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Structural Assignment of Spectra by Characterization of Conformational
Substates in Bound MbCO

Michael Devereux and Markus Meuwly*
Department of Chemistry, University of Basel, Basel, Switzerland

ABSTRACT Residue motions of the distal heme pocket and bound CO ligand of carbonmonoxy Myoglobin are studied using
a combination of molecular dynamics simulations and quantum chemical methods. Using mixed quantum mechanics/molecular
mechanics calculations together with sampling from molecular dynamics simulations (QM/MM(MD)), the experimentally
observed spectroscopic Ag and A; substates of the bound CO ligand are assigned to the open and closed conformation of
His® and the His®* tautomer, respectively. Several previously proposed origins of the Az substate, including rotamers of the
doubly protonated His®*H™" side chain, His®*H" inside the distal pocket, and cooperative motions with Arg*®, are investigated
with QM/MM(MD). However, the signatures of the calculated infrared spectra do not agree with the experimentally observed
ones. For additional insight on this, extensive molecular dynamics simulations are used together with improved electrostatics
for the bound ligand. A CO fluctuating charge model is developed to describe the ab initio dipole and quadrupole moments of
the bound ligand. CO absorption spectra are then obtained directly from the dynamics simulations. Finally, the electrostatics
of the heme pocket is examined in detail in an attempt to determine the structural origins of the observed spectroscopic A-states
from MD simulations. However, contrary to related simulations for unbound CO in myoglobin, the shifts and splittings for carbon-
monoxy Myoglobin are generally small and difficult to relate to structural change. This suggests that coupling of the CO motion to
other degrees of freedom, such as the Fe-CO stretching and bending, is important to correctly describe the dynamics of bound

CO in myoglobin.

INTRODUCTION

Myoglobin (Mb) is a small globular protein (153 residues)
and one of the primary model systems for studying protein
structure and dynamics in general, and ligand binding and
dynamics in particular ((1); and see Fig. 1 for Mb protein
structure). The role of Mb in storing oxygen within muscle
tissue gives the system strong biological relevance. Given
its fundamental role in biology and biophysics, an abundance
of experimental data is available, ranging from detailed
crystallographic studies (2) to infrared (IR) (3-5), Raman
(6), nuclear magnetic resonance (7), and vibrational echo
(8) experiments. Owing to its relatively small size and the
short timescale of a number of fundamentally important
processes, Mb has also become a tractable and meaningful
system for computational studies (9—15).

One of the more recent successes in understanding the
spectroscopy and dynamics in Mb in more detail is the
assignment of the conformational substates associated with
the split infrared spectrum of unbound carbon monoxide
(CO) after photodissociation from the heme (16-19). In
earlier work (11), vibrational relaxation of CO in the same
photodissociated system was also successfully modeled,
with good agreement in a range of measured dynamic prop-
erties of the excited CO molecule with experimental results.
Merchant et al. (8) have successfully used MD simulations to
explain the dephasing dynamics of experimental vibrational
echo results for bound MbCO in terms of conformations of
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the adjacent His®*. Franzen (20) used ab initio calculations
of CO Stark shifts in Mb to calibrate a model to predict
CO vibrational frequency from density functional theory
(DFT), bond lengths and Mulliken charges. The model was
used to study the effects of nonbonded interactions in a series
of Mb mutants on CO vibrational frequency, providing good
agreement with experimentally measured frequency shifts.

Despite the considerable progress that has been made,
interpretation of the bound states has been difficult and
current knowledge is incomplete. Our aim is to apply previ-
ously successful methods used for unbound CO to bound
CO. We focus on the three main spectroscopic A-states
visible in IR spectra. The principal absorption bands are de-
noted Ao, A, and Az, with vibrational frequencies ¥(Ag) =
1965 cm™", »(A;) = 1949 cm ™', and »(A3) = 1933 cm™',
respectively (21). The missing A, band identified in earlier
works is now commonly incorporated into A;. An additional
substate, denoted A,, was recently identified by Miiller et al.
(22), but shows low occupation under physiological condi-
tions. Rapid interconversion between substates is exhibited
on the nanosecond timescale between A; and As, and on
the microsecond timescale between Ay and A ;3 (4).

The A, substate is the best characterized of all observed
A-states in the literature. Experimental data have shown
that the Ay IR absorption peak increases significantly in
intensity at low pH (6), and structural data indicate that the
His® side chain swings out of the distal pocket and into
the solvent, leading to an open conformation (2). Mutation
studies with the polar His® side chain replaced by an apolar
substitute such as Val or Met also show absorptions clustered
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FIGURE 1 Myoglobin protein structure highlighting important features.
The heme group is marked in yellow, the CO ligand in red, His®* in green,
and His” in blue. Helices are represented by cylinders; the E and F helices
are labeled.

around the band at the A position (6,23), indicating that the
A, state corresponds to little or no interaction between the
polar histidine imidazole group and the bound CO ligand.
An early explanation for the origin of the splitting observed
between the A; and Aj; substates was a change in CO bond
strength as a function of the Fe-C-O angle. This explanation
was later discarded (24), in favor of an interpretation that the
A and Aj; substates result from interactions of the CO ligand
with the adjacent His® residue (5,21,25). A consensus is
emerging toward dominance of His,** as the dominant tauto-
merization state of the distal histidine His®* (5,18,21,26). Inter-
action between the N.H proton and oxygen atom of the bound
CO, perhaps via a hydrogen bond (27), then causes a red shift
in the vibrational frequency of the bound ligand relative to the
environment of the A, substate. However, the precise struc-
tural origin of the A and Aj substates is still unclear. Intercon-
version between the His®* and His$* tautomers of the His®*
residue, in addition to producing predicted blue-shifted CO
stretch frequencies, is inconsistent with the observed rapid
A -to-Aj interconversion rate of =1 ns (4) or less (28). This
process would require the residue to first swing into the
solvent, which leads to the A, substate and prevents direct
A-to-A3 interconversion. The timescale is accessible to MD
simulations, and is suggestive of a conformational change
between structurally related substates. Indeed, Vojtechovsky
etal. (29) obtained a number of high resolution x-ray structures
containing distinct protein conformations that indicate the A,
and A; substates correspond to structures with His®*
N,-+-CO oxygen distances of 3.2 and 2.7 A, respectively. Phil-
lips et al. (5) proposed that rotation of the His,** side chain
toward the bound CO ligand would cause an increase in the
electrostatic potential at the position of the oxygen atom that
may account for the increased shift of the A; frequency. No
origin for an energy barrier that would trap the side chain in
this close-contact conformation was given. New vibrational
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echo results (28), however, indicate this barrier may originate
from a wider conformational change taking place in the protein
on a timescale of ~50 ps. Shifting of the E helix was proposed
as the origin of the change in His®* side-chain position,
providing the observed rapid A;, A; flipping. Schulze and
Evanseck (30) suggested a different mechanism involving
cooperative steric motion between His®* and Arg*®. The results
of earlier multidimensional vibrational echo experiments (26)
combined with MD simulations had also indicated that the
substates represent rotamers of the His®* imidazole side chain.
No confirmation has yet been made by linking these rotamers
to further experimental or theoretical data. The continued
interest and quite divergent views on the structural origins of
the spectroscopic A-states were the motivation to investigate
the underlying processes in more detail.

