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By using multiple (independent) molecular dynamics (MD) trajectories (about 500 ns in total) of photolized
carbon monoxide (CO) within solvated myoglobin, a quantitative description of CO migration and
corresponding kinetics is obtained. MD results combined with previously reported quantum mechanical
calculations on the CO-heme binding-unbinding reaction step in myoglobin allowed construction of a detailed
quantitative model, shedding light on the kinetic mechanism and relevant steps of CO migration and geminate
binding. Finally, the obtained (unbiased) theoretical-computational model is critically compared with the
available computational and experimental data for myoglobin in solution.

Introduction

Myoglobin (Mb) is probably one of the most studied proteins,
which long served as a model system for investigating ligand
binding, migration, and conformational relaxation in proteins.1–19

Many of these investigations exploit the light sensitivity of the
Mb complex with carbon monoxide (CO). The exposure of the
Myoglobin carbon monoxide adduct to a monochromatic light
pulse breaks the iron-CO bond, initiating a series of spectro-
scopic and structural changes which may be monitored using
different experimental techniques. In the last years, several
quantitative analyses concerning the structural dynamics of Mb
and ligand diffusion, with picosecond to millisecond time
resolution, have been obtained by time-resolved Laue diffraction
experiments. Since the pioneering work on wild-type sperm
whale Mb (wt-Mb) carried out at room temperature,4,5 molecular
movies have been produced with high spatial resolution and
wide temporal sampling on a series of Mb mutants at various
experimental conditions.6–10 Such studies provided a large body
of data showing that CO migration in crystallized Mb is
determined by a set of transition steps between Mb cavities,2,3

associated with nanoseconds time range relaxations.4,5

Characterization of ligand migration in solvated Mb is much
more complex due to the lack of direct evaluation of the time-
dependent CO occupancies of Mb cavities. In the last decades
a huge number of experimental studies, essentially based on
CO geminate binding reaction data, have been devoted to
unveiling the kinetic mechanism of ligand migration and binding
in solvated Mb. However, the difficulties of characterizing the
whole process due to the inherent complexity of the geminate
binding reaction given by the superposition of binding and
migration steps allowed the proliferation of different, often

contradictory, models. In particular, the kinetic role and
significance of Mb conformational relaxation in the binding and
migration reaction steps at physiological conditions (room
temperature) is still rather controversial. In fact, at low tem-
perature (below 270 K), geminate binding reaction data provide
a clear nonexponential relaxation, phenomenologically described
by the stretched exponential decay and physically interpreted
in terms of multiple reaction paths and kinetic coupling between
CO migration/binding and Mb conformational relaxation
processes.15,16 At room temperature, on the contrary, experi-
mental data may be also accurately described by simple
exponential decays, possibly suggesting averaging of Mb
conformations during the binding/migration kinetic steps. For
room-temperature, wild-type Mb, the simple kinetic scheme
proposed by Henry et al.,14 providing a single exponential decay
for CO escape and geminate binding and based on a pre-
equilibrium of protein conformational fluctuations and CO
distribution in Mb, is considered a proper description by many
authors14–16,18,20–22 but is in marked contrast with the conclusions
of other authors17,23 claiming that Mb relaxation occurs at a
comparable or slower rate than binding/migration ones even at
room temperature, leading to the use of models based on
multiple kinetically distinguished Mb/CO reactive transitions.

Theoretical-computational studies, although they provided
a large body of valuable information, did not yet allow for a
conclusive picture of CO binding/migration in Mb. In fact, given
the complexity of the process, theoretical-computational in-
vestigations on Mb/CO reaction events have either been focused
on the CO-heme binding-unbinding reaction step only24,25 via
standard quantum chemical calculations with extremely simpli-
fied modeling of the protein-solvent effects or attempted to
construct a kinetic model for binding/migration steps by using
severe approximations26,27 essentially based on simplified dif-
fusion models for describing CO migration and (classical)
empiricalpotentialenergyfunctions to treat thebinding-unbinding
reaction.

