, and it is largely dependent on the
configurational space available to the specific system. Therefore,
it cannot be determined easily using a genera theoretica
approach. A strategy to overcome this problem is to analyze
the XANES spectra using a microscopic description of the
system derived from molecular dynamics (MD) simulations, and
this approach has been successfully used in the XANES analysis
of agueous ionic solutions.”~*°

Today, MD simulations are a well-established tool for un-
derstanding the physical basis of the structure and function of
biological macromolecules. Simulations can provide important
details concerning the internal motions and resulting confor-
mational changes of proteins that play an essential role in their
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Figure 1. Ribbon representations of (A) Ngb and (B) NgbCO.

function.™* However, the force fields used in simulations are
optimized to reproduce average properties, and the possibility
of validating the simulation methodology and, consequently,
the reliability of the calculated results is extremely important.

In this paper we have extended the quantitative treatment of
disorder effects to the XANES spectrum of a protein, neuro-
globin (Ngb), with the am of gaining a deeper understanding
of the actual limit of the standard XANES data analysis
procedures based on the multiple scattering (MS) approach. In
particular, we have computed the Fe K-edge X ANES spectrum
of Ngb from a representative set of geometries extracted from
MD simulations. This procedure alows one, on the one hand,
to include disorder effects in the calculation of XANES and,
on the other hand, to check the validity of the potentials used
inthe simulation, in particular for the metalloprotein interactions.

Ngb (Figure 1) is a globular protein composed of a single
chain of 151 residues and a prosthetic group, the heme, which
reversibly binds oxygen and other diatomic ligands, such as CO
and NO, at the sixth coordination position.*? Despite the small
sequence similarity with other globins, Ngb displays the typical
globin fold.**** The ferric and the ferrous forms are both
hexacoordinated to the distal His64(E7) and to the proximal
His96(F8) side chains™> in the absence of diatomic ligands.
The physiological role of Ngb is still debated, although recent
studies have proposed that Ngb is involved in neuroprotection,
as the recovery from stroke in experimental animalsis enhanced
by overexpression of this protein.*”*® The three-dimensional
structure has been solved by X-ray diffraction (XRD) for the

unliganded ferric Ngb from human and mouse*>* and for the

CO-bound ferrous Ngb (NgbCO).*® Crystallographic data on
protein single crystals show that the binding of CO in the murine
derivative is associated with structural changes involving heme
dliding and atopological reorganization of the internal cavities.
Starting from the coordinates of these X-ray structures, MD
simulations have been carried out for ferric Ngb in solution and
for the ferrous CO-bound derivative, both in solution and in
the crystal.?>#* MD simulations of NgbCO in aqueous solution
have shown that the heme oscillates between two positions,
similar to the ones observed in the Ngb and NghbCO crystal-
lographic structures, athough the former is more populated.
Moreover, it has been shown that the ligand binding can affect
the flexibility and conformation of residues near the heme
pocket.?° On the other hand, MD simulations of NgbCO in
crystal environments have shown that the crystal packing affects
the relative stability of the heme configurations, whereas the
pattern of intermolecular contacts may reduce the mobility of
specific parts of the protein surface.®

Recently, a combined investigation of XRD on a single
crystal, XANES, and EXAFS in solution has been carried out
to determine the oxidation state and the structure of the Fe-
heme in both the bis-histidine and the CO-bound neuroglobin.?
The XANES analysisin the frame of the MS approach has been
carried out with the MXAN procedure,>2* starting from the
XRD structure and obtaining, after optimization, a single
representative configuration of the system. This study has shown
that the Fe-heme structure of NgbCO in solution displays no
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relevant difference with respect to the crystalline state, thereby
excluding crystal-packing restraint effects, at least at the level
of the active site. Moreover, elongation of the Fe—proximal
histidine bond by 0.1—0.2 A has been observed upon coordina-
tion of the CO molecule in the axial site, related to heme dliding
into the large internal cavity. The EXAFS and XANES results
were in an overall good agreement with each other; however,
relative to EXAFS, X ANES detected a 0.09 A shorter Fe—Nyis
distal distance (within the errors) in bis-histidine Ngb and a
0.14 A shorter Fe—Nys proximal distance in the CO-bound
derivative (0.03 out of the errors). Indeed, hemes are particularly
challenging for the XANES analysis due to the strong asym-
metry of the Fe site, and the occasional occurrence of systematic
errors in the XANES determination of heme systems in
solution was previously reported® when using the MXAN
procedure. The origin of the observed discrepancies was
proposed to come mainly from the approximation used for
the phenomenological broadening function that mimics the
spectral damping; this effect is due to several aspects,
including thermal and structural disorder. However, Fe
K-edge XAS spectra of myoglobin derivatives show no direct
temperature dependence,®® and this observation suggests that
the spectral damping contributions arise mainly from con-
figurational disorder rather than thermal disorder. As a
conseguence, the higher the configurational disorder of the
system under investigation, the bigger systematic errors
affecting the XANES analysis are expected.