In this work, atomistic MD simulations with refined electro-
static models or combined with DFT calculations are used to
explore the structural origins of the Ag, A, and Aj states.
Previously it was found that both (18) quantum mechanics/
molecular mechanics (molecular dynamics) (QM/MM(MD))
and MD simulations employing higher-order multipole
models (19) are suitable to better characterize the dynamics
and spectroscopy of photodissociated (unbound) CO in the
active site of Mb. In the QM/MM(MD) simulations, the trajec-
tories from atomistic simulations are used to identify distinct
conformational substates of MbCO. The substates are then
characterized in more detail using DFT. Because such
a procedure is computationally demanding, there is insuffi-
cient sampling of conformational space to provide statistically
representative vibrational frequency distributions. Improved
electrostatic models allow greater conformational sampling,
providing additional insight, so refined models are developed
here for the bound CO ligand. First, the computational
methods used are described. Then, results from QM/
MM(@MD) simulations and from refined charge models are dis-
cussed. Finally, the results are put into perspective relative to
experimental data and other computational work.

THEORETICAL METHODS
MD simulations

MD simulations were carried out using the CHARMM program (31), and
the CHARMM?22 force field (32). The MbCO structure was taken from
the x-ray study of Kuriyan et al. (33) (PDB No. 1mbc), with hydrogen atoms
added within CHARMM. For this work, the protonation state of the His®*
residue is essential, and simulations with all three possibilities (protonation
at the N position (His$h), N, position (His®*), and double protonation (de-
noted His®*H™)) were carried out. Since the simulation is focused on the
region surrounding the heme group, the stochastic boundary method was
used to increase computational efficiency (34). The heme pocket was
solvated by three sequential overlays of a 16 A sphere of equilibrated water
molecules, centered on the heme, and a solvent boundary potential with
radius 16 A was applied to constrain the water molecules. A reaction region
of radius 12 A centered on the heme was defined, inside which the system
was propagated with Newtonian dynamics. The dynamics of the buffer
region between 12 and 16 A from the center was described using Langevin
dynamics. This setup resulted in a total of 2534 protein and ligand atoms and
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TABLE 1 Charge parameters used in CO electrostatic models
I, I, and Ill

qc 9o qdcom
Model 1 0.02 —0.02 0.0
Model II 0.444R — 0.367 — 0.49R — 0.367 0.0
Model III 0.82R — 1.067 0.468R — 0.995 qc + g0 — 0.08

Carbon, oxygen, and center-of-mass charges (COM) are expressed as a function
of CO bond length R. Distances are in Angstrom, charges are in atomic units.

~178 water molecules, although the exact number of water molecules varied
slightly depending on the protein conformation at the time of solvent over-
lay. Water molecules were treated with a TIP3P potential (35). The
nonbonded interactions were truncated at a distance of 9 A using a shift
function for the electrostatic terms and a switch algorithm for the van der
Waals terms. Friction coefficients of 62 ps~' and 250 ps~' were applied
to water-molecule oxygen atoms and remaining nonhydrogen atoms in the
remainder of the system, respectively. The entire system was equilibrated
at 300 K for 90 ps. Trajectories were typically 1 ns in length, and generally
at least six such trajectories were averaged to adequately sample a particular
conformational substate.

The CO bond potential used in the simulations is a Morse potential of the
form

V(r) = Do(1 —exp(—B(r — r.)))’, 1)

where D, represents the well depth (260.6 kcal/mol), r. is the equilibrium
bond length (1.128 A), and the parameter 8 was set to 2.046 A~'. CO vibra-
tional frequencies obtained from MD simulations using these parameters
were generally between 1950 and 1975 cm™', depending on the charge
model applied to the ligand atoms, lying near the experimental Ay and A,
values of 1949 and 1965 cm ™', respectively. Three different electrostatic
models for the CO ligand were explored. Model I used CHARMM22 CO
charges (Table 1). Model II used fluctuating charges on the C and O atoms
that correctly capture the fragment dipole moment of bound CO at different
bond lengths. The dipole moment was defined as the dipole moment of the
atoms-in-molecules (AIM) (36,37) C and O atoms as partitioned from the
geometry-optimized molecular charge density of a heme-His*>-CO model
system at the B3LYP/6-3114+G(2d,p) level of theory. All AIM analysis
was performed with a modified, in-house version of the MORPHY98
program (38). Atomic integration errors of ~L(Q) = 0.001 atomic units or
less were obtained, as measured by the integrated sum of the Laplacian of
the electron density over the quadrature of each atomic basin, Q. (39) Model
IIT used an additional charge site on CO at the ligand center of mass, and
again used a fluctuating charge, this time to reproduce the total fragment
charge, dipole, and quadrupole moments along the CO axis.