In a previous paper,28 we reported a theoretical-computational
study on the CO-heme binding-unbinding reaction in solvated
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Mb, as obtained by using the perturbed matrix method29–31

(PMM). Such a method, based on rigorous quantum mechanical
calculations and explicitly treating at atomistic detail the
perturbation due to the environment acting on the electronic
states, allowed an accurate quantitative description of the
electronic behavior in complex systems,32 providing in the last
years a proper modeling of UV/IR spectroscopy31,33,34 and
chemical reactions29,35,36 in liquids and proteins. In our previous
paper,28 we obtained the free-energy profile along the reaction
coordinate (the carbon-iron distance) in the range of CO-heme
bond formation/disruption (0.18-0.38 nm), which served to
obtain the corresponding reaction kinetics by solving a
Fokker-Planck equation for the diffusion along the reaction
free-energy surface. In a more recent publication on crystallized
Mb,37 we showed that the use of multiple MD trajectories may
provide a quantitative description of CO migration kinetics, as
obtained by atomistic simulations without any simplifying
assumption, reproducing accurately the basic features of Mb/
CO in the crystal state.

In the present paper, following our publication37 on crystal-
lized Mb, we use multiple MD simulations at 293 K (32
trajectories of 15 ns each) to construct a quantitative model for
CO migration kinetics. Moreover, by using the reaction free-
energy profile as provided by PMM,28 together with the free-
energy variation along the carbon-iron distance beyond 0.38
nm, as obtained by MD simulation data for the CO molecule
within thedistalpocket,weobtain thecompletebinding-unbinding
reaction free-energy profile and, hence, utilizing the same
theoretical approach described in our previous paper,28 the
corresponding binding-unbinding reaction kinetics. Finally, the
combined use of binding-unbinding and migration kinetic steps
as provided by the theoretical-computational procedure outlined
furnishes a detailed quantitative kinetic model for the complete
CO geminate binding and escape in solvated myoglobin at room
temperature, to be compared to the available experimental data.

Methods

A total of 32 simulations (each of 15 ns) of solvated sperm
whale myoglobin with photodissociated carbon monoxide were
performed.

A structure extracted from a MD simulation of the covalently
bound CO in solvated Mb at 293 K28 with the protein hydrated
with 6741 single point charge SPC water molecules38 at liquid
density (about 50 mol/L) was used for initial coordinates. Such
a simulation box guaranteed that separation between the Mb/
CO external atoms and box margin was never below 1.0 nm.

In order to simulate photodissociated CO in Mb, we replaced
the CO-Fe bond with a nonbonded interaction, providing
different initial velocities as obtained by the Maxwellian
distribution at 293 K. In this way, the independent 32 MD
trajectories provided a time-dependent CO distribution, mimick-
ing the experimental relaxation kinetics induced by photolysis.

The simulations were performed with the Gromacs software
package39 using the GROMOS96 force field.40 The CO mol-
ecules were modeled with the three-site “quadrupolar” CO
model,41 and according to previous theoretical and experimental
results,42–44 the His64(E7) side chain was modeled with hydro-
gen at the ε position. Note that more sophisticated CO models
are nowadays available45 involving fluctuating charges coupled
to the intramolecular stretching coordinate. However, in this
study, we employed the simpler three-site quadrupolar model,
providing the essential features of carbon monoxide, in order
to be coherent with our previous data28,37 as obtained via the
quadrupolar model and hence to properly compare our present
results with the previous ones.

Statistical mechanically coherent canonical ensemble (NVT)
conditions for the simulations were provided by the isothermal
temperature coupling46 and a constant volume box, using
periodic boundary conditions. The bond lengths were con-
strained by using the LINCS algorithm.47 A time step of 2 fs
was used in all simulations. The Particle Mesh Ewald (PME)
method48 was used for the calculation of the long-range
interactions with a grid spacing of 0.12 nm combined with a
fourth-order B-spline interpolation to compute the potential and
forces in between grid points. A nonbonded pair list cutoff of
9 Å was used for short-range interactions, and the pair list was
updated every five time steps. During the simulations, each CO
position was assigned to a specific CO site (i.e., distal pocket
or one of the xenon cavities) by evaluating at each MD frame
the residues forming the cavity around the ligand, hence defining
one of the possible CO sites. When no actual cavity was found
around the ligand, after visual inspection, CO was assigned to
the free ligand state. Note that several ligand exchanges between
sites were present, ensuring a proper sampling of the transitions
(see Supporting Information).