Unvelling the details of the structural rearrangements of the
active site upon ligand binding is fundamental for elucidating
the metalloprotein biological function.?” Structural changes to
the metal coordination during substrate or ligand binding re-
actions are generally lessthan 0.1 A and hence remain unnoticed
in standard protein crystallography, as reported X-ray structures
of proteins at true atomic resolution (<1.2 A) are still scarce.
The present study shows that the combination of the MS
XANES theory and MD alows one to enhance the reliability
of the structural information obtained on metal sites in metal-
loproteins from a XANES spectrum, thus making the combina-
tion of these techniques powerful for the metalloprotein inves-
tigations.

Materials and Methods

X-ray Absorption Measurements. Fe K-edge X-ray absorption
spectra of Ngb were collected in fluorescence mode at the BM30B
FAME beamline of the European Synchrotron Radiation Facility.®
A 3 mM solution of Ngb in the oxidation state Fe(lll) in the
presence of 80 mM HEPES, pH 7.4, and 20% glycerol—water
solution was used to collect the ferric form of the protein. To the
same solution was added sodium dithionite to afinal concentration
of 50 mM under nitrogen atmosphere to collect chemically reduced
species. The CO derivative was obtained by reducing the ferric
sample with 50 mM sodium dithionite in a carbon monoxide
atmosphere. All the spectra were collected at 15 K. The storage
ring was running in the two-thirds filling mode with atypical current
of 170 mA. The monochromator was equipped with a Si (111)
double crystal, in which the second crystal was elastically bent to
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acylindrical cross section. The energy resolution at the Fe K-edge
is 0.5 eV. The X-ray photon beam was vertically focused by a
Ni—Pt mirror and dynamically sagittally focused in the horizontal
size. An array detector made of 30 Ge elements of very high purity
was used. The spectra were calibrated by assigning the first
inflection point of the Fe foil spectrum to 7111.2 eV. In the case
of Ngb, the energy stability of each spectrum was carefully assessed
by checking the position of a glitch in the 10 at 7220 eV. For the
ferric and ferrous samples, eight spectra were recorded with a 7
s/point collection statistic and averaged. The collection time was
20 min for each XANES spectrum and 45 min for each EXAFS
spectrum. No spectral changes were detected during the data
collection. For the CO derivative, a clear spectral evolution was
observed when the beam spot was kept fixed. Therefore, it was
necessary to move the beam spot to different positions on the
sample, and three equal spectra were collected and averaged for
the XAS analyses of the CO derivative.

XANES Data Analysis. The XANES data analysis was carried
out with the MXAN code®® The X-ray photoabsorption cross
section is calculated using the full MS scheme in the framework
of the muffin-tin approximation for the shape of the potential. All
details on the potential calculations can be found in ref 23. The
exchange and correlation parts of the potential are determined on
the basis of the local density approximation of the self-energy. The
real part of self-energy is calculated by using the Hedin—Lundgvist
(HL) energy-dependent potential.

In thefirst step, the XANES spectrum associated with each MD
configuration was calculated using only the real part of the HL
potential; i.e., theoretical spectra do not account for any intrinsic
and extrinsic inelastic process, while the damping associated with
the experimental resolution is accounted for by convolution with a
Gaussian function with full width at half-maximum (fwhm) of 0.7
eV. In the second step, to perform a comparison with the exper-
imental data, the damping associated with the inelastic processes
has to be included in the calculation. To this purpose we used a
modified version of the MXAN program that reads an external
theoretical spectrum (the configurational averaged calculated data)
and performs a minimization in the nonstructural parameter space
only. In particular, the inelastic processes are accounted for by
convolution with a broadening Lorentzian function having an
energy-dependent width of the form I'(E) = I'c + I'nip(E). The
constant part I accounts for the core—hole lifetime and is fixed to
the tabulated value of 1.25 eV fwhm, while the energy-dependent
term represents all the intrinsic and extrinsic inelastic processes.?
The I'ip(E) function is zero below an energy onset Es (which in
extended systems corresponds to the plasmon excitation energy)
and starts increasing from a given value A, following the universal
functional form of the mean free path in solids.?® Both the onset
energy Es and the jump A are introduced in the Tineo(E) function
via an arctangent functional form to avoid discontinuities. Es and
A are the only two parameters that are optimized in the fitting
procedure, while the Ey value is fixed at 7121 €V. Least-squares
fits of the XANES experimental data have been performed by
minimizing the y? function, defined as