IR spectra C(w) from the MD simulations are calculated from the Fourier
Transform of the real-time dipole-dipole autocorrelation function, C(#) (40).
To construct C(¢), the CO dipole moment is recorded at 2" consecutive time
steps, typically corresponding to the first or last 524 ps (2'° 1 fs steps) of
a 1-ns trajectory. Where fluctuating charge models are used for the CO
ligand, the CO dipole moment was used directly to construct C(f). The re-
sulting data are then transformed via Fourier transform with a Blackman
filter (41). The IR absorption spectrum is calculated using

A() = (1 —exp( — ho/(KT))C(w), @)

where £ is the Boltzmann constant and T is the temperature in Kelvin.

Quantum chemical calculations

All electronic structure calculations were performed using the Gaussian 03
suite of programs (42) and DFT with the hybrid B3LYP functional. The
heme group, bound CO, distal His®, and proximal His* residue were
included explicitly in each DFT calculation. His®* was represented by its
imidazole side chain, capped at the connection point with a methyl group.
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A double-{ VDZ basis set was used throughout for the central CO ligand,
Fe, and N atoms, whereas a smaller 3-21G basis set was applied to the
remainder of the QM system. Remaining protein and solvent atoms were
represented as point charges from the CHARMM?22 force field placed at
the respective atomic coordinates. A procedure used in a recent study (18)
on photodissociated CO in Mb was then followed to obtain the fundamental
vibration frequency from the one-dimensional Schrodinger equation: The
CO bond energy was sampled at eleven 0.025 A intervals of r, centered at
the equilibrium distance r.. The corresponding V, stretching energies were
fitted to a Morse function where § and D, were allowed to vary, and the
LEVEL (43) code was used to calculate the fundamental vibration. Vibra-
tional frequencies calculated in this way allow quantitative estimation of
vibrational frequency shifts from a DFT bond energy profile.

RESULTS AND DISCUSSION

The results are discussed in three separate subsections. First,
results from mixed QM/MM(MD) simulations are described.
Second, the electrostatic model for the heme-unit is analyzed
in detail. Thirdly, the electrostatics of the CO ligand is exam-
ined and extensive MD simulations are used to assess the
influence of more detailed heme and CO models on the
calculated IR frequency using conformational sampling.

Mixed QM/MM(MD) simulations
The Ay state

The open conformation associated with the A, vibrational
substate at low pH was first observed in a 1-ns MD trajectory
with His®*H" starting inside the distal pocket. QM calcula-
tions were used to obtain CO vibrational frequencies for
40 snapshots taken from the trajectory as described in Theo-
retical Methods. During the simulation, the His®*H™" proton-
ated imidazole side chain was observed to swing away from
the ligand and into the solvent, as also observed in the low-
pH x-ray structure (2). The change takes place after just
250 ps in the MD trajectory (Fig. 2), and the side chain
remains in the open conformation. Similar conformational
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FIGURE 2 N,:--CO distance (A) as a function of time for the His®*H™"
residue. The side chain swings out of the distal pocket and into the solvent
after ~250 ps.
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changes on the nanosecond timescale were obtained from
additional MD trajectories (see below). To ensure that the
opening of the His® gate was induced by protonation of
the side chain, the open conformation was used as the start-
ing point for a further 1-ns trajectory with neutral His*. The
open conformation did not persist in the new simulation, and
the His®* side chain rapidly returns to a stable position
inside the active site, resembling the original crystal struc-
ture. A histogram of 20 CO stretch frequencies from snap-
shots with His®*H" in the open conformation was used to
locate the position of the QM/MM(MD) A, absorption
peak, which is found at ~2103 cmfl, and serves as a refer-
ence for all subsequent calculations. Vibrational coupling is
not fully incorporated when calculating stretch frequencies
in our DFT calculations, so reliable relative frequency shifts
are obtained but absolute values are systematically overesti-
mated. We therefore report only frequency shifts relative
to the assigned A, frequency throughout the remainder of
the text.

Further evidence for the assigned A, position was then
obtained by creating a simple mutation model. The atoms of
the His®* imidazole side chain were deleted, and the funda-
mental vibration frequency calculated as before. The snap-
shot chosen initially had His®* inside the distal pocket, so
the background electric field originating from the protein
resembles that of the closed conformation. After the side
chain has been removed, the system is analogous to an
MbCO mutant with His®* replaced by a small, apolar residue
such as alanine. The CO stretch frequency without His®* was
calculated to be (red) shifted by just —5 cm ™" from the peak
of the open conformation. With the side chain added back
into the calculation, the vibrational frequency is red-shifted
significantly further to —15 cm™'. The experimentally
observed increase in intensity at the frequency of the Ag
absorption peak relative to the A, ; peaks both after proton-
ation at low pH and after His®* mutation to an apolar substi-
tute therefore agrees with QM/MM(MD) results. A QM/
MM@MD) value for the absorption band of the A, substate
has been obtained, and can be used as a reference to identify
and characterize the remaining A; and Aj substates from
further MD trajectories.

His®* tautomerization state in A; and As substates

The next issue addressed was the tautomerization state of the
His® side chain. Although consensus points increasingly
toward His®* (5,20,26), some recent studies (25,44) continue
to use the Hisg’4 tautomer. To compare both tautomers, two
separate 1-ns trajectories were run starting from similar
MbCO structures with either His®* or His$*. Forty snapshots
were taken at regular time intervals from each trajectory, and
DFT stretch frequencies were calculated. A histogram of all
calculated CO frequencies is shown in Fig. 3. The resulting
peaks are red-shifted by —12 cm ™' from the A, position for
the Hisg64 tautomer, and +16 cm~! blue-shifted for the
His$* tautomer. The experimental IR spectrum shows that

Biophysical Journal 96(11) 4363—4375

Devereux and Meuwly

—

2] [=]

T T
|

|

| 1

No. Snapshots
(e}
T
1
|
I
|

HENEEREEREERIIRENEENEE

94 0 -20 0 20 40
Frequency shift (cm™)

FIGURE 3 (Red histogram) DFT frequency shifts relative to the A, posi-
tion for 40 snapshots of a 1-ns His®* trajectory. (Blue histogram) Frequency
shifts for 40 snapshots of His§* trajectory. The His®* trajectory gives
red-shifted (negative) frequencies, whereas the His$* trajectory gives blue
shifts.

both the A; and A; substates should be red-shifted from the
A, substate, indicating that the His$* form does not signifi-
cantly contribute. Furthermore, the —12 cm ! red shift for
the His®* protonation state is in fair agreement with the exper-
imentally observed red shift of —16 cm ™' between the A, and
A, substates.