All of the details on the PMM theoretical framework and
calculations as well as on the procedure employed to obtain
the binding-unbinding kinetic rate constants can be found in
our previous paper.28 Note that the diffusion constant along the
reaction coordinate employed to solve the Fokker-Planck
equation for the binding-unbinding reaction process, estimated
in our previous paper by means of several short MD simulations
with unconstrained chemical bonds,28 is rather high (about
0.0042 nm2/ps), being close to usual free diffusion constants.27,53

Results

Migration Kinetics. During the MD simulations, CO mi-
grated from the distal pocket to the Xe1 cavity (see Figure 1)
following essentially the same pathway as that found in
crystallized Mb,5,13,37 which involves the Xe4 and Xe3 cavities
and the other two minor cavities, called phantom1 (Ph1,
connected to Xe4) and phantom2 (Ph2, connected to Xe3),
detected in previous computational studies.49,50 Following our
previous paper on CO migration kinetics in Mb crystals,37 we
simplify the kinetic model to be used by considering Ph1 and

Figure 1. Schematic view of the Mb fold and location of the CO sites;
DP blue, Xe1 red, Xe2 gray, Xe3 orange, and Xe4 green.

CO Diffusion and Binding in Solvated Myoglobin J. Phys. Chem. B, Vol. 113, No. 51, 2009 16347

http://pubs.acs.org/action/showImage?doi=10.1021/jp903165p&iName=master.img-000.jpg&w=219&h=226


Ph2 as included in the Xe4 and Xe3 cavities, respectively, and,
given the fact that the contiguous Xe1 and Xe2 proximal cavities
are both accessed from Xe3, we also consider them as a single
proximal site (Xep). Within such a definition of the CO sites,
the general kinetic scheme (up to microseconds) for CO
diffusion in Mb is

Mb + COrDPaXe4aXe3aXep

where DP is the distal pocket and Mb + CO denotes the free
ligand state (typically, ligand escape may still be considered as
virtually irreversible in the microseconds time range). Note that
just as for the crystal case,37 also for solvated Mb, our data
indicate that the Xe3 cavity is the CO diffusion intermediate
between Xe4 and Xep, in contrast with the model sometimes
hypothesized13 for a direct transition between Xe4 and Xep.
Analysis of MD data showed that except for the DP-Xe4 ligand
transition occurring in the nanoseconds time range, all of the
other CO exchange rates are remarkably fast. This is well
illustrated by considering the time dependence of the CO
distribution among the xenon cavities, that is, PXe1/PC, PXe2/PC,
PXe3/PC, and PXe4/PC, with P as the probability of a given CO
site and PC ) PXe1 + PXe2 + PXe3 + PXe4, as shown in Figure
2 (we omit in the figure the Xe3 fraction as it is negligible within
the noise, indicating that this cavity is used to allow ligand
transitions but it is a rather unstable CO site, at least for solvated
Mb). From the figure, it is evident that for such a distribution,
a full relaxation occurs within 1-2 ns, hence indicating that
the mean lifetimes for the corresponding CO exchange rates
are all within 400-500 ps.

The above scheme may then be simplified by grouping
together Xe4, Xe3, and Xep as a single CO kinetic site C, whose
internal distribution is in pre-equilibrium with respect to the
other kinetic steps

Mb + CO 79
ke

DP {\}
k1

k-1

C

The last simple kinetic scheme (migration scheme), governed
by three rate constants, is in marked contrast with the kinetic
model obtained for crystallized Mb,37 where the Xe4-Xep CO

transition is the slow, irreversible within the time range
investigated, kinetic process characterizing CO diffusion in the
nanoseconds time range. Note also that in the present case, the
Xe2 cavity is by far the principal CO site within C, different
from the crystallized Mb where most of the ligand is ac-
cumulated in the Xe1 cavity. Moreover, in contrast to the crystal
case where no CO escape was ever detected within the
simulations,37 our MD data for solvated Mb showed that a
limited but significant CO fraction (about 0.2) escapes from the
protein within the simulation time (15 ns), requiring the inclusion
of such a step in the kinetic scheme. Interestingly, MD data
also showed that only CO molecules located in the distal pocket
were able to escape from the protein, indicating that other ligand
exit sites, although possible, may be considered as secondary
exit sites in wild-type Mb, in agreement with previous experi-
mental and computational data.51,52