m

== D0 — e

me™ j=1

where m is the number of experimental points, yi" and y>® are the

theoretical and experimental values of the absorption cross section,

and g is constant and equal to 0.5% of the experimental jump.
Molecular Dynamics Details. The XANES analyses reported

herein start from the microscopic description of the deoxy-Ngb and

NgbCO systems derived from MD simulations that were already

successfully used to describe their global motions in solution.?®
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The simulation parameters are as follow. The starting coordinates
employed for the simulations were from the X-ray structure of CO-
bound ferrous murine Ngb at 1.7 A resolution (PDB 1w92);*° in
the case of Ngb, we used the 1.5 A resolution structure of murine
ferric bis-histidine Ngb (PDB 1q1f).*® In order to determine the
partial charges of the hexacoordinated heme in deoxy- and carboxy-
Ngb, we performed quantum chemical calculations on the isolated
bis(imidazole) iron(I1) porphyrin [Fe(l1)P(Im),;] complex and the
carboxy-imidazole iron(l1) porphyrin [Fe(l1)P(CO)(Im)] complex,
respectively. For density functional calculations, Becke's three-
parameter exchange®® and the Lee—Yang—Parr correlation®
(B3LYP) were performed. We used Ahlrichs's VTZ basis set® for
the iron and the 6-311+G* basis set for the nitrogen atoms of the
heme and the heteroatoms of the imidazole and carbon monoxide
molecules. We used the 3-21G basis set for the rest of the system
and for al hydrogen atoms. In the calculations, both the [Fe-
(IP(IM)7] and [Fe(11)P(CO)(Im)] complexes were assumed to be
in the singlet, closed-shell state following previous studies.®> 3"

All our quantum chemical calculations were carried out using
the Gamess US package.®® The partial charges were obtained from
the CHEL PG a gorithm,3 and the fitted charges were constrained
to exactly reproduce the total charge and the calculated dipole
moment of the system. We chose the following set of partial
charges: for deoxy-Ngb, 0.3 e for the iron and —0.075 e for the
pyrrolic nitrogen atoms; for NgbCO, 0.6 e for the iron and —0.15
e for the heme nitrogen atoms; for the CO bound to the hexaco-
ordinated ferrous heme, 0.17 e for the carbon and —0.17 e for the
oxygen atom. Each protein was solvated in abox with explicit single
point charge (SPC) water molecules,*® large enough to contain the
protein and 0.8 nm of solvent on all sides. The total number of
atoms for the systems was about 21 000. MD simulations were
performed with the Gromacs software package™ using the GRO-
MOS96 force field.*? The additional parameters for hexacoordinated
heme and bound CO were taken from the GROMOS force field
parameter sets 53A6.“° The bond length between the heme iron
and the Npis atom of proximal histidine was set at 2.11 A,
corresponding to the crystallographic distance. An additional
simulation of NghCO, 5 nslong, was performed, setting the Fe—Nyis
distance at 1.96 A. Simulations were carried out at a constant
temperature of 300 K within a fixed-volume rectangular box using
periodic boundary conditions. The initia velocities were taken
randomly from a Maxwellian distribution a 300 K, and the
temperature was held constant by the isothermal algorithm.** The
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Particle Mesh Ewald method*® was used for calculation of the long-
range interactions. For al systems, the solvent was relaxed by
energy minimization followed by 100 ps of MD at 300 K while
restraining protein atomic positions with a harmonic potential. The
systems were then minimized without restraints, and their temper-
ature was brought to 300 K in a stepwise manner: 50 ps MD runs
were carried out at 50, 100, 150, 200, 250, and 300 K, before
starting the production runs at 300 K.

