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Computational Chemistry for Elucidat-
ing Protein Function: Energetics and
Dynamics of Myoglobin-Ligand Systems

David R. Nutt, Polina Banushkina, and Markus Meuwly*

Abstract: State-of-the-art computational methodologies are used to investigate the energetics and dynamics of
photodissociated CO and NO in myoglobin (Mb---*CO and Mb---NO). This includes the combination of molecular
dynamics, ab initio MD, free energy sampling, and effective dynamics methods to compare the results with studies
using X-ray crystallography and ultrafast spectroscopy methods. It is shown that modern simulation techniques
along with careful description of the intermolecular interactions can give quantitative agreement with experiments
on complex molecular systems. Based on this agreement predictions for as yet uncharacterized species can be

made.

Keywords: Ab initio MD - Free energy surface - Molecular dynamics - Myoglobin - QM/MM simulations -

Smoluchowski equation

1. Introduction

The function of proteins is intimately
linked to their three-dimensional structure
and fluctuations around this structure [1].
Over the last two decades impressive prog-
ress has been made, both experimentally
and theoretically, to unveil and character-
ize functional aspects of protein dynamics.
Myoglobin interacting with small ligands
such as CO or NO (MbXO) has been ex-
tensively studied because of its biological
importance. In most cases, photodissocia-
tion of the iron—ligand bond is used to form
a reactive, unbound state. Cleavage of the
Fe—X bond is followed by a series of spec-
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troscopic and structural changes which may
ultimately lead to ligand rebinding and re-
formation of MbXO. The dynamics of the
free ligand (XO) within the protein matrix
after photodissociation is characteristic of
the ligand—protein interactions. This can be
detected by infrared (IR) spectroscopy of
the XO stretching vibration. For example,
CO bound to the heme-Fe has three strong
IR absorption bands (A-bands) around
1950 cm™! while the bands associated with
photodissociated CO are weaker and appear
around 2130 cm™ (B-bands) [2][3]. It is
suggested that the B-bands originate from
CO vibrating in the docking site (Fig.1)
although still some controversy exists as
to the orientation of the CO molecule [4].
Two well-resolved bands have been asso-
ciated with two distinct CO orientations in
the docking site, separated by a low free en-
ergy barrier. Spectroscopic measurements
also provide information about rates for
relaxation and migration processes since
spectroscopic properties are quite sensitive
to structural changes [5]. In most cases,
however, the structural changes cannot be
directly observed, but are inferred indirect-
ly from the spectral changes. The develop-
ment of ultrafast time-resolved X-ray crys-
tallography has provided supplementary
experimental information in such cases.
Computational investigations of the
energetics, dynamics and spectroscopy of
complex systems have become feasible in
the past few years. This is mainly due to
the increased power of computers but also

because new and improved numerical algo-
rithms have become available. Myoglobin
is a small globular protein (153 residues)
which makes it an ideal subject for com-
putational studies. Despite abundant infor-
mation from experimental and theoretical
studies, a microscopic description of li-
gand dynamics within the protein remains
elusive and fundamental questions remain
unanswered. They include for example the
origin of the splitting of the IR bands in
MbCO, the pathways and energetic barri-
ers for ligand migration between the cavi-
ties of Mb, and the understanding of the
time scales for ligand (CO, NO) rebinding
after dissociation from the heme. In the fol-
lowing, computational methods to address
such questions and to propose microscopic
pictures for elucidating ligand dynamics in
proteins are discussed. They are then ap-
plied to CO and NO interacting with myo-
globin.