Rotamers of the His®* side chain as a possible origin
for the A; substate

After the identification of candidates for both the Ag and A,
substates, attempts were made to characterize the remaining
Aj substate. In vibrational echo experiments (8), the A; and
Aj substates were attributed to two rotamers of the imidazole
side chain of Hisf4. The first rotamer, R, corresponds to the
closed conformation observed in the His®* trajectories (see
above). The second rotamer, B,, with the imidazole side chain
rotated ~180° about the C4-C,, bond, had not been observed in
any of the previous trajectories. Energy optimization of the B,
conformation gave a new stable rotamer of the His®* side
chain with the CO oxygen atom in contact with the atoms of
the face of the imidazole ring (Fig. 4). This new conformation
was found to persist for at least 1 ns of MD simulation. Twenty
snapshots were taken from this trajectory, and corresponding
CO stretch frequencies were calculated. The resulting calcu-
lated vibrational spectrum exhibited a single, broad peak,
with frequencies ranging from —6 cm ™' red-shifted from
the Ag position to +24 cm ™' blue-shifted, with the maximum
of the distribution at around the A frequency. Because exper-
iment predicts a 32 cm ™' red shift of the A5 peak from the A,
position, but a broad peak containing predominantly blue-
shifted values is visible created from the DFT snapshots, it
is unlikely that this rotated conformational state represents
the missing Az substate. The conformer may, however,
contribute to the visible A absorption peak.
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Proton transfer as a possible origin for the Az substate

Larger red shifts of the CO stretch frequency can originate
from stronger (positive) local electric fields around the CO
ligand. Although the preference for the His®*H ™ side chain
is to swing away from the bound ligand and out into the
solvent, it seemed feasible that the A3 substate could originate
from interaction with the protonated side chain while it was
still in the closed conformation. The doubly-protonated
His®*H"---CO interaction was therefore examined more
closely. To reduce the propensity of His®*H™ to swing out
of the distal pocket, 1 ns of MD simulation was carried out
at 273 K, and 40 snapshots were taken from the first 800 ps
of the trajectory. For each of them the corresponding CO
stretch frequency was calculated. Visual inspection of the
trajectories reveals that the His®*H™ side chain inside the
distal pocket is pulled toward the negative charge of the propi-
onates, which differs from the conformations of the charge
neutral His®* trajectories. The corresponding histogram of
CO stretch frequencies exhibits a broader range of values,
but the main peak is red-shifted by only —12 cm ™' from the
Ay frequency, which does not correspond to the A3 position.
Close N_H:--CO contacts result in more strongly red-shifted
values at ~—32 cm™ ', but configurations corresponding to
the average red-shifted frequencies at ~—12 cm™" are still
the most occupied. Overall, the results are similar to the
charge neutral His® results in Fig. 3. It is therefore unlikely
that His®*H™ inside the pocket is responsible for the missing
Aj IR absorption band.

It would also be difficult to reconcile His interaction
with CO as a source of the A; peak with experimental
evidence. Firstly, the considerable increase in intensity of
the A, absorption peak relative to the A; peak at low pH
was not seen for the Aj substate, which increases only
slightly in intensity relative to A before essentially disap-
pearing at low pH (3,6). A larger relative increase might
be expected for a mechanism involving His®* proton acqui-
sition from the solvent. Secondly, simulations suggest that
the open A, conformation is favored by His®*H™, but the
IR Aj; peak is significantly more intense than the A, peak.

4
6H+
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FIGURE 4 Snapshot from trajectory using standard
(x-ray) His®* conformer (left) and rotated conformer
(right).

Finally, regular acquisition and subsequent loss of a proton
from the N atom of His®* under experimental conditions
would be necessary to provide the observed rapid A;, As
interconversion rate. Intramolecular proton transfer from an
adjacent residue seems the most likely mechanism, but the
only obvious source is the adjacent Arg*’ side chain. The
acidic protons of Arg*’, however, interact strongly with the
negatively charged propionate groups of the heme and are
generally unavailable to interact with His®!. Calculations
carried out on a simple model system also suggest proton
transfer from Arg® to His®* is energetically unfavorable.
In these calculations, a model system with His 64 side chain
cleaved at the Cg position and Arg® side chain cleaved at the
C; position was oriented so that a proton of the terminal
-NH, " group of Arg*’ pointed toward the His®* N position
with a Nj---H separation of 2 A. The N-H bond was then
optimized with the proton joined to the Arg*’ side chain
at the B3LYP 6-3114+G(2d,p) level of theory, and again
with the proton joined to His®* Nj. The total B3LYP
6-3114-G(2d,p) energy difference with the proton attached
to Arg*and His®* is = 19 kcal/mol, making proton transfer
from Arg to His unlikely.

The Role of Arg*

Schulze and Evanseck (30) suggested a cooperative motion
between Hisg* and nearby Arg® as the origin of the A;
substate. Use of the His(;64 tautomer in place of Hisf4 was
justified by their observation that a red-shifted CO stretch
frequency would be obtained if the imidazole group were
rotated to provide contact between NsH and CO. In this
model, the protonated side chain of Arg45 would interact
with the basic Nitrogen atoms on His®, inducing a change
in the His®---CO interaction. The proposed induced motion
was investigated within our own Hisf4 QM/MM(MD)
framework. Firstly, close H-bonding interactions between
N; and either water or the nearby protonated Arg* were
added to the DFT model system. It was found, however,
that simply adding H-bonding of Arg*® or water to His®*
induced negligible shifts in the CO stretch frequency via
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through-space interactions or polarization of the imidazole
side chain. A second study then examined the possibility
of cooperative motions, such as collisions between Arg®
and His®* that push His® closer to the bound ligand. To
search for such an effect, one of the heme propionate groups
was rotated away from Arg*® in the starting structure of the
simulation. Without this rotation, a stable Arg*>--COO~
interaction prevents contact with His®*. A 1-ns MD trajec-
tory was run on the rotated conformation, with the positively
charged Arg*® side chain now free to interact. In the new
trajectory, the propionate ultimately rotates back to its
favored position next to Arg*’, whereas the necessary coop-
erative motion with His®* was not observed. In fact, the His®*
side chain is pulled away from the CO ligand toward the now
available positive charge of the Arginine. As a result,
frequencies do not show red shifts.