Computational Procedure. In the first step of the analysis,
trgjectories containing only the iron atom, the porphyrin macrocycle,
the imidazole ring of the axia histiding(s), and the CO molecule
for NgbCO were extracted from the total MD trajectory. The cluster
size and the | value (i.e., the maximum |-value of the spherical
harmonic expansion of the scattering path operators) were chosen
on the basis of a convergence criterion. In the case of deoxy-Ngb,
the trajectory was chosen in the simulation window from 60 to 90
ns, and we extracted 100 snapshots, saved every 300 ps. For
NgbCO, a more careful sampling of the MD simulation was
performed because a previous study?° had singled out three different
regions along the MD trajectory, characterized by different heme
displacements along the first eigenvector, as obtained by means of
essential dynamics analysis, a consolidated technique to characterize
the dynamical behavior of proteins.*® An analogous heme displace-
ment was not observed in the deoxy-Ngb system, where the heme
visits a unique conformational basin for the whole simulation. In
particular, the first region in the NgbhCO simulation resembles the
NgbCO crystal structure, and it is identified by a first essential
dynamics eigenvector lower than —1 (named SL—); the second
resembles the deoxy-Ngb crystal structure, and it shows a first
eigenvector bigger than 0.7 (named SL+); finally, the third region
samples the average position assumed by the heme plane according
to the MD simulation (named SL0O). From each of these regions,
we extracted 300 snapshots that were used in the analysis. Each
snapshot was used to generate the XANES associated with the
corresponding instantaneous geometry, and the averaged theoretical
spectrum was obtained by summing all the spectra and dividing
by the total number of MD snapshots used. As previously
mentioned, at this stage only the real part of the HL potential has
been used; i.e., theoretical spectra do not account for any intrinsic
and extrinsic inelastic process.

An important question when dealing with the computation of
spectra from MD simulations is the total sampling length that is
necessary to have a statistically significant average. To this end,
we carried out a statistical treatment of the data. In particular, we
calculated a residual function, defined as

rms = \/ Y (E) — o HEN?

where oN(E;) isthe theoretical spectrum averaged over N snapshots,
and the sum is extended over al the energy points E;. A residual
value of 107° was chosen to establish the number of spectra
necessary to have a statistically significant average.

Results

Deoxy-Ngb. Figure 2 shows 100 XANES theoretical spectra
(without broadening terms) of ferric Ngb, associated with each
instantaneous configuration (black lines) obtained from 100
frames extracted from the MD simulation, together with the
XANES average theoretical spectrum (red line). The calculated
XANES spectra present noticeable differences up to 100 eV
after the edge, showing the sensitivity of XANES to the geo-
metrical changes visited by the MD simulation. The low-energy
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Figure 2. Comparison of the theoretical XANES spectrum of Ngb obtained
from the MD average (red line) and several spectra associated with
individual MD configurations (black lines).

part, upto 20 eV, is actualy affected by configurational disorder,
and the importance of making a proper sampling of the
configurational space is evident, while the EXAFS region is
less sengitive to configurational changes. Thisresult isin contrast
to what was found in the case of ionic agueous solutions, where
the structural disorder was found to have the greatest influence
in the energy range above 25 eV.” This difference is explained
by the opposite nature of the structural disorder present in the
two kinds of systems: In aqueous solutions, the structural
disorder is due to the high mobility of the water molecules in
the first and second hydration shells that causes a strong
broadening of the ion—water pair distribution functions. As a
result, the main effect of the coexistence of several geometrical
configurations around the ion is the damping of the high-energy
(EXAFS) signal. Conversely, in the case of Ngb, the disorder
is mainly associated with heme plane distortions and different
positioning of the two histidine ligands with respect to heme
iron. It gives rise to a complex configurational landscape in
which relevant differences in the multiple scattering paths are
detected in the low-energy region of the XAS spectrum. A
pictorial description of the configurational landscape visited by
the MD simulation and its effect on the corresponding XANES
theoretical spectrum is shown in the Supporting Information,
Movie 1.

An important question when dealing with the computation
of spectra from MD simulations is the total sampling length
necessary to have a statistically significant average. To thisend,
we have carried out a statistical treatment of the data, and the
results of this analysis are shown in Figure 3, where the residual
function (rms) used to test the convergence (see Methods) is
plotted against the number of averaged spectra. As evident from
the plot, a statistically significant average is obtained when 100
individual spectra are used.