2. Theoretical Methods

Molecular dynamics (MD) simulations
described here are carried out with the
CHARMM program [6] and the CHARMM22
force field [7]. One particular concern is the
way in which the electrostatic interactions
between the free ligand (CO, NO) and the
environment are treated [8—10]. The fluc-
tuating charge model developed for this
purpose correctly reproduces the experi-
mentally observed existence of the docking
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Fig. 1. The active site

His64 | region of MbCO. The
residues involved in
forming the docking
site at the edge of the
distal heme pocket and

Cco

the xenon 4 pocket are
shown in a ball-and-
stick representation.
The heme unit is drawn
in a line representation.
Helix A is in the
foreground and all
helices are shown
transparent for clarity.
The solid arrow points
towards the entrance of
the xenon-4 pocket.

site within the distal heme pocket for Mb-
CO (Fig. 2) as well as the migration of CO
through the protein to the xenon-4 pocket
(Xe4), which has been observed for various
mutants [11][12]. The time-scales and ener-
gy barriers for motion from the binding site

to the docking site [8] and from the dock-
ing site to the Xe4 pocket [13] (see below)
were also found to be in almost quantitative
agreement with experiment.

The IR spectrum is calculated from the
Fourier transform C(w) of real-time di-
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pole—dipole autocorrelation function, C(#).
From C(w) the adsorption spectrum is then
calculated by evaluating

A() = o{1-exp[-0/(kT)]} C(w) (D

where k is the Boltzmann constant and 7 is
the temperature in Kelvin.

With MD simulations, free energy pro-
files (FEPs) for ligand migration within
protein active sites can be calculated along
selected progression coordinates using um-
brella sampling. In umbrella sampling, sta-
tistics n; for given intervals Ag along a par-
ticular coordinate g are collected [14]. As-
sociated free energies, G(g), are extracted
from n; via f(i) = —kTInn+c, where k is the
Boltzmann constant, T is the temperature,
and c is an arbitrary constant. For ligand mi-
gration (Fig. 2(i)) from the binding site (A)
via the docking site (B) to the Xe4 pocket,
the reaction coordinate R is the Fe—C dis-
tance. FEPs were calculated at 300 K for
the bound (!A and the unbound (PA) states.
The two adiabatic curves are diabatized
since the rebinding dynamics take place on
the lower diabat G(R) (Fig. 3).
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Fig. 2. (a), (d), and (h) show the calculated IR spectra for CO in L29F MbCO, wild-type MbCO and for NO in wild-type MbNO. The frequency scale is the
same in all cases, illustrating the different widths of the peaks. In (h), the two peaks can be assigned to NO in the distal heme pocket and NO away from
the distal pocket by correlating over the relevant parts of the trajectories. (b) and (c) illustrate side and top views of the CO motion in L29F MbCO as
calculated from QM/MM simulations. Motion from the distal heme pocket to the xenon-4 pocket can be observed. (e), () and (g) show the configuration
space explored by CO in wild-type MbCO. Part (e) shows the projection of the CO centre of mass onto the heme plane from a 1 ns molecular dynamics
simulation. The rotation of the ligand in the docking site is indicated schematically. Parts (f) and (g) show top and side views of equivalent QM/MM
calculations. (i) shows a schematic drawing of the configuration space available to NO (and also to CO) in wild-type Mb, together with a calculated
probability distribution for NO. A selection of residues forming the distal heme pocket are shown and colored according to their type; red = charged,
purple = polar and blue = non-polar. The docking site and Xe4 pocket are also indicated.
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Fig. 3. Adiabatic (main figure) and diabatic (inset) FEPs. In the inset, the dashed line corresponds
to the bound state FEP while the solid line is the unbound FEP. For the 1A state the FEP becomes
repulsive at long range due to the presence of protein residues.

Once G(R) has been calculated, the
relaxation of an initial population of CO
along R can be followed by solving the
Smoluchowski equation.

PRY _ 0 -por) O T pocr
S = g D(Re pt )ﬁ[eﬁ(’( PR}
2

Eqn. (2) describes the decay of a non-
equilibrium distribution p(R,t=0) to the
equilibrium p, q(R) governed by G(R). To
solve Eqn. (2) the discrete approximation
(DA) is used [15]. Depending on the rough-
ness of the FEP more efficient algorithms
than the simple DA are available [16].