In summary, the QM/MM(MD) results presented so far
provide strong candidates for conformational substates that
are likely the Ay and A; substates found in experimental
spectra. Data support the open conformation of His®* as
the origin of the A substate, and a closed conformation of
the His®* tautomer as the origin of A;. No strong candidate
has yet emerged to explain the origin of the Aj substate.
Given the various previous proposals tested here, and the
considerable effort that has been made to characterize this
substate in terms of local conformational changes, it seems
increasingly unlikely that a simple static explanation
involving only local binding site moieties exists. Focus
must then shift to examining the wider dynamics of the
protein, requiring greater sampling of conformational space
on longer timescales to observe further possible candidates
such as the helix sliding motion suggested by Ishikawa
et al. (28)

Analysis of electrostatic interactions in the
active site

As a first step toward developing improved intermolecular
interactions around the active site, the quality of the force
field was considered in more detail. In particular, the electro-
statics around the heme, His64, and CO moieties, was
analyzed and compared with results from ab initio calcula-
tions.

First, the accuracy of the electrostatics around the His®*
imidazole side chain was assessed. Direct comparisons
between CHARMM and ab initio results were made by use
of the AIM partitioning method (36). Within this framework,
the molecular charge density of a methyl-capped imidazole
group was partitioned to isolate only the charge density
belonging to the atoms of the imidazole ring. Then, the elec-
trostatic potential on the 0.001 au isodensity surface (chosen
as it lies near the water-accessible surface, relevant to
H-bonding) generated by the charge density of the ring atoms
was evaluated. This allows direct comparison with the elec-
trostatic potential from CHARMM atomic charges at the
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same points on the isodensity surface. The ab initio charge
density was generated from DFT calculations at the B3LYP
level of theory. A modified version of the MORPHY98 (38)
program was used to partition the molecular isodensity
surface and generate the electrostatic potential across a fine
grid of =7400 evenly spaced points across the molecular
surface, following a procedure described previously (45).

It is important to note that every partitioning method intro-
duces an artificial boundary to define discrete regions of
space associated with atoms from a continuous molecular
wave function. However, the electrostatic potential gener-
ated by one entire functional group using either a continuous
charge distribution or discrete point charges should be
similar, if the point charges are intended to recreate the elec-
trostatics of the same molecular charge density. Some differ-
ences may arise if charges are fitted primarily to interaction
energies. For more details on how to interpret different par-
titionings, the reader is referred to the literature (45).
Comparing the CHARMM and DFT results (Fig. 5) reveals
that the imidazole side chain of His®* is quite well parame-
terized, and there is good qualitative agreement. Quantitative
agreement is measured via the mean unsigned error (MUE),

CHARMM

FIGURE 5 Comparison of ab initio (AIM) and CHARMM electrostatic
potential distribution on 0.001 au isodensity surface of an imidazole ring
fragment. Good qualitative and quantitative agreement is present.
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N

1
MUE = . Z [Vorr(ri) — Venarmm(rs) |, ©)

i=1

where the sum runs over all N grid points. The MUE across
the imidazole surface is only 4.6 kcal/mol, although the
largest error is 16.5 kcal/mol. Negative charge is overesti-
mated to some degree at the N; position. Similar results
were obtained for the Hisg* tautomer.

Next, the electrostatics around the heme group was studied.
As the heme represents a relatively large system for ab initio
calculations, it was decided initially to focus on the electrostatic
potential in the region around the CO ligand. This is the region
most relevant to interactions with the His® side chain. A
detailed charge model for the ligand multipole moments would
later be required to more realistically represent the electric field
in the binding site (see below), and needed to be fitted sepa-
rately. It was therefore desirable to develop a heme model
that was not dependent on CO ligand parameters, meaning
the ligand contribution to the electrostatic potential had to be
removed. To this end, a quantity Vap(r), resulting from
only the heme and His®? contribution was defined as

V) = [ ar 2L [ ar 20

v —r|

“)

|
éj\
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q\
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The first volume integral of the electron density p(r’) extends
over all space, the second over the AIM carbon atomic basin
Qc, and the third over the AIM oxygen atomic basin Qq.
|r —r'| is the scalar distance between the current point r’
of the volume integral and the position at which we are eval-
uating the potential.
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By excluding the CO contribution, the heme parameters
can be modified to more accurately represent the heme elec-
tric field without introducing a dependence on the CO charge
parameters. To obtain Vap(r), an 8.25 x 9.05 x 8.35 A grid
with grid points spaced 0.05 A apart was placed over the CO
ligand. The molecular electrostatic potential and electron
density values were evaluated at each grid point using the
Gaussian03 program, at the B3LYP/6-3114+G(2d,p) level
of theory. A larger basis set was used to better represent
the negative charge on the heme anion, as well as the metal
center. MORPHYO98 (38) was again used to partition the
molecular charge density and obtain the density correspond-
ing to the bound CO ligand. Vop(r) was calculated across
the 0.001 au CO isodensity surface to give the electrostatic
envelope arising from just the heme group and the proximal
His*?, which can be directly compared with the potential
generated using CHARMM point charges. The standard
CHARMM heme point charge model is termed model
“HA” throughout the remainder of the text, and the associ-
ated heme electrostatic potential is defined as

(Zn
N ®

The sum runs over all “nheme”” heme and His”* atoms with
atomic charge ¢,,. The difference Vapm(r) - Vya(r) was larger
than the corresponding difference between DFT and
CHARMM for the imidazole group. The MUE on the
0.001 au CO isodensity surface was 15.5 kcal/mol, with
a maximum of 29.2 kcal/mol (Fig. 6). Across the more
distant 10™* and 10> au isodensity surfaces, the error is
smaller but still at 10.4 kcal/mol on the 10~> au isodensity
surface. The error is asymmetric, with negative charge over-
estimated on the side of the isodensity surface closest to the