In a recent work, MXAN has been used to carry out a
quantitative analysis of the XANES spectrum of deoxy-Ngb and
NgbCO.% This analysis was performed starting from the
crystallographic structure (XANES static analysis), and selected
structural parameters were optimized to gain the best agreement
between the experimental and theoretical data. In particular,
minimization of the y? function for deoxy-Ngb was performed
in the space of three structural parameters: the heme-core size,
leading to the Fe—Nyyo distance, and the two Fe—Ny;s dis-
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Figure 3. Residua function (rms) of the XANES averaged spectra of Ngb
as a function of the number of MD snapshots used in the analysis.
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Figure 4. (Top) Comparison between the Fe K-edge XANES experimental
spectrum of Ngb (red circles) and the best-fit theoretical spectrum obtained
from the static analysis (black line). (Bottom) Comparison between the
XANES experimental spectrum of Ngb (red circles) and the MD-averaged
theoretical spectrum obtained from the dynamic analysis (black line). (Insets)
Zoom-in of the edge region of each XANES spectrum.

tances associated with the proximal and distal histidines. In
addition, five nonstructural parameters, I'. (the core—hole
width), EJomd gheme pgomd - and Afeme (associated with the
phenomenological broadening function), were used in the fitting
procedure. The results of this analysis are shown in the upper
panel of Figure 4, where the Ngb XANES experimenta
spectrum is compared to the best-fit XANES static theoretical
curve. The structural parameters obtained from this analysis were
found to be in good agreement with the XRD and EXAFS
determinations, with the exception of the Fe—Nys distal
distance, which was found to be slightly shorter (2.03 &+ 0.07
A) as compared to EXAFS (2.12 4+ 0.03 A) and XRD (2.12 +
0.05 A). The y? value obtained from this analysis was 2.36.
As previously mentioned, inelastic losses have not been taken
into account in the averaged theoretical XANES spectrum
calculated from the MD configurations (see Figure 2). In order
to carry out acomparison with the experimental data, all inlastic
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Figure 5. Fe—Ny;s distal distance as sampled by the MD simulation of Ngb in the time window from 60 to 90 ns, used to carry out the “dynamic XANES’
analysis (full black line). For comparison, the Fe—Ny;s distal distances obtained by EXAFS and “static XANES” analysis (see ref 22) are shown as blue and
green lines, respectively, together with the corresponding error bars (dash-dotted lines).

processes have been accounted for by convoluting the theoretical
averaged spectrum with a broadening Lorentzian function, and
the corresponding Es and A nonstructural parameters have been
optimized. In the bottom panel of Figure 4, the experimental
XANES spectrum of deoxy-Ngb is compared with the averaged
theoretical spectrum coming from MD. The agreement between
the experimental and theoretica curvesis quite good (y% = 2.54)
and comparable to the one obtained from the “static” analysis,
where three structural and five nonstructural parameters were
optimized. Moreover, despite the lower number of parameters
used to mimic the inelastic losses used in the dynamic analysis,
some features of the edge (see insets in Figure 4) are better
reproduced as compared to the “static” fit.

Figure 5 shows the variation of the Fe—Ny;s distal distance as
sampled by the MD simulation in the time window from 60 to 90
ns, which has been used for the dynamic XANES andyss as
explained in the Materids and Methods. The average distance
imposed in the MD simulation matches the starting crystallographic
valug, in perfect agreement with the EXAFS determination, and it
is 0.09 A longer than the XANES determination obtained from
the static fit. Note that the use of a single configuration in the
XANES andysis may giveriseto systematic errorsin the structural
determination due to the lack of a proper sampling of the
configurational space visited by the heme site. The same behavior
is not observed for the other structura parameters of the ferrous
deoxy-Ngb system, i.e., Fe—Nys proximal and Fe—Npyq distances,
which show a better agreement between the optimized values of
the static XANES procedure and the EXAFS and XRD results
(see Figures S1 and S2, Supporting Information). This discrepancy
between EXAFS and static XANES is aso not present in those
systems, such as ions in solution, having a more closely packed
symmetry and where the contribution of multiple scattering terms
is less pronounced.*”°