According to the migration scheme, we set the system of
linear differential equations, parametrically dependent on the
three microscopic rate constants, whose solution provides the
complete (migration) relaxation kinetics, as described in detail
in the Appendix. Solving the system of equations for different
sets of the three rate constants, in a proper range, we were able
to evaluate their values which best reproduce the kinetic trace
provided by MD simulations. Such estimated microscopic rate
constants (k1 ) 2.02 × 10-1 ns-1, k-1 ) 1.07 × 10-1 ns-1, ke

) 0.36 × 10-1 ns-1 with relative standard errors of 5-10%)
for CO intraprotein migration and escape determined the two
eigenvalues (λ1 ) -0.011 ns-1, λ2 ) -0.333 ns-1) character-
izing the complete ligand migration/escape kinetics (kinetic
matrix eigenvalues; see the Appendix).

It is worth noting that the obtained kinetic matrix eigenvalues
provide two relaxation processes of largely different time scales
with λ2 ∼ -(k1 + k-1) corresponding to the DP-C ligand
exchange relaxation rate and λ1 ∼ -ke�DP ) -kek-1/(k1 + k-1)
providing the much slower ligand exit rate as given by a pre-
equilibrium CO distribution inside of Mb; �DP ) k-1/(k1 + k-1)
is the equilibrium probability for a CO molecule within Mb to
be located in the distal pocket, which is about 0.35 from our
data.

Figure 2. Time dependence of the xenon cavities’ CO fractions relative to the site C overall probability, as obtained by MD data.
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Interestingly, the estimated mean lifetimes that we obtained
for the DP to Xe4 transition, 1/k1 ) 5 ns, and the ligand exit,
1/(ke�DP) ) 80 ns, are remarkably close to the corresponding
values (4-5 and 113 ns, respectively) given in recent
theoretical-computational works based on MD simulations.51,52

In Figure 3, we report the time course of CO occupancy,
that is, the probability, for Mb ligand sites (DP, C) and free
ligand state (Mb + CO), as obtained by MD simulations and
evaluated by the theoretical kinetic model defined by the
estimated eigenvalues. The accuracy of the model kinetics to
reproduce MD data for all CO states demonstrates the reliability
of the simple migration scheme used and the good convergence
of the time-dependent occupancies provided by the 32 MD
trajectories. These results clearly indicate that we may well
describe the escape process in terms of a single (irreversible)
kinetic step for the noncovalent complex Mb/CO ) DP + C
dissociation (i.e., pre-equilibrium CO distribution inside of Mb)

Mb/CO98
�DPke

Mb + CO

ṖMb/CO ) -�DPkePMb/CO

(1)

where PMb/CO is the probability of the noncovalent complex (we
disregard as usual the rare case of more CO molecules inside
of the protein).

Binding-Unbinding Kinetics. In our previous paper,28 we
obtained a quantitative description of the reaction free energy
and related kinetics for the CO-heme bond formation-disruption
in solvated Mb, as provided by PMM calculations28,29,36 on the
CO-heme covalent complex along the reaction coordinate
(carbon-iron distance, i.e., the length of the carbon-iron
connecting vector). However, in that paper, we investigated the
reaction coordinate range (0.18-0.38 nm) corresponding only
to the chemical bond formation-rupture, disregarding the
unbound CO diffusion within the distal pocket. In this paper,
combining the reaction free energy in the 0.12-0.38 nm reaction
coordinate range as obtained by PMM28 with the free-energy
variation along the carbon-iron distance, beyond 0.38 nm, as
provided by the unbound CO diffusion within the distal pocket
as obtained by the present MD simulations (i.e., via the
equilibrium distribution), we can evaluate the free-energy profile

for the complete binding-unbinding reaction step, as shown in
Figure 4. Interestingly, the free-energy profile shows, besides
the usual reaction minima close to the transition state, a third
unexpected minimum, close to the DP-Xe4 border, probably
due to the increased configurational freedom of the ligand once
it passed the DP region occupied by the distal histidine side
chain.