3. Vibrational Spectroscopy and
Ligand Motion

3.1. Vibrational Spectroscopy for
MbCO

The IR spectrum of the photodissociated
CO molecule is calculated from the dipole
moment time series from the MD trajecto-
ries. Spectra from different MD simulations
are slightly different, reflecting the differ-
ent trajectories of the CO molecules and the
continually changing protein environment.
In experiments, the spectra recorded corre-
spond to many CO molecules in different
environments and therefore give an average
picture of the CO environment. For wild
type MbCO, the averaged spectrum over
several 1 ns trajectories (Fig. 2(d)) shows
two principal bands separated by ~ 8 cm™!
with intensities approximately in the ratio

2:1, in almost quantitative agreement with
experiment [2][3]. Since there are several
processes occurring following the photo-
dissociation of CO from Mb (docking, dif-
fusion through the protein, loss of the CO to
the solvent) the IR spectra of more extended
trajectories might show additional features
due to ligand diffusion through the protein
environment. In agreement with previous
experimental and theoretical results (Fig.
2(e)), the CO spends significant time in
the region at the edge of the distal heme
pocket (a region surrounded by residues
Leu29, Phe43, Val68 and 1le107, Fig. 2(h))
[21[31[17][18].

Detailed inspection of the trajectories
reveals that the motion of CO in the B site
is essentially restricted to a plane parallel to
the heme plane (Fig. 2(e)). From these tra-
jectories the barrier for rotation Fe---CO—
Fe--OC is calculated from the relationship
G(q) =—RTIn(P(q))+G, where R is the ide-
al gas constant, 7T is the temperature, G, is
a constant, and ¢ is the angle describing the
rotation. The free energy barrier to rotation
of CO parallel to the heme plane was found
to be approximately 0.9 kcal mol~! for the
transition 0°~>155° and 1.2 kcal mol~! for
the reverse transition. The difference in free
energy between the two orientations is ap-
proximately 0.3 kcal mol~!, with the orien-
tation ¢ = 155° lower in free energy. This is
in quantitative agreement with the experi-
mental results of Lim et al. [3] who found
a free energy difference of 0.29 kcal mol™!
between the two orientations, with the ori-
entation with the O atom closer to the centre
of the heme being lower in free energy.

For wild type MbCO the distance be-
tween the CO and the heme plane increases
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significantly in rare cases, and the CO mol-
ecule leaves the docking site at the edge
of the distal heme pocket (Fig. 2(e)). This
corresponds to the CO entering the ‘xenon-
4 cavity’ as has been observed e.g. by Os-
termann and coworkers [19]. The ‘xenon 4’
cavity is a hydrophobic pocket adjacent to
the heme binding pocket, lined by the resi-
dues Gly25, Ile28, Leu29, Gly65, Val6s,
Leu69, Leu72, Ile107 and Ilel11, which
was found to bind Xe atoms. The CO is then
observed to return to the docking site. Elber
and Karplus [20] also found that in wild-
type MbCO transitions of CO between
cavities are rare events that are rapid and
involve the crossing of barriers. The kinetic
data of Ostermann and coworkers suggests
a rate constant of the order of milliseconds
and barriers of between 2.7 and 5.4 kcal
mol~! for motion to and from this pocket in
the mutant L29W [19]. This also suggests
that even longer simulations may reveal
behavior which is not observable on the
nanosecond time scale. Bossa et al. recently
published results from a 90 ns trajectory, in
which diffusion pathways between the xe-
non pockets (four in total) were determined
[21]. However, such extensive simulations
are not yet routinely possible.

Experimentally, the IR spectrum of dis-
sociated CO was recently observed for the
L29F mutant of myoglobin [22]. It was
found that the IR spectrum consists of a
single line for all but the shortest times after
dissociation and that CO escapes from the
main binding site on a sub-ns time scale.
MD simulations using both the fluctuating
point-charge model and QM/MM simula-
tions (which treat the CO molecule with
B3LYP/6-31G**) show that in the L29F
mutant the CO escapes on a timescale of sev-
eral 10 ps after dissociation (Fig. 2(b)(c)).
The corresponding IR spectra for native
and mutant MbCO are characteristically
different: for CO in the native protein, the
spectrum is split into two or possibly more
bands that can be attributed to different
binding sites within the distal heme pocket,
while for the mutant, largely unstructured
spectra are found from the simulations, as
shown in Fig. 2(a).