(47) D’'Angelo, P.; Zitolo, A.; Migliorati, V.; Persson, |. Chem—Eur. J.
2010, 16, 684-692.
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129, 5430-5436.
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Carbonmonoxy-Ngb. In the MD simulations of deoxy-Ngb,
the heme position has been found not to move far away from
the one observed in the Ngb crystal structure.*>** On the other
hand, the MD simulation of NgbCO has shown that the heme
rapidly fluctuates between two positions that roughly correspond
to the Ngb and the NgbCO crystal structures.?® This behavior
has been highlighted by essential dynamics analysis. Figure 6A
shows the trgjectory of the heme displacement along its first
eigenvector in NgbCO. The position of the heme in the crystal
structure of NgbCO corresponds to the negative (about —0.5)
vauesat t = 0 and t & 65 ns. In the remaining part of the
simulation, the heme group position roughly corresponds to its
position in the Ngb crysta structure. Note that the latter heme
position is not allowed in the NgbCO crystal structure, due to
close contacts that would occur between bound CO and the distal
Hist4 (E7). However, the simulation indicates that small
displacements of the His64 (E7) side chain drastically reduce
atomic hindrance. Therefore, the fairly large repositioning of
the whole heme associated with CO binding to deoxy-Ngb is a
surprisingly fast process, occurring within the time window of
the 90 ns MD simulation. In order to determine the sensitivity
of XANES toward the different arrangements that the heme
pocket assumes during the simulation, we have extracted 300
frames from three different regions, corresponding to the lowest
(SL—), highest (SL+), and intermediate (SLO) values of the
projection along the first essential dynamics eigenvector. In this
case, due to the higher mobility of the heme pocket detected
by the MD simulation, 300 frames have been used to calculate
the averaged theoretical XANES spectra, and the attainment of
convergence has been checked. The SL— and SL+ regions are
represented by the green and blue bands in Figure 6A,
respectively, while the red line represents the intermediate state
SLO, which corresponds to a projection value of —0.25. The
averaged theoretical XANES spectra obtained from the three
analyses are compared in Figure 6B. While the energy region
above 30 eV is not sensitive to the heme rearrangements
sampled by the simulation, noticeable differences among the
spectra are present in the edge region. This result reinforces
the sengitivity of this energy range toward heme plane distortions
and ligand orientations with respect to the heme plane.
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Figure 7. Comparison of the theoretical XANES spectrum of NgbCO
obtained from the MD average (red line) and severa spectra associated
with individual MD configurations (black lines).

Figure 7 shows, as an example, the 300 XANES theoretical
spectra of the intermediate state SLO associated with each
instantaneous configuration (black lines), together with the
XANES average theoretical spectrum (red ling) of NgbCO. In
this case the differences among the instantaneous theoretical
spectra are much larger as compared to deoxy-Ngb in the low-
energy region (see Figure 2), as a consequence of the higher
mobility of the heme pocket. This behavior is highlighted in

the Supporting Information, Movie 2, where some configurations
sampled in the SLO state are shown together with the corre-
sponding calculated X ANES spectra. The effect of the structural
disorder associated with the different orientations of the histidine
and CO molecule, and with the distortions of the heme plane
on the XANES and EXAFS regions, is shown in Figure 8. The
two spectra associated with different heme configurations show
marked differencesin the energy region up to about 60 eV after
the edge, while they are identical for higher energy values. This
result is useful to understand the different approach that has to
be adopted to include the Debye—Waller factor in the XANES
and EXAFS regions of the absorption spectra of heme proteins.

A comparison of the SLO, SL+, and SL— averaged theoretical
spectrawith the experimental datais shown in Figure 9, together
with the “static” analysis reported in ref 22. Also in this case,
only three nonstructural parameters have been used to mimic
the inelastic losses, and the agreement between the theoretical
and experimental spectra is comparable to that obtained in the
“static” fit (y> = 1.71 and 1.85 for the “static’ and dynamic
analysis, respectively) in the case of the SLO configurations.
As far as the SL— state is concerned, the quality of the fit is
still good (y? = 2.0), even if the edge region is not reproduced
as accurately asin the SLO case, and the double-peak featureis
lost (see the insets of Figure 9). Conversely, a poorer agreement
has been obtained in the SL+ case (y? = 2.5), and the mismatch
between the theoretical and experimental spectra is detected
mainly in the energy region above 50 eV. These results are in
line with the MD simulation, in which the SL+ conformations
are rarely probed.