Hence, using the same kinetic model as that described in our
previous papers,28,36,53 on the basis of solving a Fokker-Planck
equation for the diffusion process on the reaction free-energy
surface and extracting from the solution the rate constants for
the reactant-product conversion, we may express the kinetics
for the binding-unbinding process via28,36

DP {\}
Kbi

Kunb

MbCO

ṖDP ) -KbinPDP + KunbPMbCO

ṖMbCO ) KbinPDP - KunbPMbCO

(2)

with MbCO as the CO-heme bound state, PMbCO the corre-
sponding probability, and Kunb and Kbin the rate constants for

Figure 3. Kinetic trace of photolized CO occupancy (probability) for the three kinetic CO states considered in the migration scheme; MD data
(dotted lines), kinetic model (solid lines).

Figure 4. Free-energy profile (within distal pocket) along the
CO-heme reaction coordinate (carbon-iron distance) as obtained by
MD/PMM calculations.
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the unbinding and binding, respectively. Note that in the above
binding-unbinding reaction scheme and coupled rate equations
for PMbCO and PDP, following from the steady-state approxima-
tion for the transition-state (TS) probability as described in
details in our previous paper,28 the DP state (the unbound CO
molecule within the distal pocket) corresponds to the 0.285-1.00
nm reaction coordinate range, while the bound CO state MbCO
corresponds to the 0.125-0.275 nm reaction coordinate range
(the TS is defined by the 0.275-0.285 nm range, and beyond
1 nm, the CO molecule enters into the Xe4 cavity). Note also
that Kunb ) κ exp(-�∆µMbCO

# ) and Kbin ) κ exp(-�∆µDP
# ), where

κ is a weakly temperature dependent factor, given by the
microscopic rate constants for TS f MbCO and TS f DP
transitions, providing the transition rate in the limit of ideal
barrierless conditions, ∆µ# ) ∆A# is the activation (Helmholtz)
free energy as defined in our previous papers,28,48 that is,
variation of the standard chemical potential between the TS and
the MbCO or DP state, and 1/� ) kBT, with kB as the Boltzmann
constant and T the absolute temperature. The reaction free-
energy profile shown in Figure 4 provides ∆µMbCO

# ) 76 kJ/
mol and ∆µDP

# ) 47 kJ/mol (standard errors ∼ 1 kJ/mol),
resulting in Kunb) 4.5 × 10-1 s-1 and Kbin ) 8.8 × 10-2 µs-1,
corresponding to mean lifetimes of about 2 s and 11 µs,
respectively, rather close to the corresponding values provided
by the restricted (0.18-0.38 nm) reaction coordinate range used
in our previous paper.28 Note that the main effect of using the
extended reaction coordinate range is the increase of the binding
free-energy barrier, that is, the binding barrier as obtained by
the restricted range is about 42 kJ/mol,28 as a result of the
increased ligand configurational freedom in the DP state.

Interestingly, both activation free energies are virtually
temperature-independent, at least in the usual experimental
temperature range, 278-300 K, as evidenced by low temper-
ature tests (below 270 K, data not shown) and in line with results
of previous papers.53 Therefore, the activation free energy is
virtually identical to the activation enthalpy, that is, the
negligible activation entropy, and hence, -∂ ln K/∂� ∼ ∆µ#.

Finally, the obtained binding-unbinding rate constants (Kbin

and Kunb) providing kinetic relaxations in the microseconds and
seconds range, respectively, clearly indicate that the CO
distribution inside of Mb, occurring with a relaxation mean
lifetime of about 3 ns, may be considered as virtually instan-
taneously equilibrated during the binding-unbinding kinetic
step, similarly to CO escape, hence allowing the use of the
noncovalent complex Mb/CO in the binding-unbinding reaction
scheme and rate equations

Mb/CO {\}
�DPKbin

Kunb

MbCO

ṖMb/CO ) -�DPKbinPMb/CO + KunbPMbCO

ṖMbCO ) �DPKbinPMb/CO - KunbPMbCO

(3)