One continuing question in the literature
concerns the origin of the splitting of the B
band and its relation to structural biology.
Agreement seems to have reached in that
the two bands are attributed to two differ-
ent orientations of the CO molecule with
respect to the heme-Fe. The original assign-
ment of B, to Fe:-OC and B, to Fe:-CO
has recently been challenged based on re-
sults from ab initio calculations [4]. Since
these calculations assume a static protein
environment (neglecting the dynamics of
the protein environment), MD simulations
at 100 K were run. The lower temperature
prevents the CO from rotating in the dock-
ing site and allows the calculation of IR
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spectra for both orientations separately. The
spectra for the Fe--*OC and Fe---CO confor-
mation are split by about 2.5 cm™!, a factor
of 4 less than observed experimentally. This
may also be due to the reduced temperature.
Simulations at higher temperature still al-
low to extract IR spectra over the time for
CO in one of the two possible orientations.
At temperatures of 200 and 300 K, the spec-
tra exhibit a splitting of between 2 and 3
cm™!, however the correlation between the
two peaks and the two orientations is un-
clear. It is possible that the splitting is inher-
ent to the IR spectrum of the ligand in the
docking site and that no direct one-to-one
assignment to a particular structure can be
made.

3.2. Vibrational Spectroscopy for
MbNO

The related wild-type MbNO system has
been less widely studied than MbCO. This
is probably because rebinding of photodis-
sociated NO to the heme unit occurs rap-
idly, on a timescale of picoseconds. Infra-
red studies are complicated by the weak IR
signal of the ligand and spectral congestion
due to the protein amide bands in the region
corresponding to bound NO (1615 cm™1). A
three-point fluctuating charge model simi-
lar to the one developed for CO allows the
calculation of IR spectra of photodissoci-
ated NO [10]. Using MD simulations and
analysis comparable to that described for
Mb---CO, the spectra for MbNO are gener-
ally found to be narrow, with a line width of
approximately 5 cm™!, and observed in the
range 1'915-1°922 cm~! (Fig. 2(h)). This
is in contrast to wild-type MbCO where
the experimental and calculated spectra
span up to 30 cm™!. Calculating vibrational
frequencies from the dipole—dipole corre-
lation function introduces a slight overall
shift (=10 cm™!) of the spectrum which has
to be included. Thus, the experimental peak
position is expected to occur in the range
1905-1912 cm™!. This slight blue shift for
NO (1-8 cm™) is smaller than the corre-
sponding red shifts observed for CO (8-26
cm™!) [2]. It is known that the stretching
frequencies of ligands such as CO and NO
are sensitive to the local electrostatic field
[23]. One possible interpretation is that a
red shift of 5 to 26 cm™! for CO corresponds
to a weakening of the CO bond, suggesting
that the effective CO potential along a MD
trajectory is slightly flatter than the corre-
sponding gas phase potential. This flatten-
ing originates from collisions and nonbond-
ed interactions with the protein. Taking CO
as the reference, the blue shift of 1 to 8 cm™!
for NO indicates that the weakening of the
bond is essentially compensated through
stronger electrostatic interaction. From this
perspective, the electrostatic interactions
seem to have a stronger influence on the
NO vibration.

In the calculated spectra for NO, a split-
ting is observed due to two opposite orienta-
tions of the ligand within the docking site at
the side of the distal pocket. The calculated
splitting is 0.5 cm™!, much smaller than the
splitting observed for CO, which is more
than an order of magnitude larger. A larger
splitting (2 cm™) was found between the
signals from NO in the distal heme pocket
and NO in the xenon-4 pocket. Decreasing
the temperature below 300 K has a small
effect on the position of the peak. The line
shapes vary depending on the specific li-
gand position and the presence of barri-
ers between conformations. These barriers
are small and disappear once the system is
warmed above 200 K.