An interesting observation concerns the structural parameters
sampled by the MD simulation. As previously mentioned, use
of asingle configuration in the XANES analysis givesrise to a
systematic error in the structural determination of the Fe—Ny;s
proximal distance in the CO-bound derivative.?? Figure 10
shows the trend of the Fe—Ny;s proximal distance for the 300
SLO frames used in the dynamic XANES analysis. Note that
the Fe—Ny;is proximal distance fluctuates around avaue that is
in very good agreement with the EXAFS determination. The
oscillations of the Fe—Nyyq and Fe—CO distances probed by
the MD simulation are shown in the Supporting Information,
Figures S3 and 4.

To get adeeper understanding of the effect of the modification
of the heme structure, we extracted 300 frames from asimulation
carried out by setting the Fe—Ny;s distance at 1.96 A, which
corresponds to the value obtained from the static fit. The
comparison between the experimental data and theoretical
spectrais shown in the Supporting Information, Figure S5. The
agreement between the experimental and theoretical XANES
spectra becomes poorer when the Fe—Ny;s distance obtained
from the static XANES analysisis used in the MD simulations
(4% = 3.2), confirming that the origin of the systematic error
obtained from the static XANES fit stems from the neglect of
the structural disorder.

A last remark concerns the CO ligand geometry obtained from
our analysis. The Fe—C—O angle determined from X-ray
crystallography is 157° (PDB 1w92),'° while the combined
XANES and EXAFS analysis determined an almost linear
configuration (170—180°).%* As far as the MD simulation is
concerned, an interesting result is that, even if the simulation
started from the crystall ographic geometry, the Fe—C—0O angle
goes immediately to a value of about 176°, and this linear
geometry is kept during the whole trajectory (see Supporting
Information, Figure S6).%° The resolution of the crystal structure
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Figure 10. Fe—Ny;s proximal distance as sampled by the MD simulation
of NgbCO in the 300 frames of the SLO region and used to carry out the
“dynamic XANES’ analysis (solid black line). For comparison, the Fe—Nys
proximal distances obtained by EXAFS and “static XANES” analysis (see
ref 22) are shown in blue and green lines, respectively, together with the
corresponding error bars (dash-dotted lines).

is 1.7 A; therefore, the error on the angle determination is quite
large, and the values determined by XANES and EXAFS are
expected to be more accurate. The final agreement between the
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MD and XAFS results on the determination of the Fe—C—0O
angle suggests that the force field used in the MD simulation is
reliable at the atomic resolution required for the XAFS analysis.
Moreover, from the comparison between our results and the
crystalographic determination of the Fe—C—O angle, some
interesting biological issues can be addressed. According to the
MD simulations by Di Nolaet a.2>%* at room temperature, the
heme sliding distributions along the first essential eigenvector
are different in the crystal and in solution. In the former case,
the conformational distribution of NgbCO peaks around a
position close to the crystallographic structure of deoxy-Ngb
(i.e., with no heme dliding and a major steric hindrance between
the CO molecule and the distal histidine). In the crystal, the
MD simulation at room temperature shows a double-peak
distribution. A first, higher maximum is found around a position
close to the NghCO crystallographic structure, with diding of
the heme and no steric hindrance between the CO molecule
and the distal histidine. A second, lower maximum is located
near the structure of deoxy-Ngb. However, at low temperature
in the cryo-trapped crystal, only the first conformation is
observed by XRD as significantly populated. According to the
MD picture, our XAS experiment performed at cryogenic
temperature in solution probes the entire conformational en-
semble centered around the deoxy-like conformation (with no
heme dliding), whereas only the more populated conformation
(with dliding of the heme) is visualized by XRD in the crystal.
XANES caculations averaged on MD trgjectories in the
crystalline state are the aim of a future work. However, ac-
cording to recent “static’ XAS measurements carried out on
NgbCO single crystals,>* the local structure around the Fe ion
in NgbCO, including the Fe—C—O bending angle, seems
unaltered between the crystal and the solution sample. As a
consequence, no residual energy is stored in this site due to
crystal packing, to be delivered with cracking at room temper-
ature (that actually occurs in time at room temperature), in
agreement with the MD-simulated rearrangement described
above. This result reinforces the model proposed to describe
the functional transition of the protein when an exogenous ligand
replaces the distal histidine in the sixth position. The residual
energy involved in the protein relaxation responsible for cracking
the crystal does not reside in the heme pocket but is rapidly
transferred at peripheral sites of the protein (more likely the

(51) Arcovito, A.; Ardiccioni, C.; Cianci, M.; D'Angelo, P.; Valone, B.;
DellaLonga, S. J. Phys. Chem. B [Online early access]. DOI: 10.1021/
jp104395g. Published Online: Sept 29, 2010.
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CD corner), so that the find tertiary rearrangement of the protein
in solution can be reached.