Complete Process: CO Geminate Binding, Escape, and
Thermal Dissociation. In the previous two subsections, we
showed that both the CO binding and escape kinetic steps can
be considered as occurring with a pre-equilibrium CO distribu-
tion inside of Mb, hence allowing the use of the noncovalent
complex Mb/CO in the kinetic schemes. With such results, we
are able to describe the whole kinetic process, involving
geminate binding and escape, by combining the schemes and
rate equations (eqs 1-3) obtained in the previous subsections

Mb + CO 79
�DPke

Mb/CO {\}
�DPKbin

Kunb

MbCO

ṖMb/CO ) -�DP(ke + Kbin)PMb/CO + KunbPMbCO

ṖMbCO ) �DPKbinPMb/CO - KunbPMbCO

(4)

The last scheme and rate equations, equivalent to the kinetic
model assumed by Henry et al.14 to describe room-temperature
(295 K) experimental data except for the ligand/protein associa-
tion neglected in our model, may be utilized to obtain the
kinetics for the two usual conditions considered, the CO-heme
thermal dissociation characterized by the PMbCO(0) ) 1 boundary
condition and after photolysis relaxation characterized by the
PMb/CO(0) ) 1 boundary condition.

For the former case, we may assume, as usual, the steady-
state condition ṖMb/CO = 0, providing the equations14,21,54

ṖMbCO = -KoffPMbCO

Koff ) (1 - φ)Kunb

φ )
Kbin

ke + Kbin

(5)

with solution

PMbCO(t) = exp(-Kofft) (6)

In the latter case, we can fully disregard the unbinding process
as Kunb/Kbin = 0, hence obtaining

ṖMb/CO = -KgemPMb/CO

ṖMbCO = �DPKbinPMb/CO

(7)

Kgem ) �DP(ke + Kbin) (8)

providing the familiar geminate relaxation equations14,18,21

PMb/CO(t) = exp(-Kgemt)
PMbCO(t) = φ[1 - exp(-Kgemt)] (9)

The above kinetic equations derived from unbiased theoreti-
cal-computational data clearly show that the simple kinetic
scheme proposed by Henry et al. to describe room-temper-
ature experimental data14,18,20–22,54 is consistent with the kinetic
mechanism and relaxation behavior provided by the model
system used in our calculations. It must be noted that the
rate constants defining the complete process as provided by
our MD/PMM model, within the noise, match well the
corresponding values as obtained from experimental data14,21,55–57

(see Table 1), suggesting that the quantum mechanical (PMM)
calculations and MD atomistic model used reproduce the
essential physics of the system considered (the differences
betweentherateconstantsprovidedbyourtheoretical-computational
model and the corresponding values as obtained by experi-
mental data correspond to only a few kJ/mol in the activation

TABLE 1: Comparison of Kinetic Properties for Mb/CO
Geminate Binding, Escape, and Thermal Dissociation as
Obtained by MD/PMM Calculations (this work) and
Experimentally Derived at 29321 and 295 K14

MD/PMM
293 K

exp. data
293 K

exp. data
295 K

1/Kunb (s) 2.2 50.0 55.5
1/Koff (s) 2.2 52.6 55.8
1/(�DPKbin) (µs) 32.5 5.0 4.3
1/(�DPke) (ns) 80 200 192
φ 0.25% 3.9% 4.3%
1/Kgem (ns) 80 196 182
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free energies, either within the noise or possibly due to small
entropic terms neglected in our calculations28,36 and/or slight
inaccuracies of ab initio quantum calculations and MD force
field). By using experimental kinetic data at 278,18 293,21

and 295 K14 and considering �DP as essentially constant in
the temperature range of interest, we evaluated (via the
Arrhenius plot in Figure 5) the activation enthalpy for the
binding step DP f MbCO resulting in a value of about 45
kJ/mol, remarkably close to the activation enthalpy that we
obtained (47 kJ/mol, see previous subsection) and in reason-
able agreement with a previous experimental evaluation
(33-34 kJ/mol) as obtained by room-temperature data.22 Such
values are significantly higher than the corresponding activa-
tion enthalpy (10-20 kJ/mol) estimated by extrapolating low-
temperature data and/or using high-viscosity conditions,15,16

suggesting a possible relevant Mb conformational/statistical
mechanical reorganization due to temperature and viscosity,
essentially driven by entropic effects. Interestingly, the pre-
exponential constant as obtained by the Arrhenius plot in
Figure 5 (18.6 ps-1) almost exactly matches the corresponding
value provided by our MD/PMM model (�DPκ ) 7.4 ps-1),
further showing the robustness of the theoretical approach
employed.