In the L29F mutant, no significant
changes in the NO dynamics or IR spec-
trum are observed. This is in stark contrast
to the behavior of the MbCO system. Here,
the CO rapidly leaves the distal heme
pocket, passing either side of the bulky
Phe29 residue. Schotte et al. describe the
phenyl residue as “rapidly sweeping CO
away from its primary docking site” [22].
The corresponding IR spectra also show
large changes over the first nanosecond
following dissociation, a time scale di-
rectly accessible to molecular dynamics
simulations [22]. Analysis of the dynam-
ics suggests that rapid rebinding of NO to
the heme is influenced by the fact that the
dissociated ligand remains largely in a re-
gion above the centre of the heme, within
the distal heme pocket. This is in contrast
to MbCO, where the free ligand rapidly
moves to a docking site at the edge of the
distal heme pocket. The different behavior
appears to be due to favorable electrostat-
ic interactions between NO and the distal
histidine which are lacking in the case of
CO.
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The observation of NO within the dock-
ing site at the edge of the distal heme pocket
and in the xenon-4 pocket, as observed for
CO [8], suggests that these docking sites
are universal features of myoglobin and
do not depend on the ligand. However, the
stability of the ligand within these docking
sites, and hence their relative importance in
the dynamics following photodissociation,
will depend on the identity of the ligand.
In addition, the pockets of myoglobin are
not simply a static environment in which
ligands can move. The dynamics of the NO
and CO ligands in the L29F mutant shows
that different ligands can behave very dif-
ferently in the same protein environment.
Determining which features are due to the
protein and which to the ligand will be an
important step towards understanding li-
gand discrimination and protein function.

3.3. Ligand Dynamics and
Rebinding in MbCO

Since the rebinding times in Mb---CO
are of the order of several hundred nano-
seconds [24], direct MD simulations with
sufficient statistics are not possible. An al-
ternative is to calculate the free energy sur-
face (FES) G(R) for the rebinding along a
well-defined reaction coordinate R (see 2.
Theoretical Methods) [13][16]. Through
umbrella sampling, G(R) contains infor-
mation about the entire protein motion
and thus can be used to solve the Smo-
luchowski equation from which rebinding
times are calculated. Starting from p(R,0)
= 1/28(Ry=5.3)+1/28(R;=9.3) (population
of B and Xe4, which is a possible situation
shortly after dissociation) the time evolu-
tion of p(R,t) can be followed (Fig. 4). The
actual rebinding time T is then calculated
from 7= [4r>(r) where 2(f) = [p(R.)dR
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Fig. 4. Time evolution for p(R,t) in the A site (black line), the B site (red line) and the Xe4 pocket (blue

line) for CO diffusing on the FEP at T = 300.
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[25]. Since the asymptotic separation A of
the A (MbCO) and the 3A (Mb--CO) sur-
face is not known exactly, this is used as
a parameter. Ab initio studies on a model
heme—CO system estimated A = 5 kcal/mol
[26]. Calculating T for a range of values of A
allows the determination of the asymptotic
separation that best reproduces the experi-
mentally determined rebinding time t=100
ns for Mb--CO. This yields A = 4.0 kcal/
mol and leads to an inner barrier (H, ¢ p)
of 4.3 kcal/mol which compares favorably
with the effective barrier of 4.5 kcal/mol
reported by Steinbach et al. [5].

As from experiment, the rebinding dy-
namics described by p(R,f) gives two sepa-
rate time scales: a geminate phase on a 100
ps time scale and rebinding from the more
distant Xe4 pocket on a 100 ns time scale
[24]. This can be seen in Fig. 4. It is also
found that the docking site is depopulated
on a ns time scale and rebinding from the
Xe4 pocket occurs in one step without sta-
bilizing in the intermediate B state.

In conclusion, the present results give
detailed information about the motion of
small ligands in the neighborhood of the ac-
tive site of Mb. Central to all investigations
was the development of an accurate electro-
static model to describe higher moments of
the ligand. This allows to capture energetic
and dynamical effects and to compare re-
sults from simulations with experiment.
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