VHA (I‘) =

FIGURE 6 Comparison of ab initio (fop), Autenrieth
(bottom-left), and CHARMM22 (bottom-right) electro-
static potential distribution from the atoms of the heme
group and proximal His”> on the 0.001 au isodensity
surface of the CO ligand. The contribution to the electro-
static potential from the charge density of the CO ligand
has been removed in each case. The Autenrieth model
clearly agrees better with ab initio results. AIM analysis
was used to partition the molecular isodensity surface.
Topological features including atomic interaction lines
(solid and dotted paths running between nuclei), bond crit-
ical points (small purple spheres lying along interaction
lines), and ring critical points (small pink spheres enclosed
by atomic interaction lines) are also shown.
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heme propionates, whereas positive charge is overestimated
at the opposite end of the CO isodensity surface. The asym-
metric error cannot be corrected using the missing CO point
charges lying perpendicular to the heme plane, so it seems
important to adjust some of the charges on the heme group.

An alternative heme model (model HB) has been devel-
oped by Autenrieth et al. (46) for use in cytochrome c. A
comparison of Vug(r) with Vapu(r) and Vya(r) is also
included in Fig. 6. Vyg(r) is in much better agreement
with Vapm(r) than Vga(r). The MUE across the 0.001 au
CO surface is 3.1 kcal/mol compared with 15.5 kcal/mol
from model HA. Across the more distant 10~* and 107>
au isodensity surfaces, the electrostatic potential is, however,
systematically too positive. It should be noted that the total
net charge of the heme in model HB is —1.62 au compared
with the expected —2.00 au.

Next, the contribution of the CO ligand charge density to
the electrostatic potential generated by models HA and HB
was added. Only the results using charge model III for CO
(see Theoretical Methods), the most detailed CO charge
model, are presented here. The combinations of heme and
CO charge model III are then denoted HA(III) and HB(III).
With the addition of CO charge model III, the complete
molecular electrostatic potential at point r, generated by
the charge density of the entire His’*-heme-CO system,
was evaluated. The molecular electrostatic potential obtained
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FIGURE 7 Comparison of model using gas phase CO
parameters and CHARMM?22 heme charges (A), fluctu-
ating quadrupole CO model and original CHARMM?22
heme charges (B), fluctuating quadrupole CO model and
original Autenrieth heme charges (C), and fluctuating
quadrupole CO model with modified Autenrieth heme
charges (D). Grids are placed across the bound CO ligand
(position of CO is marked with a cross), and are viewed
from the side of the heme plane with propionate groups
on the right-hand side. Gray areas of each grid represent
an MUE from the DFT electrostatic potential of between
4.8 and 9.6 kcal/mol, yellow regions differ from DFT by
between 9.6 and 14.3 kcal/mol, green regions differ
by between 14.3 and 19.1 kcal/mol, and blue areas by
>19.1 kcal/mol.

across a large number of grid points at the B3LYP level of
theory was compared with the electrostatic potential at the
same points generated using the charge models HA(II)
and HB(IID). The first three-dimensional grid had dimensions
of 21.0 x 18.5 x 23.0 A with coarse grid points spaced 0.5 A
apart to cover the entire heme and His”> groups. The electro-
static potential was compared at regions outside the 0.001 au
isodensity surface of the molecule. Model HA(III) gave an
MUE across the entire grid of 7.6 kcal/mol. The strong asym-
metry in the error across the heme plane was now more
clearly visible. The negative charge around the carboxyl
groups of the heme propionates was considerably overesti-
mated, and excessive positive charge was located at the
opposite end of the heme system. Interestingly, the CO
ligand is located directly at the point of crossover, where
the error partially cancels. The effect can be seen after zoom-
ing in on a small grid across the CO position and plotting
envelopes of increasing error as shown in Fig. 7. Fig. 7,
a and b (based on model HA), show the gap of low error
above the ring plane around the CO position. Model HB(II)
performed slightly better across the large grid, but still had an
MUE of 6.6 kcal/mol. In contrast to model HA(III), the elec-
trostatic potential was systematically too positive across the
entire grid, and the error was quite evenly distributed.

As models HA(IIT) and HB(III) showed quite large MUEs,
an improved model (HC) was developed starting from
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HB(III). Negative charge on the heme propionate oxygen
atoms was enhanced from —0.64 au to —0.685 au, based
on visual inspection of the difference maps (Fig. 7) and
monitoring of improvement in the MUE. Two slightly
enhanced positive carbon counter charges were added
around the center of the heme ring. The resulting model
HC has a total heme charge of —1.83 au in place of —1.62
au, giving improved long-range electrostatics. Model HC(III)
has an MUE of 0.9 kcal/mol across the large molecular grid,
a significant improvement on the earlier models. Finally, the
performance of model HC was evaluated in the important
region around the CO ligand. The same 8.25 x 9.05 x
8.35 A grid was used as before, and similar trends were
observed as for the larger molecular grid (Fig. 7). Model
HC(II) is again much closer to the DFT results than models
HA(II) and HB(III), with an MUE of 1.8 kcal/mol compared
with 8.9 kcal/mol and 7.7 kcal/mol for HA and HB, respec-
tively.

To summarize, the original CHARMM?22 heme parame-
ters, model HA, when treated on their own or combined
with a CO charge model lead to substantial errors in the elec-
trostatic potential around the bound CO ligand when
compared with DFT results. Significant improvement can
be achieved by using heme model HB, developed for use
in cytochrome c, although the total charge in this model is
not sufficiently negative when applied to the MbCO system.
Small modifications to the HB model lead to model HC,
which leads to much better agreement in the electrostatics.
The improved electrostatic model with corrected net nega-
tive charge can be directly applied in MD simulations.
With the electrostatic potential generated by His®* quantita-
tively examined, and the heme electrostatic model refined,
the local electric field at the ligand position should be suffi-
ciently accurate to model CO vibrational frequency shifts.
Further improvement could, however, still be made by exam-
ining evolution of the electric field as a function of dynamic
motions and conformational change.