Discussion

In this work we have performed a quantitative treatment of
structural disorder effects on the XANES spectrum of a heme
protein using the dynamical description of the system derived
from MD simulations without carrying out any optimization in
the structural parameter space. This analysis alowed us to
demonstrate that the structural disorder around the Fe atom in
heme proteins is mainly associated with the distortion of the
heme plane and with the different orientations of the axial
ligands, giving rise to relevant differences in the multiple
scattering paths associated with the second and third heme shells.
Inspection of Movies 1 and 2 (Supporting Information) reveals
a more complex dynamics of the protein and a corresponding
higher mobility of the heme site for NgbhCO as compared to
Ngb. In particular, in Ngb, the proximal and distal histidines
anchor the heme to the whole protein, thus reducing the mobility
of the prosthetic group. Conversely, in the NgbCO derivative,
much larger translational and rotational motions are observ-
able both at level of the heme plane and for the proximal
histidine. The differences in the MS paths are mainly visible
in the low-energy region, and the individual XANES spectra
associated with the distinct configurations show the presence
of intense peaks near the edge (see Figures 2 and 7). As a
result of the configurational disorder, all these pronounced
features are smeared out in the average theoretical spectra,
which show the characteristic peaks at about 8 and 16 eV
after the edge (see insets of Figures 4 and 9) present in the
experimental data. It is interesting to note that, in the case of
deoxy-Ngb, a clear double peak is detected in the theoretical
average spectrum, while amuch broader and less intense feature
is visible for NgbCO due to the larger deviation among
instantaneous spectra. The stronger damping of the edge features
observed for NgbCO is clearly associated with the higher
structural disorder of the heme pocket probed by the MD
simulation. It is important to stress that additional damping
associated with afinite core—hole lifetime, experimental resolu-
tion, and inelastic processes (the latter being negligible below
about 20 eV) has to be applied to the average theoretical spectra
before they can be compared with the experimental data. This
additional damping further reduces the intensity of the edge
features, but the presence of a double-peak structure is still
visible in the experimental spectra. When a single geometrical
configuration is used, the edge features maintain their full
intensity, and, as a consequence, the XANES static analysisis
affected by a systematic error due to the neglect of structural
disorder. This effect interferes with the electronic damping and
the broadening terms used to account for inelastic losses. A
direct consequence is the low accuracy in the determination of
the axial parameters (i.e., the Fe—Ny;s and Fe—sixth ligand)
for heme proteins in solution. In this case, the XANES signal
is dominated by heme-plane scattering, and the errors affecting

the axial parameters are bigger than in the reported angle-
resolved experiments, where the strong heme scattering con-
tribution can be depressed by the polarization dependence.?*

One outstanding result of this study isthat, for the first time,
it has been possible to directly check the validity of the force
fields used in MD simulations of a biological macromolecule
at the precision of XAS (0.05 A). The very good agreement
between the XANES experimental data and the average
theoretical spectrum confirms the quality of the potentials used
in the ssimulations and reinforces the structural and dynamical
description of the protein obtained from the MD results.

The force-field generation for metalloproteinsis a key aspect
that has limited the application of MD to this important class
of biomolecules.>® The transferability of the parameters associ-
ated with the atoms of the metallo groups among different
proteins, in fact, is not straightforward, and it could lead to
important errorsin the model.>® The application of our procedure
to other metalloproteins will alow one us, on the one hand, to
gain structural and dynamic information on the metallo center
at aprecision of hundredths of angstroms and, on the other hand,
to validate the model, thus giving the possibility to investigate
the long-range motions of the protein, often linked to its
biological function.

In conclusion, we have explored the structural and dynamic
properties of Ngb in the deoxy and the CO-bound forms,
combining MD simulations and MS XANES theory. We
unveiled the origin of a discrepancy observed between the
XANES and EXAFS results, occurring when the XANES
spectraare analyzed using a static model cluster. We have found
that the analysis of the XANES experimental data of heme
proteins in solution can be successfully improved by using a
reliable description of the dynamical behavior of the heme
pocket. We have developed a general procedure to analyze the
XANES in combination with MD simulations that can be
applied to the study of other biological macromolecules.
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