Conclusions

In this paper, the combined use of MD simulations and
quantum mechanical calculations (PMM) allowed the con-
struction of a detailed (unbiased) kinetic model for room-
temperature CO binding, migration, and escape in solvated
wild-type Mb, resulting in a simple exponential CO geminate
binding and escape relaxation which is fully consistent with
the phenomenological model14 widely utilized to describe Mb/
CO room-temperature experimental data.14–16,18,20–22 Our
theoretical-computational study provided no evidence (at
least within the time range investigated) for slow Mb
conformational transitions and multiple CO migration relax-
ations possibly involved in geminate binding and escape
reactions. Interestingly, our calculations, providing a good
reproduction of experimental rate constants, furnished an
estimate of the CO-heme binding activation enthalpy, which
is significantly higher than values15,16 obtained by extrapolat-
ing low-temperature data and/or using high-viscosity condi-
tions but remarkably close to the estimate that we obtained
utilizing experimental data at 278,18 293,21 and 295 K14 and
in reasonable agreement with a previous experimental evalu-
ation based on room-temperature data.22 Such a discrepancy
might suggest that a relevant conformational transition and/

or statistical mechanical reorganization in the Mb/CO system
may occur as the temperature increases, leading to a
significantly different binding energy barrier at room
temperature.

Moreover, our results show that CO migration in solvated
Mb is characterized by picoseconds relaxations for CO transi-
tions among Mb cavities, with the exception of the nanoseconds-
range DP-Xe4 CO exchange, which is hence the rate-limiting
step of CO (intra-Mb) migration kinetics. This is in marked
contrast with the kinetic model that we obtained from MD data
of crystallized Mb,37 indicating that kinetic schemes and
properties as obtained in a given Mb/CO condition (defined by
temperature, aggregation state, mutations, etc.) cannot simply
be used and/or extrapolated for different systems’ conditions.

Finally, the present work, to our knowledge providing for
the first time a quantitative model for the complete Mb/CO
reaction process based on atomistic simulations, rigorous
quantum calculations, and proper statistical mechanical treat-
ment, clearly shows that advanced, but nowadays computation-
ally feasible, theoretical modeling may really provide an accurate
description of complex biomolecular processes, opening the way
to deeper and more effective collaborations between theoreti-
cians and experimentalists.
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Appendix

According to the migration kinetic scheme (see Results
section), we may set the system of differential rate equations
providing the kinetics (probability time dependence) of the two
relevant CO states within Mb (DP and C; see Results section)

{ṖDP ) -(k1 + ke)PDP + k-1PC

ṖC ) k1PDP - k-1PC

(A1)

with PDP and PC as the corresponding probabilities, which may
be expressed by the more compact matrix equation Ṗ ) K̃P,
where

K̃ ≡ [-(k1 + ke) k-1

k1 -k-1
] P ≡ [PDP

PC
] Ṗ ≡ [ṖDP

ṖC
]

Introducing the linear transformation T̃ ≡[η1 η2], which
diagonalizes the kinetic matrix K̃, defined by the eigenvectors
of K̃, we may readily obtain

P(t) ) T̃[eλ1t 0

0 eλ2t ]T̃-1P(0) (A2)

where λ1 and λ2 are the kinetic matrix eigenvalues. Finally, from
eq A2, we can obtain the probability time dependence for each
kinetic state in the migration scheme, including the one for the
free ligand state via the relation PMb+CO ) 1 - PMb/CO - PMbCO.

Supporting Information Available: Figure S1 showing the
time evolution of the transition numbers for the forward and
backward ligand exchange between cavities is provided. This

Figure 5. Arrhenius plot as obtained by experimental CO-heme
binding rate constants at 278,18 293,21 and 295 K;14 experimental data
(circles), linear regression (solid line).
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material is available free of charge via the Internet at http://
pubs.acs.org.
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