A CO fluctuating charge model for vibrational
spectra from MD simulations

The final ingredient to calculate CO- IR spectra from MD
simulations (see Eq. 2) is a suitable charge model for the
ligand (models I-III, see Theoretical Methods). Within this
methodology, the ligand vibrational response is caused by
electrostatic interactions between the force-field charges on
the ligand atoms and the electric field they encounter.
From previous work on unbound CO in the protein cavities
(19,14,15) a meaningful way forward was to consider
increasingly accurate models of the charge distribution.
However, improvement is not guaranteed, as accurate
description of the fragment electrostatics from atomic contri-
butions only ensures accurate net forces on the total charge
density of the ligand, and not accurate distribution of forces
between nuclei.
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Spectra from point charge model HA(I)

Twenty-six 1-ns MD trajectories were run using the original
CHARMM model HA(I). Ten trajectories were run for
Hisg’4, ten for His®*H™* starting in the closed conformation,
and six for His®*H ™" starting in the open conformation. Aver-
ages over the spectra calculated for each trajectory are shown
in Fig. 8 a. Several of the trajectories using His®*H™ that
started in the closed conformation led to opening of the
His® gate, supporting the earlier QM/MM(MD) results.
The His®*H™ side chain was also observed to adopt a number
of partially open conformations, leading to a relatively broad
spectrum with all peaks centered at ~1972 cm ™' (Fig. 8 a).
There is no significant blue shift of the vibrational frequency
of the open conformation with respect to the closed confor-
mation, however, in contrast to the experimental and earlier
QM/MM(MD) results. The CHARMM charge model HA(I)
with anharmonic-bonded potential therefore does not show
sufficient vibrational sensitivity to local electrostatic interac-
tions with His®* between the open and closed conformations.

Spectra from fluctuating dipole model HC(Il)

Model HC(II), reproducing the AIM dipole moment of the
CO ligand, was then tested in a similar fashion. Table 2
shows the results of the AIM multipole analysis of the CO
ligand. The global axis system for this analysis was rotated
so that the CO bond defined the new z axis for the multipole
moments. The Q[10] and Q[20] (Z and ZZ) multipole
components therefore dominate; however, polarization of
the ligand caused largely by the heme propionate groups
causes deviation from cylindrical symmetry and significant
off-axis multipole components to emerge. This asymmetry
cannot be captured within the current fluctuating point
charge models, where all charge sites lie along the z axis.
A linear function was fitted to obtain values for fluctuating
atomic charges as a function of bond length to describe the
charge and dipole moments correctly. The Q[10] component
is described quite well by the linear expression, as shown in
the table, whereas the off-axis components are not.

Model II was combined with newly fitted heme model,
HC, meaning we make two changes from the simulations
involving model HA(I), with the earlier simulations acting
as a reference to compare with the performance of the
more detailed models. Spectra generated using model
HC(II) are shown in Fig. 8 b. The first (black) spectrum is
calculated from six 1-ns trajectories of the His®* tautomer
in the closed conformation. The second (red) spectrum
used six trajectories of His®*H™ in the open conformation.
The position of the main peak in each spectrum is roughly
the same, around 1949 cmfl, demonstrating that we still
do not obtain the experimentally observed CO frequency
shift between the open and closed conformations. The model
does, however, lead to broadened spectra. Noteworthy are
the red-shifted peaks in the spectrum of the His®*H" (red)
open conformation. These peaks seem to be caused by
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FIGURE 8 CO stretch frequencies generated from CO dipole moment and
the dipole-dipole autocorrelation function. (@) Averaged spectra from 10
trajectories using Model HA(I) with His®* in the closed conformation
(black), 10 using His®H* starting in the closed conformation (blue), and
six with His®*H" starting in the open conformation (red). (b) Averaged
spectra from six trajectories using model HC(II) with His®* in the closed
conformation (black), six using His®*H" in the open conformation (red),
and six with His$* (green). (¢) Averaged spectra from six trajectories using
model HC(II) with His®* in the closed conformation (black), six with
His®*H™ in the open conformation (red), and six with His§* (green). Exper-
imental frequency shifts between open and closed conformations are still not
present.
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internal heating of the CO bond. The heating seems to occur
after interaction with water molecules in contact with CO in
the active site, able to reach the ligand as the His®H™ side
chain swings into the solvent. Finally, six trajectories were
run using the His$* tautomer, with results shown as the green
spectrum in Fig. 8 b. Again no significant frequency shift is
observed, suggesting model HC(II) is not sufficiently sensi-
tive to changes in electric field to study the vibrational split-
ting in question.

Spectra from fluctuating quadrupole model HC(1li)

The final model (model HC(III)) includes a third charge site to
reproduce the AIM charge, dipole, and quadrupole moments.
The first six 1-ns trajectories obtained using model HC(III)
again examine the closed conformation of the Hisg64 tautomer,
and are compared with a further six trajectories of the open
conformation of His®*H™ in Fig. 8 ¢. The figure shows that
the frequency is shifted by 5 cm ™' from the open conforma-
tion, in comparison with the roughly 16 cm ™" red shift visible
in the experimental spectra. Larger shifts had also been
observed in the original ab initio results. It was noticed,
however, that heating of the CO bond was again taking place
in several of the open conformation trajectories.

Six further 1-ns trajectories were then run using the His$*
tautomer. The resulting averaged vibrational spectrum is
overlaid on the open and closed conformations as the green
peak in Fig. 8 c. The peak is only slightly shifted from the A
position, and this time slightly red-shifted rather than blue-
shifted, as was the case in previous studies (20) and our
earlier DFT results. Model 111, then, shows vibrational split-
ting in the His®*H™ trajectory, but does not give the relative
frequency shifts observed in experimental spectra. Structural
comparison of trajectories with the earlier QM/MM(MD)
results did, however, reveal one significant change resulting
from the new charge model and extended simulation times.
The His$* imidazole side chain is now observed to intermit-
tently rotate, so that the NsH group points toward the CO
ligand and reduces the negative electric field at the CO posi-
tion. This motion was previously energetically unfavorable
with model HA because of repulsion from the stronger nega-
tive charge of the propionate groups. Increased QM/
MM(MD) sampling would reveal the effect the new confor-
mation has on the spectra. The continued dominance of the
N,---CO interaction, however, makes it unlikely that the
blue-shifted components of the His$* spectra will disappear.

The different charge models tested have confirmed the
observed behavior of the opening of the His®*H" gate,
generally within 1 ns of protonation of the imidazole group,
although a number of partially open transitional conforma-
tions were also observed to exist. The experimentally and
DFT-observed vibrational splitting between the open and
closed conformations (A and A;) could not be calculated
quantitatively from extensive MD simulations using increas-
ingly detailed and carefully optimized electrostatic models.
This is in contrast with the success of a related approach
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TABLE 2 CO fragment AIM dipole and quadrupole moments from B3LYP/6-311+G(2d,p) charge density

(CO) (Angstrom) Q[10] Qlllc] QI11s] Magnitude QI[20] Q[21c] Q[21s] Q[22c] Q[22s] Magnitude
AIM 1.015 —0.172 —0.046 —0.049 0.185 —0.635 0.170 0.234 —0.031 —0.023 0.699
3-point 1.015 —-0.170 0.000 0.000 0.170 —0.634 0.000 0.000 0.000 0.000 0.634
AIM 1.140 —0.269 —0.047 —0.049 0.278 —-0.567 0.158 0.255 —0.035 —0.028 0.643
3-point 1.140 —0.263 0.000 0.000 0.263 —0.594 0.000 0.000 0.000 0.000 0.594
AIM 1.265 —0.369 —0.049 —0.048 0.375 —0.482 0.144 0.277 —0.041 —0.036 0.577
3-point 1.265 —-0.372 0.000 0.000 0.372 —-0.479 0.000 0.000 0.000 0.000 0.479

Results are compared with those of the fitted three-point fluctuating charge model, labeled *“3-point”.

previously applied to the vibrational spectra of photodissoci-
ated CO. The difficulties encountered may be related to addi-
tional factors beyond capturing the electrostatic interactions
for bound MbCO compared with unbound CO in the protein
environment. They include the direct coupling of the CO
bond to the Fe-C, Fe-Ny;c93, and Fe-Nyeme bonds and the
Fe-C-O valence angle. In other words: For free CO in Mb,
the accurate representation of the electrostatics, together
with a faithful representation of the intermolecular CO
bond potential, was found sufficient to quantitatively explain
structural, dynamical, and spectroscopic properties of the
ligand (15,19,14). However, for bound CO, the explicit
coupling of the CO-coordinate r to other degrees of freedom
(see above) is also likely to be involved. This is in line with
experimental work on CO stretch relaxation measurements
in MbCO, which suggested that the CO stretching motion
could be coupled to the Fe-CO stretching and bending modes
and the heme-ring modes (47). It is, however, reassuring that
improving the electrostatic model for CO and the heme leads
to observable effects in the spectroscopy (Fig. 8), which is in
line with previous work on unbound CO. In other words, the
calculated IR spectra are sensitive to the details of the elec-
trostatic models used. Previously it has been proposed that
charge polarization in the FeC bond should affect back-
bonding between the Fe and C atoms, causing a strengthening
or weakening of the CO bond and which explicitly couples
the Fe-C and the C-O coordinates (48). This results in
increased sensitivity of the CO bond in bound MbCO to
external electric fields (49), requiring a force-field model
that is significantly more sensitive than for the unbound
case. Furthermore, new experimental evidence shows that
the A; and As substates may be linked by a large-scale
conformational change in the protein, exhibiting a low
energy barrier and taking place on short timescales. Investi-
gating the large-scale structural changes will benefit from
a combination of different sampling approaches and
expanded simulations of the protein rather than improved
charge models.

CONCLUSIONS

The structural origins of the observed spectroscopic A-states
of bound MbCO have been investigated using a combination
of DFT and MD techniques. The DFT calculations,
examining the calculated vibrational frequencies of confor-

mational snapshots taken from individual MD trajectories,
support the hypothesis that the His®* tautomer is the major
form contributing to the experimental IR spectra. There is
further evidence to support that the open conformation,
with the His®*H* side chain swung into the solvent, is the
origin of the A, substate. The frequency shift associated
with the A; substate is correctly described by a N.H---CO
interaction similar to that of the x-ray crystal structure.
None of the remaining conformational or structural changes
tested provide a convincing assignment of the missing Aj
substate, although conformational sampling is clearly an
issue with the relatively large DFT model system used.

MD simulations were used to draw conclusions about the
way the system responds to different changes, such as proton-
ation of the His®* side chain at low pH. In the case of His®*
protonation, the closed conformation was observed to convert
to the open conformation on the 1-ns timescale in most of the
simulations. The reliability of the MD simulations was ad-
dressed by refining the electrostatics of the underlying heme
and CO models to agree with DFT results. The point charges
of the heme model were refined using AIM partitioning to
examine the contributions of the charge density of different
groups to the total molecular charge density. The CO electro-
statics were reproduced in more detail, using increasingly
advanced fluctuating charge models to represent the CO frag-
ment charge, dipole, and quadrupole moments.

Finally, the modified CO charge model was used to calcu-
late the CO-vibrational spectrum directly from MD trajecto-
ries. This improves the sampling and it is possible to
examine the response of the vibrational frequency to
changing protein conformation. However, although charge
models were developed that exhibited spectral peak broad-
ening in response to their local environment, the shifts and
splittings were generally small and difficult to relate to struc-
tural change.

In conclusion, this work shows that by using state-of-the
art QM/MM(MD) simulations, the Ay and A; states can be
assigned to the open conformation of His®*H™ and the closed
conformation of the Hisg64 tautomer, respectively. For A3, all
previously suggested structural interpretations can be ruled
out. Together with results from experiments this leads us
to conclude that Aj is related to A through a larger structural
change. Furthermore, it is found that using carefully
balanced electrostatic models together with pure MD simula-
tions is not sufficient to explain the structural origins of A,

Biophysical Journal 96(11) 4363—4375
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Ay, or Aj. Therefore, including additional factors, such as
coupling between the ligand and the protein degrees of
freedom, is necessary.

The authors gratefully acknowledge financial support from the Swiss
National Science Foundation.
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